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beam with D1=2, FoV 60×60 µm2 and 256×256 pixels. The map shows two cells (dark 

areas) on the Si substrate (bright areas) and line profile over the edge of right cell. b) shows 

the graph of distance (µm) vs the 29Siˉ intensity with a spatial resolution of 400 nm 

determined using the 16-84% resolution measurement. .................................................... 154 

Figure 3.13: 10B+/12C+ ratios obtained from BioToF-SIMS as a function of the B 

concentration in 11BPA standards; ratios acquired from the surface  (blue line) and  after the 

first depth profile (orange line). Each data point represents the mean ± SD of three 

independent measurements. ............................................................................................... 157 
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Figure 3.14: Depth profiles curves for (a) 1000 ppm and (b) 100 ppm of 11BPA. 10B+ and 

11B+ intensities were normalised to the higher intensity value of each ion. ....................... 157 

Figure 3.15: 10B+/11B+ ratios as a function of 11BPA concentrations obtained from BioToF-

SIMS; ratios were acquired from the surface. Each data point represents the mean of three 

independent measurements. ............................................................................................... 158 

Figure 3.16: a) 63Cu+ image of the copper mesh obtained by an Au+ beam-BioToF-SIMS 

with FoV 1082×1082 µm2 and 256×256 pixels. The image shows white line profile over 

the mesh. b) shows the graph of distance (µm) vs the 63Cu+ intensity with a spatial resolution 

of 1-2 µm determined using 16-84% resolution measurement. ......................................... 159 

Figure 3.17: Positive secondary ion intensities of 12C, 23Na and 32K resulting of D3 cell of 

BAT from different layers (L) in depth plotted as a function of etch dose using a 20 keV Au+ 

beam. The intensities have been normalised for the higher intensity value for each ion. . 161 

Figure 3.18: BioToF-SIMS images of D3-cell of BAT-biopsy culture in positive mode 

obtained using 20 keV Au+. Images are 256×256 pixels, FoV 74×74 µm2, etching dose was 

1.9×1016 ions/cm2 with FoV 200×200 µm2. The analysis dose in the images is 1.6×1015 

ions/cm2. The images show the C+ signal: m/z 12 in (a) and the Si+ signal: m/z 28 in (b) 

through layers in depth from the 1st to the 11th etching. L: the number of layers summed 

after each etching. .............................................................................................................. 162 

Figure 3.19: Secondary ion intensity of the following ions 12C+, 23Na+ and 32K+ resulting 

from different layers (L) in depth of a B3 cell of GBM plotted as a function of etch dose 

using a Au+ beam (20 keV). The intensities have been normalised for the higher intensity 

value for each ion. .............................................................................................................. 163 

Figure 3.20: Positive ion BioToF-SIMS images of B3-cell of GBM biopsy cultures exposed 

to 20 keV Au+. Analysis area 60×60 µm2 with 256×256 pixels, etch FoV 200×200 µm2 with 

dose 1.9 × 1016 ions/cm2. The analysis dose in the images is 6.4×1014 ions/cm2. (a) & (b) 

show the images of C+ and Si+ signals intensities at m/z 12 and 28 respectively from a cell 

in depth by summing the layers from the 1st to the 4th etching. L represent the layers number 

after each etching process. ................................................................................................. 163 

Figure 4.1: NanoSIMS analysis for cell A1 of GBM control sample with FoV 75×75 µm2. 

The arrow in the CCD camera image indicates the chosen cell (scale bar 200 µm). SE: 

secondary electron image shows the total structure of the cell. Images of the following 

negative secondary ions: 10B,  11B,  12C,  10B12C,  12C14N,  29Si and 31P show the ion distribution 

across the cell. .................................................................................................................... 173 

Figure 4.2: The analysis of cell B1 of GBM control sample with FoV 40×40 µm2 by 

NanoSIMS. The selected cell for analysis is shown in the CCD camera image (scale bar 100 
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µm). SE: secondary electron image shows the total cell structure. Images of the following 

negative secondary ions: 10B,  11B,  12C,  10B12C,  12C14N,  29Si and 31P show the ion distribution 

across the cell. .................................................................................................................... 174 

Figure 4.3: NanoSIMS analysis of a C1 cell of BAT control sample with FoV 40×40 µm2. 

CCD camera image (scale bar 200 µm) indicating selected cell for analysis by arrow. SE: 

secondary electron image shows the general shape of the cell. Images of the following 

negative secondary ions: 10B,  11B,  12C,  10B12C,  12C14N,  29Si and 31P show the ion distribution 

across the cell. .................................................................................................................... 175 

Figure 4.4: NanoSIMS analysis of cell culture D1 of BAT control sample with FoV 35×35 

µm2. The chosen cell for analysis is marked by an arrow in the CCD camera image (scale 

bar 200 µm). SE: secondary electron image displays the total cell structure. Images of the 

following negative secondary ions: 10B, 11B, 12C, 10B12C, 12C14N, 29Si and 31P show the ion 

distribution across the cell. ................................................................................................. 176 

Figure 4.5: NanoSIMS analysis of cell B2 of pre-treated GBM sample with BPA for 4 hours 

in a FoV of 80×80 µm2. SE map shows the total cells structures. The maps of negative 

secondary ions: 10B, 11B, 12C, 10B12C, 12C14N, 29Si and 31P show the ion distribution across 

the cell. )Nu) refers to nucleus and (Cy) refers to cytoplasm. ............................................ 178 

Figure 4.6: NanoSIMS analysis of cell D2 of pre-treated BAT sample with BPA drug (4 h) 

in a FoV of 45×45 µm2. Secondary electron map shows the cell structure. The maps of 

negative secondary ions: 10B,  11B,  12C,  10B12C,  12C14N,  29Si and 31P show the ion distribution 

across the cell. )Nu) refers to nucleus and (Cy) refers to cytoplasm. ................................. 179 

Figure 4.7: A comparison of the boron isotope ratios determined by NanoSIMS in the 

control samples and pre-treated samples with BPA. Panel a: The 10B/11B ratios in the control 

samples, A1 and B1 cultured cells of different GBM biopsies, C1 and D1 cultured cells of 

different BAT biopsies. All control samples gave ratios values ranging from 0.25-0.27 

similar to the value of natural ratio of 0.25. Panel b: The ratios of 10B/11B in the pre-treated 

samples (cells cultures) with 4h of BPA, B2 cells of GBM biopsy, D2 cells of BAT biopsy. 

B2 and D2 gave high ratios of 10B/11B ranging from 4.6-6.6. There was significant difference 

in 10B/11B ratio between control samples and pre-treated samples. n: number of cells 

analysed. Panel c: The box plot schematic explains the meaning of the data in panels a and 

b; the maximum and minimum values of the counts, Q1: first quarter, median, X: mean, Q3: 

third quarter, IQR: the interquartile range.......................................................................... 181 

Figure 4.8: Images from the CCD camera showing the B2 cell chosen for NanoSIMS 

imaging before (a) and after (b) analysis. The images (a & b) also show the location of a 
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depth profiling crater discussed in the section 3.6.2.3 and Figure 3.6. Scale bar = 100 µm.

 ............................................................................................................................................ 183 

Figure 4.9: NanoSIMS maps for B2 sample of GBM-cell culture incubated in 10 mM of 

10BPA for 4h and was imaged in FoV 40×40 µm2 with 256×256 pixels. SE: secondary 

electron map shows the structure of the cell. The maps of negative secondary ions: 10B, 12C, 

10B12C, 12C14N, 29Si, 31P and 32S respectively display the ions distribution across the cell 

compartments; ROI1- Nucleus (green line) and ROI2- Cytoplasm (red line). Arrow in 10B12C 

map refers to a feature concentrated in boron. ................................................................... 185 

Figure 4.10: Images from the CCD camera showing the B3 cell chosen before (a) and after 

(b) analysis with the NanoSIMS (arrow). Scale bar = 200 µm. ......................................... 187 

Figure 4.11: NanoSIMS maps from the B3 GBM-tumour cell culture treated with 10 mM 

of tyrosine (4h) then 10 mM of BPA (4h). SE: secondary electron map shows the general 

shape of the cells. The maps show the subcellular distribution of negative ions of 10B, 12C, 

10B12C, 12C14N, 29Si, 31P and 32S respectively in the cell compartments. The areas within the 

green lines (1&2) display the position of the nuclei and red lines (3&4) indicate the 

cytoplasm. The FoV was 60×60 µm2 with 256×256 pixels. ............................................. 188 

Figure 4.12: The CCD camera images refers to (a) the selected cell in B4 for NanoSIMS 

analysis and (b) the shape of cell after analysis (arrows). Other bright spots in the image (b) 

show the locations of other cells analysed. Scale bar = 200 µm. ....................................... 190 

Figure 4.13: NanoSIMS analysis for B4 of GBM cell culture treated with 10mM of BPA 

(4h) then exposed to an efflux process (4h). SE: map of secondary electrons shows the 

overall structure of the cell. SIMS maps reveal the distribution of negative ions respectively 

10B, 12C, 10B12C, 12C14N, 29Si, 31P and 32S within cellular parts; nucleus (green line) and 

cytoplasm (red line) with a FoV of 35×35 µm2 and 256×256 pixels. .............................. 192 

Figure 4.14: Comparison between the GBM-cell culture samples: B1, B2, B3 and B4 in 

terms of 10B/12C and 10B12C/12C ratios in the nuclei and cytoplasm regions measured by 

NanoSIMS. The 10B/12C and 10B12C/12C ratios in nuclei areas were significantly higher than 

cytoplasmic areas in all samples. The 10B12C/12C ratios in both cell compartments were 

usually higher than 10B/12C ratios. The distribution of boron in the B2 sample is higher than 

B3 sample with some overlap. The boron accumulation in B4 lower than B2 and B3 but still 

higher than B1. n: represents the number of cells analysed for each sample. ................... 196 

Figure 4.15: The CCD camera images (a) show the selected cell of D2 for NanoSIMS 

analysis, (b) reveals the shape of cell after analysis (arrow) and several cells analysed (bright 

spots - not shown). The image (b) shows also the depth profiling crater discussed in section 

3.6.2.3 and Figure 3.7, indicated by an arrow. Scale bar = 200 µm. ................................. 199 
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Figure 4.16: NanoSIMS images for the D2 sample of BAT-cell culture treated with10 mM 

of 10BPA (4h), FoV 40×40 µm2 with 256×256 pixels. SE image displays the overall cell 

structure and branch-like features on the surface. The images of negative secondary ions: 

10B, 12C, 10B12C, 12C14N, 29Si, 31P and 32S respectively shows the ion distribution across the 

cellular parts; Nucleus (1)- green line and Cytoplasm (2)- red line. .................................. 201 

Figure 4.17: D3-selected cell images were captured before(a) and after (b) analysis using 

the NanoSIMS-CCD camera (arrows). Scale bar = 200 µm. ............................................. 202 

Figure 4.18: NanoSIMS images for D3 of BAT-cell culture preloaded with tyrosine (10 mM 

- 4h) then treated with BPA (10 mM - 4h). SE images shows the structure of the cell. The 

images of 10Bˉ, 12Cˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ and 32Sˉ respectively show the subcellular 

distribution of negative ions in the cellular compartments; (1) Nucleus in green line and (2) 

Cytoplasm in red line. The FoV is 50×50 µm2 with 256×256 pixels. .............................. 203 

Figure 4.19: The images of the selected D4 cell chosen before (a) and after (b) analysis were 

captured using the CCD camera in NanoSIMS (arrows). (b) shows bright spots for other 

cells analysed (not shown). Scale bar = 200 µm. ............................................................... 204 

Figure 4.20: Images of NanoSIMS analysis for D4 of BAT cell culture exposed to an efflux 

process (4h) after treatment with BPA (10mM - 4h). SE: secondary electron image showing 

the general shape of the cell. SIMS images reveal the distribution of negative ions: 10B, 12C, 

10B12C, 12C14N, 29Si, 31P and 32S respectively within cell compartments; nucleus (green line-

1) and cytoplasm (red line-2); FoV 60×60 µm2 and 256×256 pixels. The stars in the CN 

image refer to three different regions in the distribution of ions around the cell. .............. 205 

Figure 4.21: Comparison of the BAT-cell culture samples: D1, D2, D3 and D4 in terms of 

10B/12C and 10B12C/12C ratios accumulated in cell compartments determined by NanoSIMS. 

In all samples, nuclei regions show 10B/12C and 10B12C/12C ratios higher than cytoplasmic 

regions.  The 10B12C/12C ratios in both cellular parts are significantly higher than 10B/12C 

ratios. The accumulation of boron in the D2 sample is higher than the D3 sample with some 

overlap in 10B/12C ratios. The boron distribution in both D2 and D3 higher than D4, the latter 

still higher than D1. n: represents the number of cells analysed for each sample. ............ 208 

Figure 4.22: Comparison between the GBM (B group) and BAT (D group) control samples 

untreated with BPA in terms of 10B/12C and 10B12C/12C ratios in the nuclei and cytoplasm 

regions measured by NanoSIMS. n = number of cells analysed for each sample. ............ 210 

Figure 4.23: Comparison between GBM cells (B group) and BAT cells (D group) in terms 

of 10B/12C and 10B12C/12C ratios accumulated of BPA in nuclei and cytoplasmic areas of cells 

measured by NanoSIMS. ................................................................................................... 213 
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Figure 4.24: BioToF analysis for A1 sample showing (a) the cells chosen on the total ion 

image to extract the data (spectra and images). (b) The total Si+ image showing the location 

of the cells 1&2 on the substrate (black areas). FoV is 153×153 µm2. ............................. 214 

Figure 4.25: Positive secondary ion mass spectra of A1 cells from GBM control sample, 

obtained after exposure to a dose of 1.34×1014 ions/cm2 of the Au+ beam at 20 keV. (a) 

shows the full spectrum. (b), (c) and (d) show the magnification of the m/z range from 25-

44, 8-18 and 8-12 respectively. .......................................................................................... 216 

Figure 4.26: BioToF-SIMS analysis for A1 control cells of GBM sample with FoV 

153×153 µm2. The positive secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K 

respectively show the ion distributions within the cell. The arrow in the 39K image shows the 

location of the high intensity in cell 1. The arrows in the 23Na image indicate the lower 

intensity regions of Na+ around the cell. The analysis dose in the images is 1.34×1014 

ions/cm2. The colour gradient from black to yellow shows the signal intensity from zero to 

the maximum values. ......................................................................................................... 217 

Figure 4.27: The total ion image obtained from the BioToF analysis shows (a) the cell 

selected in the B1 sample from which data of spectra and images were extracted, (b) the total 

Si+ image confirming the location of the cell on the substrate (black area). The star refers to 

the location of another cell apparent in Si image. FoV in images is 100×100 µm2. ......... 218 

Figure 4.28: Positive secondary ion mass spectra of B1 cell from GBM control sample, 

obtained after a dose of 2.05×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the full 

spectrum. (b), (c) and (d) show the magnification of the m/z range from 25-45, 8-18 and 8-

12 respectively. .................................................................................................................. 219 

Figure 4.29: B1 control cell from GBM sample with FoV 100×100 µm2 using BioToF-

SIMS. The positive secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K respectively 

show the distribution of ions across the cell. The arrows in the Na and K images indicate to 

the location of co-accumulation with high intensity of Na+ and K+ in the cell. The analysis 

dose in the images was 2.05×1014 ions/cm2. The colour gradient from black to yellow shows 

the signal intensity from zero to the maximum values. ..................................................... 220 

Figure 4.30: The images of BioToF analysis for C1 sample showing (a) the selected cell on 

the total ion image to extract the spectra and ions images, and (b) The total Si+ image 

showing the cell site on the substrate (black area). FoV in images is 90×90 µm2. ........... 221 

Figure 4.31: Positive secondary ion mass spectra of C1 cell from BAT control sample, 

acquired after a dose 2.86×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full 

spectrum. (b), (c) and (d) show the magnification of the m/z range from 25-45, 8-18 and 8-

12 respectively. .................................................................................................................. 222 



18 

 

Figure 4.32: BioToF-SIMS analysis for C1 control cell of BAT sample with FoV 90×90 

µm2. Images of the following positive secondary ions: 10B, 11B, 12C, 23Na, 28Si, and 39K 

within the cell. The analysis dose in the images 2.86×1014 ions/cm2. The colour gradient 

from black to yellow shows the signal intensity from zero to the maximum values. ........ 223 

Figure 4.33: The total ion image resulting from the BioToF analysis for D1 sample showing 

(a) the chosen cell to extract the data. (b) shows the location of the cell (black area) on the 

total Si+ image. FoV in images is 65 × 65 µm2. ................................................................ 224 

Figure 4.34: Positive secondary ion mass spectra of D1 cell from BAT control sample, 

acquired after a dose of 5.18×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full 

spectrum. (b), (c) and (d) show the magnification of the m/z range from 25-45, 8-18 and 8-

12 respectively. .................................................................................................................. 225 

Figure 4.35: The analysis of D1 cell from BAT control sample with FoV 65×65 µm2 by 

BioToF-SIMS. The images show the distribution of the following positive secondary ions in 

the cells: 10B, 11B, 12C, 23Na, 28Si, and 39K. The arrows indicate the site of the high intensity 

of K+ with a low intensity of Na+ at the top of the cell extending to the center of cell. The 

analysis dose in the images was 5.18×1014 ions/cm2. The colour gradient from black to 

yellow shows the signal intensity from zero to the maximum values................................ 226 

Figure 4.36: A comparison between the boron isotope ratios in control samples measured 

by BioToF-SIMS.  A1 and B1 represent cultured cells from different biopsies of GBM, C1 

and D1 cultured cells from different biopsies of BAT. A1, B1 and C1 samples gave 10B/11B 

ratios values ranging from 0.44-0.45, ~ 2 times higher than the natural ratio of B isotopes of 

0.25. D1 samples gave a 10B/11B ratio of 0.34, closer to the natural ratio value than the other 

control samples but with a larger scatter. The number of areas analyzed in each sample was 

3, while the number of cells used to extract the results is (n) on the graph. The box plot 

schematic is displayed in Figure 4.7 -c. ............................................................................ 228 

Figure 4.37: BioToF analysis for the B2 sample showing (a) the selected cell on the total 

ion image used to extract the spectrum and ion images, and (b) The total Si+ image showing 

the location of the cell on the substrate (black area). FoV is 60×60 µm2. ........................ 229 

Figure 4.38: Positive secondary ion mass spectra of B2 cell from GBM, obtained after a 

dose of 3.68×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b) and 

(c) show the magnification of the m/z range from 24-44 and 8-18 respectively................ 232 

Figure 4.39: BioToF-SIMS analysis for the B2 cell culture from GBM biopsy incubated in 

10 mM of 10BPA for 4h. The FoV is 60×60 µm2. The positive secondary ion images of 10B, 

11B, 12C, 23Na, 28Si, and 39K show the distributions within the cell. The arrow in the 39K 

image shows the site of the high intensity in cell which may indicate the nucleus. The 
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analysis dose in images is 3.68×1014 ions/cm2. The colour gradient from black to yellow 

shows the signal intensity from zero to the maximum values. .......................................... 233 

Figure 4.40: The BioToF analysis for the B3 sample showing (a) the selected cell on the 

total ion image used to extract the spectrum and ion images, and (b) The total Si+ image 

showing the location of the cell on the substrate (black area). FoV is 60×60 µm2. .......... 234 

Figure 4.41: Positive secondary ion mass spectra of B3 cell from GBM, obtained after a 

dose of 6.4×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) 

and (d) show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively.

 ............................................................................................................................................ 235 

Figure 4.42: BioToF-SIMS analysis for the B3 cell culture from GBM biopsy treated with 

10 mM of tyrosine (4h) then 10 mM of BPA (4h). The FoV is 60×60 µm2. The positive 

secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K show the ion distributions within 

the cell. The analysis dose in the images was 6.4×1014 ions/cm2. The colour gradient from 

black to yellow shows the signal intensity from zero to the maximum values. ................. 236 

Figure 4.43: BioToF analysis for the B4 sample showing (a) the selected cell on the total 

ion image used to extract the spectrum and ion images, and (b) the total Si+ image showing 

the location of the cell on the substrate (black area). FoV is 90×90 µm2. ........................ 237 

Figure 4.44: Positive secondary ion mass spectra of B4 cell from GBM, obtained after a 

dose of 2×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) and 

(d) show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively...... 238 

Figure 4.45: BioToF-SIMS analysis for the B4 cell culture from the GBM biopsy treated 

with 10mM of BPA (4h) then exposed to an efflux process (4h). The FoV is 90×90 µm2. 

The positive secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K show the ion 

distribution within the cell. The arrows in the 10B, 12C and 39K images show the site of highest 

signal intensity in the cell. The analysis dose in the images is 2×1014 ions/cm2. The colour 

gradient from black to yellow shows the signal intensity from zero to the maximum values.

 ............................................................................................................................................ 239 

Figure 4.46: Comparison between the GBM-cell culture samples: B1, B2, B3 and B4 in 

terms of 10B/12C and 10B/11B ratios at the cellular level measured by BioToF-SIMS. (a) shows 

that the 10B/12C ratio in the B2 was significantly higher than the B3 and the latter was higher 

than the B4. (b) showed that the 10B/11B ratio was higher in B3 followed by B2 then B4. In 

(a) & (b) the B4 remained higher than the control sample B1. (n) refers to the number of 

cells analysed for each sample. .......................................................................................... 241 
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Figure 4.47: BioToF analysis for D2 sample showing (a) the selected cell on the total ion 

image used to extract the spectrum and ion images, and (b) the total Si+ image showing the 

location of the cell on the substrate (black area). FoV is 100×100 µm2. .......................... 243 

Figure 4.48: Positive secondary ion mass spectra of D2 cell from BAT, obtained after a dose 

of 1.79×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) and (d) 

show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively. ........... 244 

Figure 4.49: BioToF-SIMS analysis for D2 cell culture from BAT biopsy incubated in 10 

mM of 10BPA for 4h. The FoV is 100×100 µm2. The positive secondary ion images of 10B, 

11B, 12C, 23Na, 28Si, and 39K show the ion distributions within the cell. The arrows in the 10B 

and 11B images shows the sites of small accumulations of signal in the image. The arrows in 

the 28Si refer to two other cellular parts in the image frame. The analysis dose in the images 

was 1.79×1014 ions/cm2. The colour gradient from black to yellow shows the signal intensity 

from zero to the maximum values. ..................................................................................... 245 

Figure 4.50: BioToF analysis for D3 sample showing (a) the selected cell on the total ion 

image used to extract the spectrum and ions images, and (b) the total Si+ image showing the 

location of the cell on the substrate (black area). FoV is 74×74 µm2. .............................. 246 

Figure 4.51: Positive secondary ion mass spectra of D3 cell from BAT, obtained after a dose 

of 3.57×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) and (d) 

show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively. .......... 247 

Figure 4.52: BioToF-SIMS analysis for D3 cell culture from BAT biopsy treated with 10 

mM of tyrosine (4h) then 10 mM of BPA (4h). The FoV is 74×74 µm2. The positive 

secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K show the ion distributions within 

the cell. The arrow in the 10B refers to the site of higher accumulation. The analysis dose in 

the images was 3.57×1014 ions/cm2. The colour gradient from black to yellow shows the 

signal intensity from zero to the maximum values. ........................................................... 248 

Figure4.53: BioToF analysis for D4 sample showing (a) the selected cells on the total ion 

image used to extract the spectrum and ion images, and (b) the total Si+ image showing the 

location of the cells on the substrate (black areas), five numbered cells appear in the image 

frame. FoV is 252×252 µm2. ............................................................................................. 249 

Figure 4.54: Positive secondary ion mass spectra of D4 cell from BAT, obtained after a dose 

of 2.61×1013 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) and (d) 

show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively. ........... 250 

Figure 4.55: BioToF-SIMS analysis for D4 cells cultured from a BAT biopsy treated with 

10 mM of BPA (4h) then exposed to the efflux process (4h). The FoV is 252×252 µm2. The 

positive secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K show the ion distributions 
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within the cells. The Si image shows the location of five cells of interest in the image frame. 

The analysis dose in the images was 2.6×1013 ions/cm2. The colour gradient from black to 

yellow shows the signal intensity from zero to the maximum values................................ 251 

Figure 4.56: Comparison of the BAT cell culture samples: D1, D2, D3 and D4 in terms of 

10B/12C and 10B/11B ratios accumulated at a cellular level determined by BioToF-SIMS. (a) 

shows that 10B/12C ratio was higher in D3 followed by D2 then D4.  (b) shows that the 10B/11B 

ratio is slightly higher in D3 than D2 and both of them are higher than D4. In (a) & (b) the 

D4 remained higher than the control sample D1. n: represents the number of cells analysed 

for each sample. ................................................................................................................. 253 

Figure 4.57: Comparison between GBM cells (B group) and BAT cells (D group) in terms 

of 10B/12C ratios indicating accumulation of BPA in the whole cell as measured by BioToF-

SIMS. n: represents the number of cells analysed for each sample. .................................. 255 

Figure 4.58: Comparison between GBM cells (B group) and BAT cells (D group) in terms 

of 10B/11B ratios indicating accumulation of BPA in the whole cell as measured by BioToF-

SIMS. n: represents the number of cells analysed for each sample. .................................. 256 

Figure 5.1:  H&E-stained sections of brain tumour biopsies from patient-1 in panels a-c and 

patient-2 in panels d-c, more details about each imprint in the text. ................................. 272 

Figure 5.2: Image of freeze-dried BAT-pt.1 sample on the 5×7 mm2 Si substrate captured 

using a reflective light microscope, a sequence of snapshots for sample were taken and then 

aligned to form a complete image of the sample. The image showing 12 areas analysed 

within the coloured squares. Results were extracted only from the 5 blue squares. Arrow 

refers to the area presented in the discussion. .................................................................... 273 

Figure 5.3: NanoSIMS maps for the imprint sample of BAT-pt.1 biopsy that was 

administered with 10BPA in vivo. SE: secondary electron map shows the general morphology 

of the analysed area. The maps of negative secondary ions: 10B, 10B12C, 12C14N, 29Si, 31P and 

32S respectively show the ion distributions across the sample. 10B16O2ˉ was also mapped but 

not presented due to uncertainty of the peak due to mass interferences. ROI's 1, 2, and 3 

identify cells (red lines). ROI 4 shows the rest of the sample parts (yellow line). The arrows 

in the SE map point to the topography in the cell-2. The arrows in P map indicate some 

unknown features. The stars (*) on the S map distinguish the connective tissue areas. The 

FoV is 60×60 µm2 with 512×512 pixels. Analysis dose in images = 3.23×1015 ions/cm2.
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Abstract 

Mass spectrometry imaging (MSI) can be used in the investigation of biological tissue in 

detecting elements, metabolites, lipids, peptides and proteins. Secondary ion mass 

spectrometry (SIMS) is the most mature technique used in MSI. SIMS is characterized by 

its ability to provide high spatial resolution and high-sensitivity imaging of elements (in 

dynamic mode) and small–medium mass molecules (in static mode), potentially making it a 

very powerful tool in drug distribution studies that are vital to developing and validating new 

therapies. 

Primary malignant brain tumours are universally fatal and glioblastoma multiforme (GBM) 

is the most frequent and severe type. Boron neutron capture therapy (BNCT) is a form of 

targeted radiotherapy based on the preferential accumulation of 10B in the tumour core and 

infiltrating cells relative to contiguous normal cells.  Validation of BNCT relies, therefore, 

on imaging boron at the cellular level within biological tissue.  

This study focused on assessment of the imaging capabilities of dynamic and static SIMS 

instruments (CAMECA NanoSIMS 50L and BioToF-SIMS) in detecting the relative 

concentration and localisation of 10B from the BNCT agent boronophenylalanine (BPA) in 

primary cell cultures and in imprint samples of tissue biopsies from GBM human brain 

tumours and the border around the tumours (BAT). The samples received BPA in vitro and, 

in vivo respectively, and were used for the first time in this project. In addition, the effect of 

tyrosine preloading and efflux treatment on 10BPA uptake was investigated in primary cell 

cultures. The performance of both instruments was compared in terms of spatial resolution, 

sensitivity and quantitative measurement. The results show that the use of the NanoSIMS 

50L with a Cs+ beam provided greater spatial resolution in the imaging of 10B distributions 

at the cellular and sub-cellular levels in the samples and higher sensitivity in the detection 

of ions of low abundance when compared with BioToF-SIMS with an Au+ beam, whereas 

the performance of the two instruments was similar in terms of the quantitative 

measurement. NanoSIMS 50L images also showed that the 10B from BPA accumulated in 

GBM tumour samples at a higher concentration than for BAT samples. In cell cultures, pre-

loading of tyrosine did not improve the BPA uptake while exposure to the efflux process led 

to a decrease the BPA level in the cells. The images also showed the preferential 

accumulation of 10B in cell nuclei compared with the cytoplasmic areas in the cell culture 

samples, which is an important factor in the success of BNCT.    
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1 Introduction 

Imaging studies have received extensive attention in the fields of biological [1], medical [2], 

and pharmacological [3] research and material sciences [4] to investigate the distribution and 

localisation of elements and molecules in different samples, alongside quantitative 

measurement. Secondary ion mass spectrometry (SIMS) is one of the techniques used for 

this purpose and a number of analytical instruments are based on the principle. SIMS 

instruments differ among themselves in terms of the mass spectrometry method, instrument 

geometry and type of primary ion beam used in the analysis. This difference in design has 

led to a diversity in the capabilities of SIMS instruments in terms of spatial resolution, mass 

resolution, and sensitivity, thus creating multiple imaging methods that are complementary 

to each other, rather than competitive, offering great flexibility in analysing various types of 

samples.  

In recent years, studies have increased on the discovery of drug distribution and localisation 

within tissues and cells to determine whether the drug reaches the target of interest, which 

has an impact in various fields such as drug manufacturing and design [5][6], medical 

applications [7], pharmacokinetic studies [8], and to understand the therapeutic effect on 

biological systems in terms of toxicity [9] and efficacy [10]. Boron neutron capture therapy 

(BNCT) is one of the cancer treatments, its effectiveness depends on the preferential 

localisation of BNCT agents such as 10boronophenylalanine (10BPA) in the core of infected 

cells [11]. It is therefore necessary to verify the location of 10BPA in biological samples to 

understand how the treatment is managed successfully.  

1.1 Aim of the study 

The aim of the study presented in this thesis is to assess the imaging capabilities of the 

CAMECA NanoSIMS 50L and BioToF-SIMS instruments in terms of spatial resolution and 

sensitivity in detecting the distribution and localisation of drug molecules in biological 

samples. In addition, the sub-cellular distribution and quantitative uptake of 10BPA in two 

types of human brain samples will be determined. First, primary cell cultures of glioblastoma 

multiform tumour (GBM) and brain around tumour (BAT) were investigated to understand 

the effect of tyrosine preloading and efflux treatment on 10BPA uptake, the effect of tyrosine 

preloading was included in this study due to differing results presented in the literature 

depending on the sample-type.  Secondly, imprints from GBM-tumour and BAT tissue 

biopsies were investigated. To the best of the researcher’s knowledge, this is the first time 

these types of human brain tumour samples have been studied with SIMS imaging, rather 
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than cell lines and animal models (in vitro) or murine (in vivo) used by previous studies. This 

study demonstrates the potential of the SIMS technique for BNCT research and drug 

distribution studies more generally.  

Chapter 1 gives the theory and a description of the SIMS process in terms of its principle of 

operation, methodologies and quantitative aspects. Other mass spectrometry imaging (MSI) 

techniques are also discussed. A description of the BioToF-SIMS and NanoSIMS 50L 

instruments are also given in Chapter 1. Chapter 2 presents a literature review of the 10BPA 

drug, and localisation studies using SIMS, as well as the methods of preparation of biological 

samples for SIMS experiments. The experimental methodology, tuning of the instruments 

used for this project and preliminary experiments are discussed in Chapter 3.  

Chapters 4 and 5 present the experiments on localisation and distribution of 10BPA drug in 

GBM tumour and BAT samples from human patients with a high grade of brain tumours. 

The samples were prepared and treated with 10BPA in two forms: primary cell cultures (in 

vitro) which are presented in Chapter 4, and imprints of the tissue biopsies (in vivo) that are 

presented in Chapter 5. In both Chapters, the BioToF-SIMS experiments were run with an 

Au+ beam of liquid metal ion gun (LMIG) and the NanoSIMS 50L experiments were run 

with a Cs+ beam to obtain high spatial resolution during imaging. A chemical imaging 

approach was used to analyse the samples with the two instruments in dynamic mode to 

obtain 2D images that in turn represent data collected from several atomic layers in the 

sample (3D-data collection). The images were processed and the results analysed 

quantitatively. The performance of the SIMS instruments in the determination of the drug 

localisation of 10BPA in the tumour samples was compared. 

Finally, the most important conclusions drawn from this study are presented in Chapter 6 

with suggestions for future study. 
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1.2 Principle of secondary ion mass spectrometry 

SIMS is an analytical technique based on the principle of bombarding a sample surface using 

primary ion beams with an energetic impact of between ∼ 0.1–50 keV [12]. There are 

different types of primary ion beam: atomic ions (Ga+, Cs+, Ar+), small cluster ions (O2
ˉ, 

Au3
+, Bi3

+) and polyatomic ions (C60
+, SF5

+, Ar2000
+). As a result of the ion bombardment 

process, a variety of secondary particles are emitted from the surface such as electrons, 

neutral species and positive or negative ions (atomic and clusters) depending on the chemical 

surface composition; only charged species can be measured directly and are called secondary 

ions [13]. Secondary ions are separated using a mass analyser according to the values of the 

mass-to-charge ratio (m/z); their relative abundance is then measured for each of their signals 

separately using a detector [14]. Secondary ions provide important data that characterizes 

the chemical composition of samples in three typical forms: mass spectra, spatial distribution 

images and depth-profile (Figure 1.1). SIMS occupies an important place in academic 

studies and industrial fields due to its ability to detect all elements in the periodic table from 

hydrogen to uranium, measure low concentrations of a sample to parts per billion (ppb), 

distributional mapping of the elements, molecules or isotopes in the sample solid, and ease 

of sample preparation for non-hydrated samples [12]. 

 

Figure 1.1: Schematic diagram of the SIMS process. A primary ion beam bombards the 

sample surface, leading to sputtering of secondary particles. Only secondary ions (+  and -) 

are separated, then measured using a mass analyser and detector, respectively. Data are 

extracted in three forms: mass spectra, spatial imaging and depth profiling. Modified from 

[12]. 
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1.3 Secondary ion formation 

A number of theories and approaches have been suggested in an attempt to understand how 

secondary ions are generated [4][15][16]. A summary of these theories shows that the 

formation of secondary ions occurs as a result of two main processes: sputtering and 

ionization. Both types of processes are given in the following sub-sections. 

 Sputtering  

Sputtering is the first step in the generation of secondary ions, as described by Sigmund in 

his linear cascade theory in 1981[15]. A solid surface is bombarded with a beam of the 

incident particle, which has a suitable kinetic energy, leading to the transmission of energy 

to the target atoms to cause a series of collision cascades within the target atoms through 

almost 30Å of the surface [13][15]. The incident particle energies are always in the keV 

range; hence, highly energetic direct collisions with the atoms in the target lead to extensive 

fragmentation and bond breaking near the impact site and the result is emission of atomic 

particles. Furthermore, as the collision series moves away from the impact site, it becomes 

less energetic, leading to a reduction in bond breaking and fragmentation and molecular 

fragments emission. If the amount of energy in the particles in the top 2–3 monolayers of 

the sample is enough to overcome the surface binding energy, this leads to sputtered neutral 

atoms, molecules and ions (positive and negative) leaving the surface (Figure 1.2) [17]. 

 

Figure 1.2: Schematic illustrating the sputtering process and secondary particle emission, 

modified from [17]. 
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It should be mentioned that sputter yield (Y) is defined as the total number of particles 

(neutrals and positive or negative ions) that are removed from the surface per incident 

particle (primary ion beam) in the sputtering process. This yield is influenced by a number 

of factors, including: gradual linear increases with the flux of the incident particle; non-linear 

increases with increasing mass, charge and energy of the incident particle; the angle between 

the incident particle and the target surface; and the target mass and surface nature in terms 

of topography, crystallinity, components and contamination [18]. The type of incident 

particle is also important; polyatomic cluster primary ions increases the sputter yield of 

molecules [13]. Garrison and Postawa illustrated that the energy of the cluster projectiles, 

such as Au3
+, is distributed on a few atoms and thus penetrates the chemical surface deeply 

enough to cause significant subsurface damage, while polyatomic projectiles, such as C60
+, 

deposit their energies on the surface, with less damage and produce more molecular ion 

particles than Au3
+ [19].   

 Ionization  

The sputtering process referred to above produces a very small amount of ions (̴ 1%) and the 

largest amounts are neutral particles (̴ 99%). In general, sputtered particles are exposed to 

ionization, either during emission, in the near-surface region or by direct interaction with 

primary ions [13]. The ionization of sputtered atoms produces positive and negative 

secondary ions, depending on the ionization energy and electron affinity of the atoms, 

respectively [20][21]. Molecular species ionization is influenced by many factors, more 

details can be found in the following references [22]–[25]. 

Secondary ion yield refers to the number of secondary ions produced during the sputtering 

process per primary ion impact [26]. This yield is affected by the electronic and chemical 

states of the surface [24]. The primary ion source also plays an important role in the 

enhancement of secondary ionic yield; for example, O¯ and Cs+ beams enhance the 

generation of positive and negative ions, respectively [27]–[29]. Moreover, the use of 

primary beams of large cluster size increases the secondary yield of molecular ions. 

Projectile chemistry appears to play a role also in polyatomic bombardment. It was recently 

demonstrated that a water cluster (H2O)1000
+ beam is more effective than argon Ar1000

+ beam 

at enhancing ionization in biological samples through a proton reaction, thus increasing ion 

yields with much less damage on the surface [30]. 
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1.4 Classification of SIMS methodologies 

 Static SIMS  

SIMS operating methods are grouped into two classes based on the ion beam dose (fluence) 

used in the sputtering of the sample surface [31]. The first class is static SIMS, which was 

proposed and developed by Benninghoven in 1970 [32] and subsequently by Vickerman and 

co-workers [13]. The main objective of static SIMS is to reduce the proportion of chemical 

damage that occurs on the sample surface during the bombardment process by placing a 

static limit on the primary beam dose. The static SIMS method provides spectral information 

using a low dose of the primary beam, not exceeding 1013 ions/cm2 (static limit), to generate 

secondary species from less than 1% of the upper layer of the surface; this means that 

statistically, no specific point on the analysis area is hit more than once by the primary beam, 

(Figure 1.3 - A) [13][31][33]. The operation of static SIMS is usually accompanied by the 

use of a time-of-flight (ToF) analyser and a primary beam in pulsed mode [34]. The use of 

low-energy polyatomic ion projectiles in the analysis (SF5
+ and C60

+) leads to reduced 

damage on the surface, thus enhancing its use beyond the static limit. Cluster ions (Aun
+, 

Bin
+) provide a higher molecular ion yield than an atomic beam (Ga+, Cs+) [13][35]–[37]. 

 

Figure 1.3: Simplified scheme of static and dynamic SIMS methods, redrawn [33]. 
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 Dynamic SIMS 

Dynamic SIMS is the second classification of SIMS methods and uses a high dose of the 

primary ion beam, exceeding the static limit > 1013 ions/cm2, causing erosion when 

sputtering the material from the surface. Dynamic SIMS is destructive on the surface because 

the primary beam penetrates the surface layers deeply enough (a few nanometers) to generate 

a high ion yield of small ion fragments (less than m/z 100), as well as some atomic and 

elemental species; thus, dynamic SIMS is typically used for depth profiling [31][38] (Figure 

1.3 - B) [33]. Depth profiling is an application of the dynamic SIMS method that works by 

the removal of several atomic or molecular layers in each analysis cycle to provide chemical 

information from that depth [39].  

Caesium (Cs+) and oxygen (O2
+ and O¯) beams are the most commonly used primary ion 

sources in dynamic SIMS [38]. The sources have been successful in studying the depth 

profiling and elemental composition of various materials (inorganic [40], organic [35] and 

biological samples [41]). Although atomic beams cause damage to the surface, a highly 

focused beam increases the ability to create images with high spatial resolution, leading to 

the development of imaging studies and particularly the localisation of drugs [42] and toxins 

[38] in biological samples. The primary beam is often run in continuous mode to generate 

secondary ions continuously [43]. Instruments with a dynamic SIMS system commonly use 

a quadrupole or magnetic sector analyser or both [43]. 

 Mass spectrometry imaging  

Mass spectrometry imaging (MSI) is a methodology used to determine the spatial 

distributions of elements and molecules by providing an image of the surface and sub-surface 

of different samples [39][44]. The intensity distribution in the images is represented using a 

colour bar [39]. MSI is widely used in the investigation of biological tissues to detect 

metabolites, peptides, proteins [44], lipids [45], pathology [44][46], and elements [44][47].  

Images of a surface are created using one of two modes: microprobe or microscope, which 

were developed by Respectively Liebel in 1967 [48], then Castaing and Slodzian in 1984 

[49]. The two approaches differ from each other in how they detect spatial distributions.  

In the microprobe imaging mode, a moveable and focused primary ion beam (or laser beam) 

is focused onto a small area (pixel) of the sample surface. The resulting ions are separated 

in the analyser then measured by the detector. Thus, a mass spectrum is obtained from an 

individual pixel and stored. The previous analysis process is then repeated on an adjacent 
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area, pixel by pixel, until the completion of the measurement of the whole sample, and the 

previous spectra are collected and translated into images. The aim of using a highly focused 

beam is to obtain the best possible image resolution. Microprobe imaging is characterized 

by flexibility and ease of use with all types of mass analysers and most desorption-ionization 

techniques [45][50][51].  

In the microscope imaging mode, a large area of the sample surface is exposed to a defocused 

primary ion beam (or laser beam). Desorption ions maintain their positional information 

during extraction and detection by the mass analyser. After that, ion images are formed on a 

position-sensitive detector. This method produces a set of images, each image represents 

those ions with the same m/z ratio and thus spatial information is obtained. For matrix-

assisted laser desorption/ionization (MALDI) and desorption electrospray ionization 

(DESI), the microscope mode gives higher spatial resolution than the microprobe mode as 

there is no need to focus or move the beam and is not limited by the large probe beam size. 

The resolution is defined by the quality of the secondary ion optics and the pixel size on the 

detector. The most important disadvantage is that the microscope mode  is only compatible 

with specialised mass analysers [45][50]–[52]. Figure 1.4 shows the difference between the 

microprobe and microscope methods of image acquisition [45]. 

MSI is usually performed by three well-established desorption and ionization techniques: 

SIMS, MALDI, and DESI, in addition to other complementary techniques which are 

reviewed in the following sub-sections.  
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Figure 1.4: Showing the difference between the mechanisms of the microprobe and 

microscope methods in obtaining images from samples, modified from [45], with permission 

from Springer Nature. 

 

1.4.3.1 Imaging SIMS 

In 1960, SIMS was first used for MSI, in which it was employed extensively in the study of 

inorganic materials [45]. In 1999, Pacholski and Winograd demonstrated rapid progress in 

the use of SIMS imaging in various bio-applications [53]. Static SIMS is typically used in 

qualitative imaging [31], while dynamic SIMS is often utilized in quantitative imaging [46]. 

SIMS is characterized by its ability to provide the highest spatial resolution of the MSI 

techniques, high sensitivity and the detection of isotopes, elements and molecules, making 

it an effective tool in imaging [44]. In SIMS, data are acquired from the surface by two 

methods: two-dimensional (2D) and three-dimensional (3D) imaging. These methods are 

described in the following sub-sections. 

1.4.3.1.1  Two-dimensional imaging (2D) 

2D imaging is used to determine the spatial distributions of materials from the surface and 

sub-surface. A comprehensive image of a sample is taken, consisting of a number of pixels, 
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such as 256 × 256 on two axes, x and y. Each pixel provides ions with a specified m/z value, 

which are collected together to represent the full spectrum and images [54].   

A large number of 2D imaging studies have been performed to detect lipids in mouse or rat 

brain tissue because of the presence of a large number of lipids in living cells, which, in turn, 

has high potential for ionization and is easier to identify than other biomolecules [54][55].  

1.4.3.1.2 Three-dimensional imaging (3D) 

3D imaging follows the same method of depth profiling (dynamic-SIMS) in which 2D 

images are taken for each layer in the depth direction z (voxel).  The 2D images are then 

collected together and stacked sequentially to create a 3D image which has a cubic shape of 

the data (m/z ratios). 3D imaging is capable of detecting atomic and molecular ions from the 

first surface layer until reaching the substrate [39][54][56]. 3D imaging has drawn great 

attention in the fields of biology and medicine in determining the localisation and 

distribution of various ions through the use of high spatial resolution beams [56][57]. 

The first attempt to demonstrate the ability of ToF-SIMS in the 3D molecular imaging of 

biological systems was published by Fletcher et al. in 2007. A Xenopus laevis oocyte, a 

single cell with a diameter of ~1 mm, was studied. A BioToF-SIMS instrument was used 

with a C60
+ primary ion beam (as a function of the depth). 3D maps were obtained 

successfully and displayed the distribution of the different biomolecular types with good 

sensitivity. The main drawback was that the time of analysis was very long using a pulsed 

C60
+ primary ion beam (Figure 1.5) [56].  
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Figure 1.5: 3D biochemical imaging by BioToF-SIMS of a Xenopus laevis oocyte (freeze 

dried) with a C60
+ primary ion beam. The analysis was performed in positive mode with 

1×1015 ions/cm2 in 256×256 pixels. a: peaks at m/z 58, 86, 166, and 184 for phosphocholine; 

b: peaks at m/z 548, 574, and 576 for phosphatidylcholines (PC) with fatty acid; c: other 

lipids at m/z 815-960; and d: cholesterol peak at m/z 369. Scale bar: red indicates the high 

intensity sites of the ion, while light blue indicates sites of lower intensity. Reprinted with 

permission from [56]. Copyright (2019) American Chemical Society. 

 

1.4.3.2 MALDI 

MALDI imaging was introduced in 1997 when Caprioli et al. published a successful imaging 

study for each of the pancreatic tissues in rats to determine insulin, rat pituitary to determine 

hormone peptides, as well as protein in the mucosa cells with 25 µm spatial resolution [58]. 

In 2001, Stoeckli et al. published the first paper to image peptides and proteins in mammalian 

brain tissue (human and mouse) using 25 - 100 µm spatial resolution [47]. Since then 

MALDI-MSI has been widely used in the analysis of lipids [59][60], proteins [61][62], 

peptides [63][64], and pharmaceutical compounds [65]–[68]. 

MALDI-MSI technique is based on coating the sample by matrix capable of absorbing the 

laser beam energy, resulting in desorption of analytes to the gas-phase [14][69]. After that, 

the ionization process occurs often through proton transfer mechanism either prior to 
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desorption or in the gas-phase. There are also other ionization mechanisms proposed for 

MALDI that have been discussed in more detail in references [70]–[72]. The resulting ions 

accelerate under the influence of an electrostatic field towards the mass analyser where they 

are separated and then detected based on their m/z ratios [45]. Multiple types of mass 

analysers can be used with MALDI and time of flight (ToF) analyser is being the most 

common [45][73][74]. 

MALDI-MSI is characterized by sensitivity down to ~10-15 mol, the laser wavelength does 

not require modifying for each different analysis, and it allows analysis of a wide range of 

molecular masses from < 1 kDa up to 300 kDa [14][75]. In addition, the use of a matrix to 

absorb laser energy helps to transfer energy to the sample and allows soft desorption with 

reduced fragmentation. A major challenge for MALDI is that the type of matrix used 

noticeably affects the type and intensity of molecular signals generated from the sample, 

several references illustrate the classification of commonly used matrices according to 

chemistry of the material to be detected [69][76]–[78]. Furthermore, a good spatial 

resolution of MALDI-MS imaging can be achieved by improving the laser spot size from 

300 µm to 5 µm [79], but this is accompanied by a decrease in sensitivity and only limited 

detection of the abundant molecules in cells such as membrane lipids [80]–[82]. Recently 

small peptides, lipids and metabolites were imaged with MALDI-MS with a spatial 

resolution of 1.4 μm [83]. 

The soft desorption process in MALDI generates molecular ions with masses of a few 

hundred Dalton and more [80]. Thus, the shortcoming of MALDI-MSI is that it is unsuitable 

for determining the localisation of small molecules and elements. In contrast, SIMS imaging 

can provide a spatial resolution (up to 50 nm) much higher than MALDI-MSI. SIMS does 

not require the addition of a matrix, thereby reducing the probability of diffusion of ions 

[84][85]. Thus, SIMS is an exciting tool for imaging elements and small molecules less than 

1000 Da [86]. 

1.4.3.3 DESI 

The desorption electrospray ionization - mass spectrometry (DESI-MS) technique was 

developed in 2004 by Cooks et al. [87]. DESI-MS has been used in imaging studies to detect 

biomolecules of proteins [88][89], peptides [90], lipids [91]–[93], phospholipids [94][95] 

and drugs molecules in tissue sections [96]–[98]. 

DESI's performance is based on the use of an electrospray source to generate charged and 

energetic solvent droplets [80], which in turn are used to desorb molecules from the analyte 
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surface as free or dissolved ions in solvent droplets, along with a large proportion of 

uncharged species [69][99]. This process occurs in ambient atmospheric pressure [69][99]. 

The resulting ions are drawn to the mass spectrometer under the influence of a pressure 

differential at the capillary inlet [69]. All types of mass spectrometers can be operated with 

DESI to analyse ions [45]. The sensitivity of DESI is affected by the angle of the spray and 

the position of the capillary and mass spectrometer with the sample [79]. Chemical 

ionization for specific compounds can be enhanced by changing the type of spray liquid, 

which then affects the solubility and desorption of analyte from the sample surface [69]. The 

molecules that have relatively weak bonds with the surface are often the easiest to detect 

using this technique [69]. 

DESI-MS is characterized by its use in investigations that do not require sample preparation, 

such as drug detection and forensic tests where the analysis can be conducted at ambient 

pressure [69][100].  DESI-MS in imaging mode typically provides a spatial resolution ˃ 100 

µm [101], but the spatial resolution of DESI has been improved to 40 µm by improving the 

spray design [45][102], and to 10 µm with nano-DESI that included further modifications to 

the spray source [103][104]. DESI does not require the application of a matrix, making it 

free from the issues of co-crystallization between the analyte and matrix that occur in 

MALDI [80][104]. 

In terms of shortcomings, the desorption process of species in DESI is soft, as in MALDI, 

and less energetic than SIMS [69], which makes DESI suitable for detecting molecular ions 

from masses up to 2000 Da but not for elements and small ions [103]. Despite the capability 

of DESI to provide useful spatial information, spatial resolution is still lower than that 

provided by SIMS and MALDI imaging [96][105]. In addition, the operation of SIMS and 

MALDI systems under high vacuum provides high efficiency in the ion collection and 

transmission to the mass spectrometer leading to better sensitivity compared to the DESI 

system under ambient pressure conditions [69][105].  

1.4.3.4 Other MSI techniques 

Other complementary MSI techniques employed in the analysis of biological samples are 

reviewed below. Laser Ablation Electrospray Ionization mass spectrometry (LAESI-MS) 

and liquid extraction surface analysis mass spectrometry (LESA-MS) are techniques 

developed from DESI, so they are similar to DESI in terms of providing soft ionization in 

ambient atmospheric pressure [103][106], along with the simplicity of sample preparation 

without the need to add a matrix [101][106]. 
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LAESI-MS is based on ablation of the target molecules from the sample surface using mid-

infrared laser followed by electrospray ionization, more detail about its operation is given in 

references [103][107]. This technique achieves a spatial resolution of ~ 50 - 200 μm [101]. 

LAESI-MS was used in imaging small and large biomolecules of lipids, proteins, peptides 

and metabolites [101][107].  

LESA-MS is a combination of liquid extraction from the tissue surface and ionization by 

nano-electrospray respectively, more detail about its operation is given in references 

[106][108]. The tool has been used for 2D imaging of tissue sections with low spatial 

resolution (1 mm) [109]. LESA-MS is highly sensitive, but at the expense of poor spatial 

resolution, allowing the detection of compounds that cannot be analysed by other MSI 

techniques [109][110]. Therefore, LESA-MS is a preferred tool to analyse the entire body 

section of animals but not well suited for thin sections analysis [106]. LESA-MS has been 

used in multiple studies to detect proteins [111][112], lipids [113] and drug compounds 

[110][114]. Although LAESI-MS and LESA-MS are valuable techniques, their applications 

in biological imaging are still limited [103]. 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) can also be 

used in the quantitative measurement and imaging of elements and isotopes in biological and 

biomedical materials [45][105][115]–[120], along with wide applications in other scientific 

fields [121]. With this technique, the sample surface is eroded using a 10 - 100 μm UV laser 

to generate the ablation plume, which is transported to the plasma using argon gas where it 

is hard ionized in ambient pressure. The resulting ions are separated and detected in the mass 

spectrometer [103][105]. The technique is discussed in greater detail in references 

[119][121]. LA-ICP-MS is characterized by simple sample preparation, high sensitivity, and 

detection of low concentrations (ng/g) for most elements of the periodic table 

[105][117][122]. LA-ICP-MS also provides faster analysis and higher ionization of the 

elements than SIMS [103][117]. However, SIMS provides higher spatial resolution 

compared with LA-ICP-MS [38][123][124]. The distribution of p-boronophenylalanine-

fructose (BPA-f) in human tumour liver tissue sections were determined quantitatively using 

LA-ICP-MS with a spot size of 50 µm. The results showed a homogeneous distribution of 

10B in the samples, and that the 10B/11B ratio in tumour-free tissue was almost double that 

detected in tumour tissues [125]. 

The 3D Orbi-SIMS is one of the newer SIMS instruments that combines both Orbitrap and 

ToF mass analysers (Tandem MS/MS) [126]. In this tool, the sample surface is rastered 

either using Bi LMIG or Ar gas cluster ion beams. The resulting secondary ions are separated 
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by mass either using a TOF analyser or Orbitrap analyser or both together for conducting 

2D and 3D imaging, depth profiling, and obtaining surface spectra [127]. Thus, 3D Orbi-

SIMS combines the high spatial resolution of a ToF analyser (~ 2 μm of Ar beam and 200 

nm of Bi beam), with the high mass resolution (> 240,000 at 200 m/z) of an Orbitrap analyser 

[126]–[128]. Due to the operation of 3D Orbi-SIMS under high-vacuum, the best way to 

prepare the samples by freeze-drying, although the tool is capable of analyzing frozen 

hydrated tissues sections [126]. Many compounds can be detected in a single measurement, 

it has been used to detect the metabolites and lipids of tissue sections and single cells 

[126][127]. 

Developments in SIMS have led to the birth of several instruments that show potential for 

bioimaging of molecules in tissues and single cells with submicrometer spatial resolution 

[126][129] such as the J105-ToF-SIMS [130], Fourier transform-ion cyclotron resonance-

mass spectrometry (FT-ICR-SIMS) [131], and a triple ion focusing time-of-flight (TRIFT-

TOF-SIMS) with 200 nm spatial resolution [129]. 

1.5 Resolution 

Resolution in SIMS has three different meanings: spatial, depth and mass resolution, as 

described in the following sub-sections. 

 Spatial resolution 

Spatial or lateral resolution is a term that expresses the precision of the chemical imaging of 

samples. In microprobe mode it is governed by the use of a primary beam with a small 

diameter to bombard the surface [132]. The size of the pixels in each image and the number 

of sites utilized to analyse the target should be proportional to the size of the ion beam spot 

in order to avoid degradation of spatial resolution [50]. 

Achieving high resolution in an image makes it possible to distinguish the chemical 

distributions of the various elements present in the sample. It is possible to reduce the spot 

size of the ion beam to a reasonable size in the instrument by decreasing the aperture size 

used for the primary ion source, as well as increasing the focus of the beam through the ion 

optic system. However, very high spatial resolution is accompanied by a decrease in 

secondary ion signal, which inevitably leads to reduced sensitivity. This can be overcome 

either by increasing the diameter and therefore current of the primary beam slightly in order 

to maintain part of the sensitivity and form a balance between them, or by lengthening the 
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acquisition time (dwell time) and the use of a long pulse of the primary beam in some 

instruments, such as a ToF-SIMS, but this last solution renders the experiment very lengthy 

and reduces the mass resolution [133]–[135]. 

The nature of the ion source used in the investigation also affects the spatial resolution, as it 

is difficult to focus multi-atomic ion beams to less than 1 μm [134][135], unlike atomic 

beams, which can be focused to much less than that, such as caesium and oxygen (50 nm) 

[38][136][137]. An LMIG (Au, Bi) source is characterized by its ability to offer high 

resolution, ranging from 100 to 200 nm, due to its extreme brightness (high current) 

[50][124], while gallium is the best source of spatial resolution in an LMIG as it can provide 

a focused beam of 20 nm [135][138]. 

 Depth resolution  

Depth resolution is the crater depth resulting from the escape of the secondary particles 

caused by the primary ion beam when hitting the surface at a depth of about 1 nm [132].  

The collision cascade and the increased energy of the primary ion beam causes atomic 

mixing in the lower layers in depth, and in cracks and erosion features [50][132][138]. In 

addition, the topography and the uneven-thickness layers in the sample contribute to the 

reduction of the depth resolution [139]. 

The degradation of depth resolution can be limited by reducing the beam energy used, as 

well as using multi-atomic beams, as the energy is distributed over a large number of atoms, 

thus reducing its effect on the site of impact. In addition, a dual-beam method can be used 

as a methodology for depth analysis, with a high-energy focused beam being used for data 

acquisition (analysis), while another low-energy beam is used to remove the effect of the 

analysis beam in depth. This method was used to conduct imaging using ToF-SIMS 

[50][132][138]. 

 Mass resolution 

Mass resolution refers to the ability of an instrument to distinguish ion peaks having very 

similar m/z values that are almost overlapping [50][140]. An example of ions having the 

same nominal mass is 31P+ and 30Si1H+ which are separated by a mass of only 0.0078 [141]. 

The mass resolution (R) is expressed by Equation1.1: 
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𝑅 =
𝑀1

𝑀1  − 𝑀2
=  

𝑀

∆ 𝑀
 

 

Equation 1.1 

 

Where: 

M1: target ion mass     M2: adjacent ion mass 

The mass resolution can be calculated at the 10% valley when the interference between peaks 

is low, whereas, a large interference between the peaks is calculated from 50% of the height 

of the peaks and is known as the full width at half height (FWHH) [142]. Achieving accurate 

mass measurements increases the confidence level in the assignment of peaks to the correct 

ions and determines the elemental components of the sample. At present, the vast majority 

of imaging instruments in mass spectrometry use a ToF analyser, which provides high mass 

resolution up to 5,000 [50][143]. With ToF-SIMS, mass resolution can be increased using a 

short pulse length for the primary beam (ns) [24]. 

Moreover, a mass spectrometer designed with a magnetic sector analyser, such as a 

NanoSIMS, provides a higher mass resolution than ToF, up to 10,000, thus overcoming more 

mass interferences, especially in depth-profiling studies [132][134]. With a magnetic sector 

instrument, high resolution in mass can be achieved by using slits that act on the ion beam 

by cutting the edges and flattening the top of peaks, as in Figure 1.6, producing narrower 

and more separated peaks, but this leads to a decrease in secondary ions and thus reduced 

transmission and sensitivity [144][145]. In addition, Figure 1.6  shows the ion interference 

between 12C14Nˉ, 12C13C1Hˉ and [13C2ˉ] at mass 26 Da in a coral tissue spectrum, where it is 

possible to distinguish easily between 12C14Nˉ and 12C13C1Hˉ but difficult to separate [13C2ˉ 

], which needs mass resolution up to 7,200 to distinguish it from the other ions; thus, when 

selecting the 12C14Nˉ ion, the carbon peak site [13C2ˉ ] is avoided by tuning the detector at 

the site of the dashed line a [145]. 
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Figure 1.6: NanoSIMS scan of a coral tissue sample at mass 26 Da showing the interference 

between 12C14Nˉ, 12C13C1Hˉ and [13C2ˉ] peaks. Dashed line (a) shows the most appropriate 

site to tune the detector at 12C14Nˉ so that the [13C2ˉ] peak site is avoided [145]. Reprinted 

with permission from John Wiley and Sons. 

 

1.6 Quantitative chemical information in SIMS  

 The SIMS equation 

In SIMS, the formation of secondary ions passes through two stages: sputtering and 

ionization, processes which were discussed in 1.3section 1.3. During these two stages, the 

resulting secondary ion current is influenced by a variety of factors expressed in the 

following SIMS Equation 1.2 [13]:  

Im = Ip y𝑚 α+ θm η    
 

Equation 1.2 

 

Where,  

Im: secondary ion current (often positive ions) of sample particles m.  

Ip: primary ion current flux. 
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y𝑚: sputter yield (total number of secondary neutrals/ions per primary ion) 

α+: ionization probability to positive ion (or negative ion).  

θm: fractional concentration of the chemistry of particles m in the surface.   

η: transmission of the analyser and detector system. 

The current of secondary ions is strongly affected by the electronic state of the samples under 

analysis, which complicates quantitative analysis. Thus, in this equation, both y𝑚 and α+ 

represent the most significant parameters in SIMS performance. The two parameters are 

affected by the characteristics of the primary ion beam used in the sputtering process, such 

as the flux, mass, charge, energy and angle of the primary beam on the sample. Moreover, 

the sputter yield is affected by the nature of the surface, such as the target mass, topography, 

crystallinity, and types of components and contamination [13][18]. Sputter yield was 

discussed in section 1.3.1. Furthermore, the ionization probability of particles (atomic and 

molecular) depends on both the sample chemistry and the matrix effect [146]. 

The transmission parameters strongly depend on the type of analyser selected for the analysis 

and its sensitivity in detecting the ions required. A comparison of the types of analysers used 

in this project was presented later in Table 1.1 [12][24][45][147]. 

 Yield  

The sputter yield (Y) represents the total number of secondary particles sputtered from the 

surface per primary ion impact [148], as expressed in Equation 1.3 [149]: 

 

𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑝𝑢𝑡𝑡𝑒𝑟𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑖𝑜𝑛
=

𝑆𝑑𝑝𝑞

𝐼𝑃𝑡
 

 

Equation 1.3 

 

Where  

S: analysed area 

d: depth of the crater  

ρ: atomic density 

q: particle charge 
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Ip: primary ion particles   

t: time spent for analysis.   

The primary ion beam characteristics affect the yield (for more details, see sections 1.3 and 

1.6.1). Moreover, the yield is affected by the surrounding matrix, the surface topography, 

the concentration of the elements in the sample, and surface type, such as insulating samples. 

These effects are described below [148]. 

1.6.2.1 Matrix effects 

The matrix effect is the term given to the sensitivity of a specific element in multiple samples 

that vary in structure, crystallinity and composition, which, in turn, affects both ionization 

efficiency and yield [44]. This effect complicates quantitative analysis in SIMS, whether 

measuring the element concentration in the sample or at the interface between the sample 

and the substrate, which becomes more difficult when using a reactive primary beam [24]. 

The matrix effect has been considered in some mass spectrometry techniques that involve 

dissolving the analyte in a suitable matrix, such as MALDI. In contrast, SIMS has the ability 

to analyse samples without the need to add a matrix, labelling or using separation methods 

[44][150]–[152]. Molecular ion yields in SIMS can also be enhanced using multi-atomic ion 

beams [24]. Nonetheless, diverse chemical modifications can be made in SIMS to reduce the 

matrix effect and achieve high ionization [153][154]. 

The effect of a matrix is very complicated in biological systems due to the diversity of 

density and the elemental composition of biological materials [155]. Nevertheless, 

quantitative analysis of these systems has been carried out. For example, Jackson et al. 

presented a quantitative study of certain purines, such as inosine monophosphate (IMP) 

dissolved in trehalose as a matrix. Measurement was conducted using ToF-SIMS with a C60
+ 

primary beam. The study demonstrated the possibility of measuring concentrations at the 

biological level, whereby trehalose showed the importance of a matrix in maintaining intact 

quasimolecular ion concentrations [156]. 

1.6.2.2 Surface Topography  

Sputter yield is greatly affected by topography, as rough surfaces form a high yield and 

fluctuate between suppressing and enhancing the secondary ions when compared with flat 

surfaces [157]. The presence of holes or pores in the sample surface reduces the sputter yield  

because these features trap species and the crater edge causes a rise in yield [158]. Therefore, 
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the use of flat samples with an intact surface is important in obtaining reliable SIMS 

information [38]. The crystallization of a sample surface also affects the sputter rate due to 

different crystalline layers [24].  

In depth-profiling experiments, the crater bottom is usually rough, resulting in the generation 

of ions from different vertical positions and thus a reduction in depth resolution [159]. The 

sputter rate also varies from one element to another and, therefore, when a sample consists 

of multiple elements, the element with the lowest sputtering rate will concentrate at the 

sample surface until a steady state situation is reached whereby sputter rates are constant 

[24][160]. 

1.6.2.3 Sample charging  

Insulating samples suffer from ionization difficulties, whereby the bombardment of these 

samples by positive primary ions leads to the accumulation of positive charge on the surface, 

thus suppressing negative ion generation, then loss of spectrum and image information [13]. 

To overcome charging, the insulating sample can be coated with a thin layer (a few 

nanometres) of metal, such as Au, Ag or Pt [161][162]. This layer is exposed to sputtering 

before starting the sample analysis. An electron flood gun can also be used to compensate 

the charge, whereby a low-energy electron beam is used to irradiate the sample and return it 

to a neutral state [13]. 

 Ionization efficiency 

The ionization efficiency in SIMS is a term that refers to the ionized portion of the atoms 

and molecules emitted from the surface during the sputtering process. The number of 

secondary ions formed is very low for most materials and typically represents <1% of the 

total number of sputtered secondary particles, whereas uncharged species represent the vast 

majority of the yield and cannot be detected directly. Secondary ion yield is affected by 

several factors, the most important being the element characteristics in terms of the tendency 

of electronic loss and the forming of positive ions or electron affinity in forming negative 

ions [13][20]. The type of ion beam used to bombard a sample surface also has a significant 

role in influencing ionization efficiency. Reactive ion sources can significantly increase 

ionization efficiency. For instance, the use of an oxygen beam increases the generation of 

positive ions. When a sample surface is bombarded with an oxygen primary beam, oxygen–

metal bonds are formed in the impact area. During ionization, these bonds break and, 

therefore, the oxygen atoms tend to acquire a negative charge because of their possession of 
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high electron affinity, which leads to enhancing the formation of positive ions (M+) from the 

sample [20][163]. Moreover, selecting a caesium beam for sample analysis (or implantation 

step) reduces the surface work function, thus providing a large number of excited electrons 

on the surface, which, in turn, increases the probability of gaining electrons and the 

formation of negative ions (Mˉ) from the sample [20][164]. 

In comparison, the use of a multi-atomic ion beam increases the chances of obtaining 

molecular information. Therefore, when using these sources, the choice of ion beam depends 

on the kind of ions required to be detected as well as the beam’s effect on ionization. 

Methodologies of the experiments in SIMS (spectrum from the surface, depth profiling and 

imaging) also affect the selection of the primary beam. For example, imaging experiments 

require the use of a highly focused primary beam in order to achieve high spatial resolution 

in the images, an LMIG is the best source for imaging experiments [135][138][165][166]. 

 Sensitivity – Transmission - Detection limits 

Sensitivity in SIMS depends on two properties, the secondary ion yield [38], and the 

transmission through the ion optics of the instrument. Transmission is expressed as the actual 

number of ions measured in the detector divided by number of ions produced from the 

sample surface. This means that a portion of ions may be lost during transport in the optical 

system. An increase in the mass resolution by introducing apertures and slits to restrict the 

path of secondary ions leads to a decrease in transmission, which, in turn, negatively affects 

sensitivity. Moreover, increasing spatial resolution using a primary beam with a small probe 

size also leads to decreased sensitivity. Therefore, sensitivity, transmission, mass resolution 

and spatial resolution are interrelated factors, whereby an increase in one leads to a drop in 

another [13][38][144], so it is usually preferable in experiments to use intermediate 

conditions that combine these factors at reasonable levels. 

The limit of detection is the minimum quantity or concentration of a sample that will 

generate useful signal levels, which can be distinguished by at least 10 times background 

noise [14]. The useful yield is expressed by the number of ions detected divided by the 

number of sputtered atoms from the sample, and is affected by ionization efficiency, 

transmission through the optical system and the efficiency of the detector [144][149][167]. 
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 Relative sensitivity factors in quantification 

Quantification in SIMS is often required to convert the intensities of secondary ions into 

concentrations, but this process is difficult due to each element and molecular ion being 

emitted from the sample surface with different yields [168]. Quantitative measurement can 

instead be made using a relative sensitivity factor (RSF). The RSF depends on the 

measurement of the ratio of the secondary signals (molecules or elements) recorded to the 

matrix signals in the same experiment and then compared with a reference material, also 

known as an internal standard. The reference material used should contain the same species 

of interest as the sample at a known concentration and have the same matrix as the sample 

[12][24][169].  

Modification can be made using the RSF and concentration is expressed by the following 

Equation 1.4 [169]: 

𝐶𝐸 = 𝑅𝑆𝐹 ∙  
𝐼𝐸

𝐼𝑀
 

 

Equation 1.4 

 

𝐶𝐸: concentration required for measurement (of the element or molecule) 

𝐼𝐸 : intensity of the secondary signals of the target whether an element or molecular species 

𝐼𝑀: signal intensity from the matrix element or molecular  

Each element associated with the matrix has a specific RSF value that is different from that 

of the other elements. There are a number of reference tables for RSF values, which differ 

from each other depending on the primary ion beam type used in the analysis, such as oxygen 

or caesium, and the type of matrix used, such as silicon, or other semiconductors, such as 

gallium nitride (GaN). These tables provide a useful indicator of possible ion yields when 

preparing experiments [168]–[170]. Quantitative measurement of the elemental distribution 

in SIMS is very important to fulfilling the requirements of the semiconductor electronics 

industry [171]. 

Chandra et al. performed quantitative measurements on human glioblastoma cells (T98G) 

treated with 110 ppm 10boronophenylalanin-Fructose (10BPA-f) to determine boron 

concentrations in cellular compartments [172][173] using an RSF of 10B+ to the 12C+ cell 

matrix signals [174], more details on these studies will be given in sections 2.3.1 and 2.3.1.1. 
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1.7 Instrumentation 

In the field of analytical science, there are multiple types of SIMS instruments, each with its 

own advantages and disadvantages. Often, the main differences between the instruments are 

the mass analyser used and the primary ion source. When selecting a SIMS instrument, the 

most appropriate mass analyser is determined based on the requirements of mass resolution 

and sensitivity; the primary ion source is selected according to the requirements of spatial 

resolution, chemical damage, and mass range (atomic or molecular ions). The following is a 

review of the types of primary ion sources and mass analysers used in this project.  

 Primary ion source types 

1.7.1.1 Liquid metal ion beams 

A liquid metal ion gun (LMIG) is a source that emits positive primary ion beams from liquid 

metal [24]. The source structure and the primary ion beam extraction system in the LMIG 

gun column are described elsewhere [24][165][175]. The source provides monoatomic or 

multi-atomic ion beams, such as indium (In+) [176], gallium (Ga+), bismuth (Bi3
+, Bi1

+) and 

gold (Au+, Au2
+ and Au3

+) [177]. LMIG is one of the main ion sources for performing 

imaging experiments with an  ̴ 100 nm - 10 µm probe size [123]. The LMIG was developed 

by Ionoptika Ltd (Southampton, UK) and UMIST by using Gold:Germanium alloy  (Au:Ge) 

as a Au primary ion source, which melts easily at a temperature of 400 °C, rather than a pure 

gold source, which melts at temperatures above 1000 °C. The low melting temperature gives 

the eutectic source a long life and protects it from evaporation, as well as reducing the 

erosion of the source substrate [165]. The LMIG is widely used in ToF-SIMS analysis (for 

imaging and depth profiling) because it stimulates high secondary ion yield. A comparative 

study of primary ion beams of Au+, Aun
+ (n = 2–3) and Ga+ performed on gramicidin (a 

biological sample) and polyethylene terephthalate (PET) showed that molecular ion 

fragment yields were greater when using Au3
+ than Au+, the latter in turn yielding more than 

Ga+. [165]. 

An LMIG is characterized by the possibility of analysis using small-sized spots (˂ 100 nm) 

with a high-intensity focused current (very bright ion source), stable operation in dynamic 

and pulsed modes with higher energy (˃ 25 keV) and a long lifetime. Its disadvantage lies 

in the damage to the surface as a result of the bombardment by a beam consisting of a few 

atoms with high energy, whereby the damage volume exceeds the sputter volume 

[124][177][178]. 
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1.7.1.2 Atomic ion beam 

Atomic ion sources are widely used in dynamic SIMS applications (depth profiling and 

imaging) as they offer reactive primary ion beams for the bombardment of samples as 

explained in section 1.6.3. The most prominent types of this source are Cs+ beam to produce 

negative ions and Oˉ beam to produce positive ions [24][177]. Both sources are needed in 

NanoSIMS instrument because of the use of a coaxial optical system, which requires an 

opposite polarity between the primary ion beam and secondary ion beam. This is discussed 

in more detail in [144][179].  

In this project, only the Cs+ beam was used for analysis, generated from a surface ionization 

source. The source design is explained in [177][180]. Cs+ sources offer a high current density 

with a small spot size (spatial resolution) down to 50 nm, low energy spread and a good level 

of brightness but not better than an LMIG. However, the most prominent drawback is that 

Cs+ beam cause damage to the surface [24][144][177].  

 Mass analysers 

1.7.2.1 Time-of-Flight analyser (ToF) 

Stephens introduced the concept of a ToF mass analyser in 1946 [181]. In 1955, Wiley and 

McLaren designed the first commercial tool based on Stephens’ concept: the linear ToF 

(LToF) mass spectrometer [182]. The ToF analyser separates the secondary ions in the flight 

tube (1–2 m in length) depending on their velocity, which in turn depends on their mass-to-

charge ratios (m/z, where z = 1, usually) [14][183]. The ToF mass analyser has an intrinsic 

advantage in its ability to measure all m/z of the ions using parallel detection [184] with good 

mass resolution and high sensitivity [183]. The performance of ToF analyser is shown in 

Table 1.1 [12][24][45][147].  

ToF is a common type of analyser for SIMS, used in a wide range of applications to analyse 

surfaces of materials and structures in various research fields, such as chemistry, 

biochemistry [185], genetics [186], and immunology [187]. The Bio-ToF mass spectrometer 

has been improved using a two-stage reflectron [143], to be called a reflectron time-of-flight 

(RToF) mass spectrometer [188]. A two-stage reflectron is a sequence of electrostatic fields 

that creates the ‘retard’ and ‘reflect’ voltage along a series of electrodes, this improves the 

mass resolution and sensitivity, more details about LToF and RToF are described in 

[14][183][188]. 
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The separated secondary ions by ToF analyser are accelerated under a potential of ~ -8 kV 

by a post-acceleration detector into a microchannel plate (MCP) detector, which in turn is 

characterized by its ability to detect a large number of ions at the same time; extraction and 

response time is sub-nanosecond. The detector used in this study combines the output of a 

single MCP with a phosphor scintillator and an electron multiplier to provide an overall gain 

~107. MCP-based detectors provide high sensitivity and high time-resolution and are ideal 

for ToF-SIMS measurements [189][190]. The ionic signals detected are translated into 1 ns 

time bins by a transient digitizer (PX1500-2 Signatec Inc., Philadelphia, USA) [191]. 

1.7.2.2 Magnetic sector analyser  

The NanoSIMS instrument has a double focusing mass spectrometer in a Mauttach-Herzog 

design, which consists of a spherical electrostatic sector placed at 90° to the asymmetric 

magnet [192]. This design is commonly used when high sensitivity is required [193]. The 

electrostatic sector compensates for the kinetic energy variation of the secondary ions before 

entering the magnetic sector and therefore improves the mass resolution [194]. The magnetic 

sector separates the secondary ions that come through the optical system depending on their 

m/z ratio [194]. Magnetic sector analysers can only analyse a limited number of secondary 

ions in parallel [193]. More details of the magnetic sector design/operation are given in 

[192][194]. Furthermore, this design has good transmission, allows high spatial resolution 

and the ability to analyse with high mass resolution using a small probe size [195], making 

it preferable for use in dynamic SIMS and depth profiling. Magnetic sector also works with 

a continuous beam (duty cycle is unity), so is not suitable for static SIMS due to the 

probability of damaging the sample [14]. Table 1.1 shows the performance of the magnetic 

sector analyser compared to the ToF analyser.  

For the NanoSIMS 50L, the secondary ions separated by the magnetic sector are detected 

using seven detectors in the multicollection chamber. There are six moveable trolleys that 

allow detectors to be positioned at the masses of interest. Each trolley is equipped with both 

an electron multiplier (EM), which can measure ion signals of low intensity, and a Faraday 

cup (FC) for higher counts rates [144]. The main advantages of the magnetic sector on the 

NanoSIMS are discussed in section 1.7.3.2.  
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Table 1.1: The performance and capabilities of the mass analysers used in SIMS 

[12][24][43] [144][147]. 

 Type of analyser  

Time of flight Magnetic sector 

Mass range 1000–10,000 ˂ 10,000 

Mass resolution ˃ 1000 10,000 

Mass accuracy (ppm) 10 10 

Mass detector Parallel Sequential  

 

Ion production Pulsed Continuous 

Transmission <100% 50 % (classic) ˂ 

< 100% (double focusing) 

 

Relative sensitivity 10,000 10 

Used in Dynamic and 

static SIMS 

Dynamic SIMS 

 

 SIMS Instrumentation 

The instruments used in this research, a BioToF-SIMS and a CAMECA NanoSIMS 50L, are 

explained in the following sections then compared with each other.  

1.7.3.1 BioToF-SIMS instrument 

The BioToF-SIMS is a microprobe imaging tool. Its characteristics make it reliable for 

analysing various types of biological, organic and inorganic samples [43][143]. A BioToF-

SIMS was constructed at UMIST in the late 1990s, and represented the collective work of 

the Winograd group at Penn State University (USA) and the Vickerman group at the 

University of Manchester (UK), in addition to collaborative endeavours with Kore 

Technology Ltd (Cambridge, UK) and Ionoptika Ltd (Southampton, UK) [143][196]. 

The BioToF-SIMS instrument is equipped with a LMIG source and ToF analyser explained 

in sections 1.7.1.1 and 1.7.2.1 respectively. There are two methods for using the BioToF-

SIMS instrument. First, the SIMS method is used to detect either positive or negative ions 

which are emitted from the surface during bombardment using a 25 kV LMIG Aun
+ beam (n 

= 1 - 3), which in turn can be operated in two modes: direct current (DC) and pulsed 

[143][178]. The second method uses post-ionization, in which a laser is used to ionize the 
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neutral particles in the plume of sputtered species. The result of laser ionization is usually 

the formation of positive ions which increases the signal intensity and then the intensity of 

the signal can in some cases be increased in the spectrum [143]. The aim of constructing a 

BioToF-SIMS instrument was to find a successful way to analyse and image biological 

surfaces and cells using both SIMS and laser post-ionization while maintaining sensitivity 

and high mass resolution [196][197]. In this project, the BioToF-SIMS was operated without 

laser post ionization. Figure 1.7 shows a schematic drawing of a BioToF-SIMS instrument 

[143]. The design and operation of the instrument are described in detail in references [143].  

 

 

Figure 1.7: Schematic diagram of the BioToF-SIMS instrument showing its main parts. 

Prep: preparation chamber. IP: an ion pump to create ultrahigh vacuum inside the 

instrument. TP: a turbo pump to maintain a vacuum within Prep of less than 10-8 mbar. Arm: 

to insert the sample through fast entry port (FEP) into the Prep. HTA: a horizontal transfer 

arm to transfer the sample to cold stage (CS) in the surface analysis chamber (SAC). LMIG: 

liquid metal ion gun. Reflectron ToF: a reflectron time-of-flight analyser [143]. Reprinted 

with permission from John Wiley and Sons. 
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1.7.3.2 CAMECA NanoSIMS 50L instrument 

The CAMECA NanoSIMS 50L is a dynamic microprobe SIMS instrument that uses a 

primary focused beam of caesium or oxygen ions in DC mode, which makes it a destructive 

technique. The instrument can perform depth profiling and 2D and 3D imaging in order to 

track and analyse elements, isotopes and small generated fragments [198]. The instrument 

was developed by Slodzian et al. in the early 1990s, with the aim of improving the spatial 

resolution and sensitivity of SIMS imaging while preserving high mass resolution and strong 

transmission, up to 100% [167]. The unique capabilities of the NanoSIMS have led to new 

applications and developments in various fields, such as cell biology [145][199], material 

science [200], microbiology [201][202], pharmacology [203], plant and soil science 

[204][205], geology and space science [144], cosmetics [206] and cosmochemistry [207]. 

The Manchester NanoSIMS 50L is shown in Figure 1.8. NanoSIMS 50L is equipped with 

atomic ion beam sources and a magnetic sector analyser reviewed in sections 1.7.1.2 and 

1.7.2.2 respectively. The design and operation of the instrument are described in detail in 

references [144][179]. The main advantage of the design of the magnetic sector for the 

NanoSIMS is the ability to focus ions of seven different masses on one flat plane at the same 

time, which allows the use of a flat detector system to create images for each ion from the 

same sputtered volume [167][193], more detail about ion detectors in [144]. This results in 

greater precision in image recording and more accurate isotope ratio measurements 

[167][193].  

 

Figure 1.8: Manchester NanoSIMS 50L instrument. 
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1.7.3.3 Comparison between BioToF-SIMS and CAMECA NanoSIMS 

50L 

Secondary ion mass spectrometry is one of many techniques used to study and image the 

distribution of elements at the cellular and sub-cellular level for example to understand the 

relationship between the distribution of a drug and its impact on health and disease treatment 

in living organisms. NanoSIMS and BioToF-SIMS were used in this research as imaging 

methods, as each technique has individual characteristics and advantages that distinguish it 

from the other [1][208]. 

The NanoSIMS technique is characterized by the following: 

- High spatial resolution down to 50 nm with a Cs+ or  Oˉ beam, , which requires a high-

density primary beam [209][210].  

- High sensitivity to concentrations down to the ppb level for some elements [211] and the 

ability to distinguish between ions of almost equal mass, such as 12C15Nˉ and 13C14Nˉ  [209]. 

- The ability to analyse all elements and isotopes, from hydrogen to uranium, in the periodic 

table [209] except the noble gases. Elements such as Cd, Zn and Mn are challenging [198] 

because of the stability of the last filled valence orbitals and, therefore, do not easily form 

ions.  

- The ability to achieve high transmission and high mass resolution [38]. For example, 

13Cˉcan be resolved from 12C1H ˉ, which needs a mass resolving power (MRP) of almost 

3000 [144]. With a MRP of 3500, full transmission (100 %) can still be achieved, but the 

transmission drops to 25 % with a MRP of 9600 [179]. 

- Fast acquisition with a DC primary ion beam and the ability to collect up to seven masses 

simultaneously (parallel detection) from one pixel, which allows the measurement of precise 

isotope ratios and with perfect registration of ion images. It is also possible to analyse 

insulating samples [212]. 

- NanoSIMS instrument has a working distance of ~ 400 µm between the ion extraction lens 

and sample surface in order to obtain high sensitivity, improve collection efficiency and 

reduce the dispersion time resulting from ion movement. This means only  flat samples can 

be analysed [143][144].  

- The main disadvantage of the NanoSIMS is that it uses the same coaxial optic group to 

focus the primary ion beam and extract the secondary ions at the same time, which requires 
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that the two ion beams have opposite polarity [144]. This feature requires the instrument to 

be equipped with two different sources to generate positive and negative primary ions [213]. 

Other disadvantages of NanoSIMS are that it is a destructive technique, it is expensive, it 

works only in dynamic mode and cannot be operated in static mode so information is limited 

to atomic or small molecular ions. Nor is it suitable for analysing frozen-hydrated samples 

because it does not contain a cryogenic stage. 

In comparison, BioToF-SIMS is characterized by the following: 

- Good spatial resolution that reaches the sub-micron level down to 100 nm with an Au+ 

beam, and < 10 µm for a C60
+ beam [123][144]. 

- The ability to detect in parallel all secondary ions that have the same polarity originating 

from one analysis point, thus providing information on atomic and molecular ions [144]. 

- It causes less chemical damage compared with NanoSIMS [214]. It is also possible to run 

it in static mode, dynamic mode and in laser post-ionization experiments [143]. 

-  Good transmission with reasonable mass resolution and good sensitivity, to ppm levels 

[143]. 

- The primary ion gun can be changed to any type of ion gun suitable for the analysis question  

[176][215], it is less expensive than NanoSIMS and can be used to analyse frozen-hydrated 

biological samples because it contains a cryogenic stage [167], minimizing possible water 

desorption and thus maintaining the integrity of the chemical information and surface 

sensitivity [143]. 

- In a BioToF instrument, the ion extraction lenses are placed at a distance of 10 mm from 

the sample surface in order to facilitate laser post-ionization experiments and analyse 

morphologically rough samples without causing distortions in the mass spectral signals 

[143]. 

The most obvious limitation in BioToF-SIMS is the difficulty in using it to measure and 

track isotopes due to the low ion signals produced compared with NanoSIMS. Another 

disadvantage of BioToF-SIMS is the limited spatial and mass resolution [144], the 

instrument is controlled manually before and during image acquisition, due to the large 

extraction gap it is difficult to determine the area of interest with high precision via the 

optical image, and the detection of all ions sometimes leads to a lower measurement accuracy 

of the elements. Table 1.2 shows a comparison between the characteristics of NanoSIMS 

and BioToF-SIMS.  
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Table 1.2: Comparison of the capabilities and features of NanoSIMS and BioToF-SIMS. 
 

Technique features NanoSIMS BioToF-SIMS 

Primary beam 

sources 

Cs+ , Oˉ [144] Au+, Au3
+ , C60

+ [143] 

Ion collection Positive or negative ions; 

up to seven masses in 

parallel [144] 

Positive or negative ions; 

collect all ions of one polarity, 

post-ionization [143] 

Ions detected Elements, isotopes, small ion 

fragments [144] 

Elements, small ion fragments, 

molecular ion fragments [143] 

SIMS mode Dynamic SIMS [144] Static and dynamic SIMS [143] 

Ion optical system Co-axial [179] 50° angle [43] 

Mass range (a.m.u) ~250 [123] 2000 [123] (theoretically 

unlimited) 

Analyser Double focusing: magnetic 

and electrostatic sector [192] 

Reflectron ToF [143] 

Mass resolution   ~5,000 [38][179] ~ 5,000 [143] 

Spatial resolution 50 nm (Cs+) 

200 nm (Oˉ) [38] 

> 100 nm (Au+) 

~ 10 μm to 2 μm (C60
+) 

[123][124] 

Transmission 60 – 80 % [38][179] 60% [143] 

 

1.8 Summary 

SIMS instruments provide many useful capabilities for surface analysis and offer reliable 

spatial and mass resolution in detecting elemental and molecular species at concentrations 

down to ppb. SIMS also provides great flexibility in dealing with different samples in various 

chemical, biological, pharmaceutical and medical science research areas. 

The 2D and 3D imaging of biological samples is one of the forefront areas of SIMS 

application, which is the subject of the work presented in this thesis. Imaging allows for 

chemical mapping of the distribution and localisation of elements and molecules in tissues 

and cells at the sub-cellular level. Achieving high resolution in imaging experiments requires 

the use of high energy focused primary ion beams. The primary ion beam is selected for 

analysis based on the type of ion yield required. For example, a monoatomic ion beam is 

more focused for a small size probe, such as Au+, Cs+, Oˉ and Ga+, and is more suited to the 
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detection of elemental species and small molecules, while a multi-atomic beam, such as C60
+, 

is usually used to detect large molecules, such as lipids. To verify inner layers (3D depth 

profiling), it is advisable to use the microprobe imaging technique to focus the beam in small 

areas, thus obtaining better imaging resolution. 2D imaging is usually used to obtain 

molecular information from the surface with the use of either a microprobe or a microscope 

instrument when considering the use of an unfocused ion beam with less energy.  

SIMS imaging is often run in dynamic mode which exceeds the static limit in order to 

penetrate surface layers sufficiently to generate high signals from small ionic fragments or 

elements. The diversity of SIMS possibilities in imaging makes it a valuable tool in 

quantitative bioanalytical applications. 
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2 Literature review of the 10Boronophenylalanine drug (BPA) and 

SIMS in localisation studies  

2.1 Introduction 

The number of cancer cases increases annually [1]–[3] and arise because of a random error 

in the DNA composition for reasons that are often unknown [4][5]. This dysfunction in DNA 

leads to unlimited cell division and the formation of aggressive cells that invade other tissues 

and spread to form malignant tumours. There are multiple types of malignant tumours that 

infect various tissues in the human body, one of which is glioblastoma multiforme tumour 

(GBM). 

GBM is a primary malignant tumour from central nervous system tumours which infects 

brain tissue, it is severe and fatal [6][7]. The reason for its occurrence is unknown. It is 

difficult to treat this type of tumour because it infects deep internal sites of the brain, 

proliferates quickly, and spreads to other parts of the brain. Patients with GBM do not live 

for a long time; treatment only helps to increase the duration of the patient's life for a few 

years (approximately 1-3 years) [8][6]. 

BNCT, referred to in Chapter 1, is a form of targeted radiotherapy that depends on the 

preferential accumulation of 10B containing drugs, such as boronophenylalanine (BPA), in 

the tumour core and the tumour cells infiltrating adjacent normal tissue. Ideally 10B should 

be highly concentrated in cell nuclei [9][10]. BNCT is also one of the most promising 

treatments for GBM tumour and other types of cancer [9]. Its mechanism is that patients are 

treated with a 10B enriched BPA [10] and the tumour sites are then exposed to low-energy 

thermal neutrons, mostly En < 0.49 eV or up to En < 9.9 keV if the tissue is thick or if 

thermal neutrons are directed to the skull [10]. The 10B in the locations of these tumours 

works by capturing the neutrons to give fission reactions and produce 11B* (unstable isotope) 

which decays in ~ 10-12 s to produce linear particles, which include 7Li (recoil ion) and 4He 

(α particle) [11], as in Equation 2.1 [12]. The outputs of 7Li and 4He can penetrate the tumour 

cells with a high linear radiant energy transfer at short distances, approximately equivalent 

to the width of a single cell (161 keV/μm -5μm and 195 keV/μm -9μm) respectively, leading 

to the killing of cancer cells but not healthy cells, which in turn do not attract boron atoms 

[6] [12]–[15].  

 

10B + nth → [11B]* → 4He (α - 195keV) + 7Li (161keV) + 2.79 MeV Equation 2.1 
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The success of BNCT treatment depends on the use of drugs which enhance the localisation 

of boron (10B) in enough quantity (~ 20 - 30 ppm or more) selectively in tumour cells to 

dispose of DNA unbalanced cells without causing damage to surrounding healthy cells 

[11][16][17]. BNCT is more successful when boron is centred in the nuclei of infected cells 

due to the short penetration distance of the BNCT outputs [13]. Preferably, the ratio of the 

boron concentration in tumour cells should be three or more times higher than that of normal 

cells (3:1) [11]. This means delivering a concentration of boron > 30 ppm in cancerous cells 

and <10 ppm in healthy cells [16][17]. 

Conventional bulk analytical methods provide quantitative information of the level of boron 

in blood and tissue but are not able to determine cellular distribution with lateral resolution 

[18]. For example, Detta and Cruickshank presented a study that measured BPA 

concentration using inductively coupled plasma mass spectrometry (ICP-MS), as explained 

in section 2.2.1 [19]. Basilico et al. reported the possibility of quantifying the 10BPA 

compound in biological samples, such as the patient’s blood and urine, using flow- injection 

electrospray tandem mass spectrometry (FI/ESI-MS/MS) with high sensitivity to measure 

concentrations up to 10,000 ppb [20], but this technique does not have the characteristics of 

resolution required to map the distribution of elements within the cell and tissue. Witting et 

al. [21] used direct current plasma atomic emission spectroscopy (DCP-AES) to measure the 

10B concentration of BPA in rat 9L gliosarcoma cells, for more details see section 2.2.1. 

Therefore, it is important to develop and assess methods capable of determining the 

localisation and distribution of 10B of BPA at the cellular level in tumour cells, as well as the 

concentration of BPA, in order to enhance the methods of success of BNCT treatment. SIMS 

is one such technique. 
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2.2 10Boronophenylalanine  

Boron has two stable isotopes: 10B and 11B; their natural abundance is 19.9% and 80.1% 

respectively and the ratio of 10B to 11B is 1: 4 [22]. As the natural abundance of 10B is low, 

the 10B in BNCT agents is enhanced up to 95% versus 5% 11B during the stage of synthetic 

preparations to achieve greater drug effectiveness [11][23]. 

BPA is prepared by adding the 10B isotope to phenylalanine, one of the amino acids 

important for growth and protein metabolism, by means of isotopic labelling using 13 

different chemical mechanisms [24][25]. In the drug form of BPA, L- phenylalanine type is 

used as a transporter of 10B where this L-type is the same as human amino acid expression 

[21][26]. The L-type of phenylalanine is absorbed and upregulated by cancer cells where the 

absorption process is very active in tumours, allowing accumulation of BPA preferentially 

in the tumour tissue [27][28].  The L-BPA enantiomer has been proven to accumulate in 

high levels in tumour cells, making it a more effective clinical treatment compared with the 

D-BPA enantiomer [11][29]. Figure 2.1 shows the chemical structures of both enantiomers, 

as well as phenylalanine and tyrosine [30]–[33], Table 2.1 shows the chemical properties of 

the 10BPA compound [34][35]. 

 

Figure 2.1: Structural formula of a) amino acid phenylalanine, b) L-BPA enantiomer of 

BNCT agents, c) D-BPA enantiomer, and d) tyrosine [30]–[33]. 
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Table 2.1: Chemical properties of 10BPA [23][34][35]. 

Chemical name L-4-(2-Carboxy-2-aminoethyl) benzene boronic acid. 

4-boronophenylalanine, 4-Borono-L-phenylalanine. 

(2s)-2-amino-3-(4-boronophenyl) propanoic acid (IUPAC 

name). 

P-Boronophenylalanine. 

Molecular formula C9H12O4N
10B 

Molecular weight 208.26 g/mol (95% 10B, 5% 11B) 

209.00 g/mol (20% 10B, 80% 11B)  

Physical description White crystalline powder 

Solubility Fructose or Mannitol 

Can be solubilized in water at pH >8 

 

BPA is weakly soluble in water and dissolves well in fructose or mannitol [23][34][35]. 

However, the shelf life of BPA - fructose after its preparation is short, which constitutes an 

obstacle in treatment management. Several attempts have been made to improve the 

solubility of BPA in water, these studies indicated that an increase in water solubility leads 

to reduced cytotoxicity and decreased cellular uptake of BPA, which reduces the 

effectiveness of the drug [11][36]. In an experiment administered to melanoma cells in 

hamsters, the results showed that after 18 days of thermal neutron treatment the melanoma 

tumour bulk decreased to ~18% of its original size using BPA-water while the tumour only 

decreased to ~50% when treated with BPA-fructose [36]. 

Various strategies have been used to improve the delivery of BPA to tumour tissue, which 

is based on the addition of small molecules of different amino acids to the tumour before 

starting treatment with BPA, such as L-tyrosine also called L-2-Amino-3(4-hydroxyphenyl) 

propanoic acid, and L-3, 4-dihydroxyphenylalanin (L- DOPA) [11]. The effect of L-tyrosine 

is reviewed below. The effect of the cell cycle on BPA uptake is also reviewed. 

2.2.1 Effect of tyrosine on BPA uptake 

Tyrosine is amino acid that enters the synthesis of most proteins and is used by the human 

body to form hormones [25][37]. The structural formula of L-tyrosine is given in Figure 2.1 

[33]. BPA is analogous in structure to tyrosine (but boronated), so BPA can be taken to cells 

using the same mechanism of transport of tyrosine, which is the L-system [21]. The L-system 

or L-amino acid transporter-1 (LAT-1) is a proteinic transporter situated in the cell 
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membrane which is responsible for the transport of L-type amino acids and has an important 

role in growth and proliferation in cells [38]–[40]. LAT-1 expression is often used in studies 

of malignant tumours due to its contribution to growth by increasing transport of L-amino 

acids to intracellular locations, therefore LAT-1 is likely to play an important role in the 

transport mechanism and selective accumulation of L-BPA in the tumour cells [41][42]. The 

L-system relies on an exchange mechanism between L-type amino acids for transport into 

and from cells. The L-type amino acids such as L-tyrosine are pre-accumulated at high levels 

in cells before being treated with L-BPA, leading to the stimulation of exchange and 

transport between L-tyrosine intracellularly and L-BPA extracellularly, which explains the 

high rate of accumulation of L-BPA when preloading with L- tyrosine compared with the 

absence of preloading [21][43]–[45]. Papaspyrou et al. [46] showed that pre-treatment of 

mouse melanoma cells with L-tyrosine stimulated BPA uptake and suggested that the L-

system is responsible for the transport of BPA. Witting et al. [21] found that BPA uptake 

increased two-fold in rat 9L gliosarcoma cells when preloaded with L-tyrosine before L-

BPA administration when compared with cells that were not preloaded with L-tyrosine. This 

result supports the assumption that the transport mechanism of BPA relies on the L-system, 

and that pre-accumulation of L-type amino acids enhances BPA uptake. Furthermore, the 

researchers showed that the efflux process, after treatment with BPA, in a medium 

containing only amino acid and another medium free of both amino acid and boron led to a 

clear and rapid reduction in BPA uptake, indicating that efflux is also an intracellular and 

extracellular exchange process [21]. Capuani et al. presented two studies explaining the 

possibility of enhancing BPA uptake by using L-DOPA with C6-glioma cells in vitro as well 

as in vivo, whereby glioma cells were implanted in rat brain. The study showed that in vitro 

and in vivo pre-treatment with L-DOPA resulted in an increased intracellular concentration 

of BPA [26][47]. Wingelhofer et al. also found that pre-treatment with L-tyrosine or L-

DOPA enhanced the [18F]-FBPA (2-[18F] fluoro-4-borono-L-phenylalanine) intracellular 

concentration. This finding was reached during the study of the accumulation of FBPA, an 

analogue of BPA used to predict concentrations of BPA, in three different types of tumour 

cells [48].  

In contrast, Detta and Cruickshank presented a study on brain tumour (BT) and brain around 

tumour (BAT) harvested from patients with glioblastoma [19]. The biopsy samples (in vitro) 

were treated in four groups: 1) BPA; 2) BCH (2-aminobicyclo-(2,2,1)-heptane-2-carboxylic 

acid) as an inhibitor then BPA; 3) phenylalanine as a competitor with BPA simultaneously; 

and 4) tyrosine as stimulator then BPA. The uptake of BPA was terminated after the 

following time periods: 0, 1, 2, 4, and 8 h. After drying the samples, the level of 10B was 
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measured using ICP-MS. Both BT and BAT samples showed almost identical results in 

terms of 10B accumulation, see Figure 2.2, the 10B reached the highest level of accumulation 

in the treated samples after 4 hours, and then the boron levels began to decline. Both BCH 

and phenylalanine had an inhibitor effect during the first 2 hours and then showed a slight 

increase. Pre-loading with tyrosine did not show any improvement in BPA uptake [19]. It 

should be noted that the number of tumour cells that had infiltrated to areas of the brain 

around the tumour were fewer than the number of cells at the tumour core; however, the 

levels of BPA uptake were convergent in both areas of cells. This may be attributable to the 

activity of LAT-1 expression that contributes to the uptake of BPA to infiltrated cells 

[19][49]. 

 

 

 

Figure 2.2: 10B accumulation of BPA (µg/g) as a function of Time (0, 1, 2, 4 and 8 h) in two 

regions of glioblastoma tumours: (A) brain tumour and (B) brain around tumour. Tissue 

sections were incubated in four groups: BPA; phenylalanine as a competitor with BPA 

simultaneously; BCH as an inhibitor then BPA; and tyrosine as a stimulator then BPA. The 

number of glioblastoma tumour samples per time point (n = 4). Each type of line refers to a 

different uptake group as shown in the diagram. The topmost line represents the viability of 

the tissue. Measurements were performed using ICP-MS [19]. Reprinted with permission 

from American Association for Cancer Research. 
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Grunewald et al. [50] studied the effect of pre-treatment with L-tyrosine and L-DOPA on 

BPA absorption in different organelles of mice preinjected with a human hepatocellular 

carcinoma cell line. The results showed that neither L-tyrosine nor L-DOPA affected the 

BPA uptake in any of the samples, and the researchers attributed this outcome, which was 

contrary to previous results, to either LAT-1 expression varying from one patient to another 

or the effect of tyrosine varying from one tumour to another, as Yang et al. had pointed out. 

Yang et al. [51] had concluded that the effect of pre-treatment with L- amino acid as a 

stimulator of BPA uptake varies according to the histologic tumour type and the anatomic 

location of the tumour. They found that pre-treatment with L-DOPA in F98 glioma bearing 

rats (implanted in brain) led to increased uptake of BPA, while there was no effect on BPA 

uptake in B16 melanoma bearing mice (implanted subcutaneously). Therefore, the ability of 

L-amino acids to enhance the uptake of BPA cannot be conclusively determined. 

2.2.2 Effect of the cell cycle on BPA uptake 

The cell cycle also may affect the uptake of BPA. A cancer cell in interphase (G0) is subject 

to an initial active growth phase, called G1, in which there is no split of the nucleus, followed 

by the S-phase in which DNA begins to replicate inside the nucleus. Then the cell enters 

another more active growth phase, G2, followed by the mitotic-phase M, in which the cell 

begins to divide into two identical cells. However, the cell may enter a quiescent phase due 

to hypoxia or lack of nutrition resulting from weak vascularization or other causes [52][53]. 

Yoshida et al. measured the 10B concentration of BPA in three different types of tumour cell 

lines in vitro using inductively coupled plasma atomic emission spectroscopy (ICP-AES). 

The cells were treated with BPA and then sorted by cell cycle into two groups: G0-G1 phase 

and G2-M phase. BPA uptake was then measured. The results showed that 10B was more 

highly accumulated in G2-M phase than G0-G1 phase cells, indicating that the cell cycle 

affects the uptake of BPA where absorption increases with growth [54]. Ono et al.  

investigated the microdistribution of 10B-enriched BPA in cell colonies in peripheral tumour 

in mice in vitro using γ-ray spectrometry. They found that 10B is heterogeneously distributed 

in cells and may not accumulate in quiescent cells, which affects the effectiveness of BNCT 

[55]. Langen et al. tracked 123I-a-methyl-L-tyrosine (IMT) uptake in the human glioma cell 

line (86HG39) in different phases in vitro using single photon emission computed 

tomography (SPECT), and concluded that IMT transport is based on the cell proliferation 

phase, and the L-system is stimulated in proliferating cells, thus contributing mainly to 

increase the absorption of IMT [56]. Dahlstrom et al. incubated human glioma cell sub-
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populations with BPA in vitro and then separated cell-associated boron of extracellular 

boron. The accumulation of boron was measured using ICP-AES. The results showed that 

10B accumulates at different and heterogeneous rates, indicating the importance of 

considering the differences in cell sub-populations during treatment with BNCT [57]. 

Carpano et al. showed a direct correlation between the proliferation and B uptake in the 

tumours when they studied three lines of human melanoma cells in vitro; as well as in vivo 

whereby mice containing pre-implanted melanoma cells were injected with BPA. Each in 

vitro cell line showed different patterns of B accumulation. In vivo, the accumulation level 

of B in the tumours was 25.9 ± 2.6 ppm, while in some individual tumour cells it was ranging 

between 12 and 52 ppm [58]. 

While some studies have shown that proliferation (cell cycle) is associated with high LAT-

1 expressions in tumour cells, particularly in glioma cells, as mentioned previously [54]-

[58], there are other studies that indicate that there is no correlation between proliferation 

and LAT-1 expressions. For example, Detta and Cruickshank [19] conducted a study on 

sections of brain tumour and brain around tumour (BAT) collected from patients with 

epilepsy (none of the samples were exposed to radiation or chemotherapy). The results 

showed that there was no correlation between proliferative activity and increased LAT-1 

expression, and indicated the difficulty of comparing human cell samples in vivo with animal 

tumour models because human samples are heterogeneous and more complex. De Wolde et 

al. reached a similar conclusion during a study of the relationship between L-tyrosine and 

the state of proliferation in human brain tumours, pointing out that there is a lack of the 

correlation between them [59]. Sasajima et al. also inferred an inverse relationship between 

the absorption of the L-amino acid cycloleucine and proliferation status [60]. Chandra et al.  

also studied the distribution of 10B (BPA) in human glioblastoma cells (T98G) in vitro using 

SIMS and measured the 10B level in cells meta-phase and interphase. The results showed 

that 10B accumulates at a higher level in the cytoplasm of interphase cells compared with 

meta-phase cells [61]. These studies [19][59] - [61] concluded that proliferation has no 

relation to the LAT system, although the latter seems to be responsible for increased BPA 

uptake. 

2.3 SIMS analysis of biological samples 

The scientific approach to the analysis of biological samples using dynamic SIMS began in 

1982 in the life sciences with Burns [62]. There are a number of objectives behind analysing 

biological samples, most notably: identification of the chemical structures of cells and 
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tissues, determination of pathogenic chemical changes, and evaluation of the efficacy of 

pharmaceuticals to treat particular diseases and their localisation within specific cells.  

Moreover, there is a clear increase in the employment of SIMS techniques in biological 

studies because of their sensitivity, the ability to detect all elements in the periodic table 

(atoms, molecules, and isotopes) and to perform 2D and 3D imaging with high spatial and 

mass resolution [63][64].  

SIMS techniques have been used to verify biological samples using two methods. The first 

method is by imaging the distribution and localisation of elements. For example, Lau et al. 

[65] compared NanoSIMS 50 with conventional fluorescent immunochemistry in imaging 

the localisation of BrdU (5-bromo-2-deoxyuridine), which is used in the treatment of 

cancerous cells, on the same HeLa cell. A NanoSIMS was used to measure the distribution 

of 16Oˉ, 12C14Nˉ, 31Pˉ, 79Brˉ and 81Brˉ. Both Br isotopes were measured to ensure the bromine 

distribution as there are interferences at both masses. Figure 2.3 shows that both techniques 

gave the same result, where BrdU was strongly localised in the nucleus of the cell; however, 

the spatial resolution of fluorescent imaging is limited to, at best, 500 nm, whereas 

NanoSIMS images had much higher resolution. 

 

Figure 2.3: A single HeLa cell treated with 5-bromo-2-deoxyunidine (BrdU) analysed using 

a Cs+ beam of a NanoSIMS 50 and fluorescent immunochemistry. A, B and C are 

fluorescent, optical, and NanoSIMS secondary electron images. D, E, F and G represent the 

distribution images of 12C14Nˉ, 31Pˉ, 79Brˉ and 81Brˉ respectively. Br (BrdU) localised in the 

nucleus as shown in all images. The nucleoli features are also clear in all images. The 

NanoSIMS images (C-G) show much greater resolution detail than the fluorescent image 

[65]. Reprinted with permission from John Wiley and Sons. 
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The second method used in SIMS biological analysis is to measure the isotope ratio, whereby 

stable isotopes are used as labels by adding them to biological samples to understand 

different mechanisms, such as transport and sequestration [66][67]. The isotope method is 

usually studied using dynamic SIMS techniques because it is easier to separate mass 

interferences than with ToF-SIMS, which measures all ions in the sample, making it difficult 

to distinguish between masses. Examples of isotopes commonly used as labels are 2H, 13C, 

15N, 34S, and 41K [68]. Peteranderl and Lechene measured the isotopic ratio of C and N in rat 

fibroblast cells.  Cells were either cultured in an unlabelled medium or in a medium 

supplemented with 13C-glycine and 15N-glycine, The NanoSIMS was set to detect 12Cˉ, 13Cˉ, 

12C14Nˉ, 12C15Nˉ; the isotope ratios of 15N/14N and 13C/12C were determined and compared 

with the natural abundance. The unlabelled sample gave ratios very close to the natural 

abundance, while the samples supplemented with 13C or 15N-glycine had higher isotopic 

ratios. This study demonstrated the ability of the NanoSIMS to trace isotopes at a sub-

cellular scale and the capability to distinguish between species with nominally the same 

mass. Figure 2.4 shows the high mass resolution scans for these masses [69]. 

 

 

Figure 2.4: High mass resolution scans showing isobaric interferences in mass spectra of 

interest. The above shows the ability of the NanoSIMS to distinguish between convergent 

masses; a, b, c and d correspond to the nominal masses: 12, 13, 26  and 27 a.m.u, respectively 

[69]. Reprinted with permission from Springer Nature. 
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Lechene et al. presented a study to monitor the renewal of protein in the cochlea of mice at 

the sub-cellular scale. The cochlea contains tissues of different types of cells at a high level 

of organization, including stereocilia, the mechanosensing organelles. The study was 

performed on mice fed with 15N-L-leucine and on a control sample (untreated). The 

experiment was conducted using NanoSIMS to map 12Cˉ, 13Cˉ, 12C14Nˉ and 12C15Nˉ. The 

ratios 12C15N/12C14N and 13C/12C were calculated pixel by pixel by taking the ratios of the 

images. It was found that the untreated sample had isotopic ratios almost equal to the natural 

abundance of 15Nˉ/14Nˉ (0.368%) in the cochlea, whereas the 15N-labelled samples had a 

high 15N/14N ratio due to the incorporation of 15N into the proteins. The 12C15Nˉ/12C14Nˉ 

image shows strong contrast, whereas the 13C/12C image is homogeneous, as no additional 

13C was added. Figure 2.5  shows these ratios in the stereocilia. The study demonstrated the 

ability of NanoSIMS to trace and measure isotopic ratios [70]. It should be noted that 

nitrogen cannot be detected as a monatomic negative ion due to difficulty in its ionization in 

SIMS, so it must be detected as CNˉ ions [66]. CNˉ is probably the best ion for tracing 

biological samples because it is a characteristic of amino acids and thus facilitates the 

determination of protein distribution [71]; cellular membranes also contain a high yield of 

CN, which is useful in determining the general morphology of samples [72]. 

 

 

Figure 2.5: NanoSIMS maps of stereocilia (Sb1) from a cochlea treated for nine days with 

15N-L-leucine; (A–F) are high resolution maps of the Sb1 with 256×256 pixels; scale bar = 

0.5 µm. G: Hue saturation intensity (HSI) map 3×3 µm of the 12C15Nˉ/12C14Nˉ ratio resulting 

from dividing image (B) by (A). Colours represent the excess amount of 15N calculated from 

the 12C15Nˉ/12C14Nˉ ratio and thus represent protein renewal. The value scale is 0% (blue) to 

60% (purple) [70]. Reprinted with permission from BioMed Central Ltd. 
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2.3.1 Localisation of BNCT agent using SIMS 

It is important to understand the pharmacological distribution of 10B (BPA) at the cellular 

level of the tumour as well as within infiltrating cells to the surrounding areas of the tumour. 

Therefore, studies have been carried out to evaluate the delivery of BPA and other BNCT 

agents and determine localisation in cell cultures and animal models using multiple 

analytical methods. Chandra undertook a large number of these SIMS studies, which began 

early in 1985 [73][74]. 

Lorey et al.  presented a study of co-cultured cells from T98G human glioblastoma cells and 

LLCPKZ pig kidney epithelial cells. The cells were treated with 110 ppm 

10Boronophenylalanin-Fructose (10BPA-f) and prepared by freeze-fracturing and freeze-

drying. The samples were analysed with an O2
+ beam of a CAMECA IMS-3F ion microscope 

(Dynamic SIMS), which had a spatial resolution of 500 nm. The results showed that boron 

gave a comparable absorption in both types of cells and was located in cytoplasm to a slightly 

higher extent than in the nucleus, Table 2.2 shows the concentrations. The outcomes were 

compared with T98G alone, which was treated with 10BPA-f, and the results were similar, 

which suggests that the culture with other cells did not affect the T98G cells. This suggests 

that 10BPA-f is selective to certain cells when studied in vitro [75]. 

Smith et al.  compared the accumulation of 10B from BPA between two brain tumour models 

of rats, 9L gliosarcoma and F98 glioma, using a CAMECA IMS-3F ion microscope with an 

O2
+ beam. Both rat models were administered with BPA in vivo by continuous timed 

infusions (2, 3, 6, and 24 h). The results showed a similar pattern of 10B+ distribution in both 

models, where 10B+ accumulation in the tumour core was twice as high as that of the tumour 

cells infiltrating normal brain. Increased infusion time from 2h to 6h led to higher 

accumulation of 10B+ in infiltrating tumour cells and it reached the same level of boron as 

the cells at the core of the tumour after dosing for 24 h (Table 2.3). Figure 2.6 shows the 

distribution of 10B+ in cells infiltrating a normal brain [76]. 
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Figure 2.6: Images of a normal rat brain bearing a 9L gliosarcoma showing a cluster of 

tumour cells infiltrating the normal brain. (a) and (b) show an H&E-stained cryosection 

image and magnified Field of view (FoV) from the centre of the image respectively, the 

arrows refer to the site of the infiltrating tumour cells, the dotted lines refer to the edges of 

groups of infiltrating tumour cells; (c) and (d) show the distribution of 24Mg+ and 10B+ 

respectively in contiguous normal brain tissue (CNT). FoV is 250×250 µm2 [76]. Reprinted 

with permission from American Association for Cancer Research. 

 

Chandra et al. (2002) [77] studied the distribution of fluorine (19Fˉ) and boron (11B+) from 

fluorinated p-boronophenylalanine (19F-BPA) in T98G human glioblastoma cells using an 

O2
+ probe in a CAMECA IMS-3f ion microscope with 500 nm spatial resolution. Figure 2.7 

shows the SIMS imaging along with the reflected optical microscope image, and shows three 

subcellular regions, the nucleus (dotted line), mitochondria (arrows) and the cytoplasmic 

region. In terms of the distribution of 19F-BPA, the 19Fˉ and 11B+ signals were found in the 

nucleus and cytoplasm and were relatively uniformly distributed across cells. The 

mitochondria contained low signals of 19Fˉ and 11B+. By comparing the distribution of 11B+ 

of 19F-BPA with the 10B of BPA under the same experimental conditions, it was observed 

that there was no difference in the distribution and quantitative measurements between the 

two compounds. Table 2.2 shows the subcellular concentration of 10B+ from BPA. This 

supports the possibility of using 19F-BPA in the distribution studies and boron delivery to 

tumour cells as the BPA. 19F-BPA is a fluorinated positron emission tomography compound 

used to measure the concentration of boron in tumours for the purpose of determining the 

radiation dose, this study was reviewed in 2008 [78]. 
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Figure 2.7: SIMS analysis of human glioblastoma cells (T98G) treated with F-BPA (110 

µg/ml-6h). a) presents optical images of two fractured freeze dried T98G cells and shows 

the sub-cellular compartments: the nuclei with dotted lines, mitochondria with arrows, and 

the remaining cytoplasmic region. b-f) show the positive secondary ion distribution of 39K, 

23Na, 40Ca, 11B, and 19F respectively. FoV = 250×250 µm2 [77]. Reprinted with permission 

from American Association for Cancer Research. 

 

Chandra et al. (2002) determined the distribution of boron isotopes in the same T98G human 

glioblastoma cells when treated at the same time with a combination of 10B-labelled BPA-f 

and 11B-labelled BSH (sodium borocaptate) using an O2
+ beam on a CAMECA IMS-3f ion 

microscope with a spatial resolution of 500 nm. BSH is one of BNCT drugs that is approved 

for clinical use. The BSH mechanism presumes that the boron is delivered to tumour tissue 

by crossing blood-brain barrier [79]. However, this mechanism is still unclear [80]. The 

analysis compared cells treated with each single-drug separately under the same 

experimental conditions. The results showed that the 10B+ was heterogeneously distributed 

between the nucleus and cytoplasm with low signal intensity in the mitochondria. The 

concentrations of boron doubled in all compartments after 6h of 10BPA-f exposure compared 

with 1h (Table 2.2). 11B+ was homogeneously distributed throughout the cells, 11B+ 

concentrations in all compartments were almost the same and not affected by the exposure 

time to BSH. The results of mixed-drug treatment corresponded to those of single-drug 

treatment, suggesting that there is no synergistic or competitive effect between the two 

compounds [79].  
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Oyedepo et al. published a study of gliosarcoma cells (GS9L) extracted from mouse brain 

treated with 10BPA and analysed using a dynamic SIMS instrument (constructed in house) 

with an ion microprobe beam of Ga+. This instrument provides spatial resolution of 100 nm 

for imaging applications and 300 nm for applications requiring high sensitivity. The ratio of 

10B+/12C+ was calculated in three regions: normal brain, border brain, and cancerous brain. 

In the first tumour section, the 10B+/12C+ ratio was much higher in the tumour than in the 

normal part of the brain, while 10B+/12C+ in the border region was half that found in the 

tumour area, which means that the 10B+/12C+  ratios for the normal to border to tumour regions 

was 1: 5:10. In addition, the proportion of boron in the tumour tissue compared with normal 

tissue was 12:1 in the second tumour section. Furthermore, the distribution of 10B+ in 

cultured mouse melanoma (B16) cells was limited to the nucleus of cells and the outer 

perimeter around the cells. K+ was distributed inside and outside the nucleus and Na+ 

appeared in the nuclei with high intensity, Figure 2.8 [13]. 

 

 

Figure 2.8: Secondary ion maps showing the distributions of 12C+, 10B+, 23Na+ and 39K+ in 

cultured mouse melanoma B16 cells treated with 10BPA-f (50 ppm-2 days) analysed using a 

Ga+ beam. In the maps, the white colour indicates high counts area, the black colour indicates 

no counts in the area (values are not mentioned in the reference). The cell size is 20 µm. 12C+ 

distributed almost homogeneously; 10B+ is concentrated in the nuclei and periphery of cells; 

23Na+ is distributed in a similar manner to boron; and 39K+ is distributed in the nucleus and 

cytoplasm with some bright regions in the nuclei that indicate the presence of crystals of the 

nutrient medium [13]. Reprinted with permission from John Wiley and Sons. 

 



96 

 

Arlinghaus et al. (2006) used a 200 nm Ga+ beam ToF-SIMS followed by laser post-

ionization secondary neutral mass spectrometry (laser-SNMS) to image the distribution of 

10B in freeze-dried kidney tissues of rats. Mice were implanted with murine sarcoma tumour 

and treated in vivo in three groups: 2.5 h of 200 mg/kg BSH, 1.5 h of 700 mg/kg BPA and a 

combination of BPA and BSH. The results from the sarcoma tumour showed that 10B was 

distributed inside and outside the cells with an uneven signal intensity, and had largely 

accumulated in the nucleus compared with the other regions, as shown in Figure 2.9. The 

CN signal resulted from proteins and DNA, with the higher concentration regions inferred 

as being nuclei sites. The C3H8N represented the choline headgroup of the L- 

adipalmitoylphosphatidylcholine (DPPC), which in turn showed the cellular structure 

surrounding the nuclei and is characteristic of the cell membrane. In addition, the study 

showed that treatment using BPA and a combination of BPA and BSH led to a higher 

accumulation of boron in the tumours (30 ± 4 ppm and 35 ± 12 ppm respectively) than 

treatment with BSH alone (15 ± 5 ppm). The use of laser-SNMS with ToF-SIMS helped to 

identify more clearly the cell structures and increased the sensitivity of imaging for low 

concentrations of boron [81]. This study was re-published with more detail by Wittig and 

Arlinghaus et al. in 2008 [82]. 

 

 

Figure 2.9: Images of sarcoma tumour section treated with BPA in vivo for NMRI nude 

mice which were analysed using ToF-SIMS and laser-SNMS. FoV = 60×60 µm2 [81]. 

Reprinted with permission from Elsevier. 
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Chandra et al. (2007) measured boron in human glioblastoma cells (T98G) treated for 

different time periods with 10BPA and 13C15N labelled phenylalanine using an O2
+ beam. 

The samples were prepared by being fractured and freeze-dried. The samples were examined 

with an optical microscope; and it was found that all the samples prepared retained the form 

of the nucleus (multinuclei) and the cytoplasm and cytoplasmic region rich with 

mitochondria. The distribution of 10B+ and 13C15Nˉ was determined using a CAMECA IMS-

3f ion microscope (dynamic SIMS). It was observed that both 10B+ and 13C15Nˉ had high 

accumulations in the samples treated for a long period of time (6 hours), which suggests that 

cells need amino acid and there is similarity in the mechanism of entry of amino acids 

through the cell membrane to tumour cells. The difference was that 10B+ accumulates more 

in both the nucleus and cytoplasm in a somewhat heterogeneous manner, while 10B+ was low 

in the cytoplasmic region rich in mitochondria (Figure 2.10). In contrast, 13C15Nˉ was 

distributed homogeneously throughout the cells without being concentrated in a particular 

area. This difference in absorbance suggest that the intracellular processes associated with 

mitochondria are able to distinguish small differences in amino acid which refer to a 

difference in metabolism. Table 2.2 shows the sub-cellular concentration of 10B+ from BPA. 

The cell cycle effect on the uptake of 10BPA was also investigated in the S-phase and non-

S-phase of T98G cells, more detail about the phases of the cell cycle in 2.2.2 section. The S-

phase was distinguished by determining the replicating DNA using Bromodeoxyuridine 

(BrdU) as a marker. BrdU was added with the BPA at same time during the preparation. The 

results showed that boron was distributed in cell nuclei in the S-phase to a greater extent 

than in the non-S-phase [6]. 
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Figure 2.10: SIMS analysis of glioblastoma cells (T98G) treated for 2 h with 110 ppm of 

BPA. a) Optical microscope image showing a group of cells prepared by freeze-fracture. 

CAMECA IMS-3f images (b-f) show the distribution of positive secondary ions: 39K+, 23Na+, 

40Ca+, 10B+ and 12C+ respectively. The dotted line refers to the nucleus in one cell, while the 

arrow refers to cytoplasmic region rich in mitochondria. Bright areas indicate high counts of 

ions, while black areas refer to no counts. FoV = 250×250 µm2 [6]. Reprinted with 

permission from Elsevier.  

 

 

 

Yokoyama et al. used an IMS-6F dynamic SIMS instrument equipped with an O2
+ beam and 

~ 40 µm spatial resolution in the imaging of C6 glioma cells of rat’s brains. The samples 

were prepared as freeze sectioned tissue then freeze dried. The study aimed to compare the 

10B accumulation of BSH and BPA agents of BNCT. BPA was accumulated heterogeneously 

in tumour area and only selectively in tumour cells that infiltrated into the normal brain tissue 

surrounding the tumour, Figure 2.11. In contrast, BSH was accumulated homogeneously in 

tumour but diffusely in both tumour and normal cells in the normal brain tissue surrounding 

the tumour [80]. They attributed the difference in the distribution mechanism between the 

two agents of BNCT to BPA preferring to accumulate in cells proliferating actively 

compared with quiescent cells and also being affected by the cell cycle. BSH tends to 

accumulate equally in individual tumour cells. This is in line with what Smith et al. had 

observed in a previous study [76]. 
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Figure 2.11: Images of C6 rat glioma sections after being treated with BPA (500 mg/kg). 

Light microscope images A-C represent sections stained by hematoxylin and eosin (H&E). 

A: main tumour mass showing a large pool of tumour cells (Purple); B: interface between 

tumour and normal brain; C: normal brain (Pink space) and some infiltrating cancer cells 

(Purple); images D-F using IMS-6F show the heterogeneous distribution of 10B+ in tumour 

core, the interface between the tumour and normal brain area, and the normal brain area 

respectively. Scale bar = 6 µm [80]. 

 

 

Alkins et al. investigated BPA-f uptake, an analogue of BPA, in vivo in 9L gliosarcoma 

tumour sections of rat’ brain (Fisher 344) using ToF–SIMS IV with a Bi1
+ liquid metal ion 

beam and ICP-AES. The results, shown in Figure 2.12, were that both 23Na+ and 39K+ led to 

saturation of the detector and were of high signal intensity in the tumour area (lower left 

corner and dotted line) compared with adjacent normal brain tissues (upper right corner). 

24Mg+ was also highly localised in the tumour. 10B+ accumulation was higher in the tumour 

area compared with normal brain area. However, 10B+ showed no appreciable distribution 

pattern in the cellular structure. 12C+ was uniform in both the tumour and normal brain tissue. 

The ICP-AES measurements confirmed that the 10B+ concentration in the tumour was 3-fold 

higher than cells that had infiltrated the surrounding normal brain area (Table 2.3) [9].  

 

 

Figure 2.11 has been removed due to Copyright restrictions. 

The original image can be found in the following reference:  

Figure 1 from K. Yokoyama et al., “Analysis of boron 

distribution in vivo for boron neutron capture therapy using 

two different boron compounds by secondary ion mass 

spectrometry.,” Radiat. Res., vol. 167, no. 1, pp. 102–109, 

2007. 
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Figure 2.12: Images presenting 9L gliosarcoma tumour section of a Fisher rat brain treated 

in vivo with BPA-f. (A) The H&E-stained frozen section image shows the same area 

prepared for SIMS analysis. In the images of the tumour tissue in the lower left corner and 

normal brain tissue in the upper right corner, the dotted line refers to an island of tumour in 

the middle of the image. (B–F) ToF–SIMS IV images show the distribution of (B) 23Na+, 

(C) 39K+, (E) 24Mg+ and (F) 10B+ which all have higher localisation in the tumour tissue 

compared to normal brain tissue. (D) Shows 12C+ uniformly distributed across the tissue 

section. The field of view in all images is 200×200 µm2 with 128×128 pixels [9]. Reprinted 

with permission from Oxford University Press. 

 

 

Chandra et al.’s (2008) research continued using the same instrument on T98G human 

glioblastoma cells, estimating the concentration of boron in different phases of the cell cycle: 

interphase and mitotic-phase. It was noted that there were differences between the phases in 

the absorption of boron, which has an impact on BNCT treatment. There was a lower 

concentration of boron in the mitotic phase (by two times) compared with the interphase, the 

reason being that in the interphase the nucleus prefers BPA to proteins which it needs to 

build DNA, while in the mitotic phase the chromosome does not need proteins. It was also 

noted that the cytoplasm in the interphase had higher boron ratios than in the mitotic phase, 

which shows the difference in absorption between cell stages; this increases the 

understanding of the mechanism of the arrival of boron in BNCT agents. In the interphase 

cells, 10B was distributed relatively heterogeneously between the nucleus and the cytoplasm 

and with comparable concentrations (Table 2.2) [61]. 
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Arlinghaus et al. compared imaging characteristics between a sputter-initiated resonance 

ionization microprobe (SIRIMP) and a laser atomization resonance ionization microprobe 

(LARIMP) in determining the localisation and quantification of boron concentrations in rat 

tissue sections. The difference between the two techniques was that SIRIMP uses a pulsed 

ion beam from a duoplasmatron ion gun, while LARIMP uses a pulsed laser for its 

atomization process. Mice were treated with a BSH dimer (BSSB - 10B24H22S2
4-) in vivo prior 

to the harvesting of tissue from the brain, kidney and liver. In all tissues, both techniques 

provided highly sensitive imaging capabilities for determining the boron spatial distribution, 

as well as quantitative measurement. The LARIMP technique was deemed suitable for the 

analysis of  large areas, whereas SIRIMP was more suited to studying variability in 

intracellular areas [83]. 

Chandra et al. (2014) [14] published a similar study to [61] which extended the work by 

measuring the concentrations of boron which are retained within the cell when exposed to a 

nutrient medium containing a quantity of phenylalanine equal to that of the BPA. The results 

showed that 25% ‒ 70% of the boron concentration was retained within the cell 

compartments before exposed to a nutrient medium and 10B was uniformly distributed 

between the nucleus and cytoplasm with similar concentrations (Table 2.2), and with less 

concentration in the mitochondrial-rich region, as shown in Figure 2.13. The presence of 

phenylalanine in the nutrient medium creates a competitive effect with BPA, which leads to 

a decrease in both the level of boron retained in the intracellular regions and the absorption 

rate of the BPA by 40- 50%. It is, therefore, suggested that patients are placed on a low 

phenylalanine diet before exposure to BNCT [14]. 

 



102 

 

 

Figure 2.13: SIMS analysis of glioblastoma cells (T98G) treated for 6h with 110 μg/g BPA. 

a) The Nomarski microscope image on the left shows a group of cells prepared by being 

fractured freeze-dried: (N) nuclei, (C) cytoplasm and (PNC) mitochondria in the perinuclear 

cytoplasmic region. CAMECA IMS-3f images (A-D) show the distribution of positive 

secondary ion respectively 39K, 23Na, 40Ca, 10B. In A-D, the bright areas mean high counts 

of ions, while the black areas refer to no counts. Scale bar = 20 µm, FoV is 250×250 µm2 

[14]. Reprinted with permission from John Wiley and Sons. 

 

 

Fartmann et al. identified the distribution of 10B+ in cell cultures from human malignant 

melanoma that had been treated with different concentrations of sodium 

mercaptoundecahydro-closo-dodecaborate (Na2 
10B12H11SH; BSH), using 200 nm Ga+ of 

ToF-SIMS/laser-SNMS instrument. The images  taken with both techniques showed that the 

intensity of the boron signals in the samples increased with greater concentrations of BSH, 

and that 10B+ was distributed homogeneously at the cellular level with high extracellular 

accumulation. Figure 2.14 shows the distribution of boron in human malignant melanoma 

cells treated with 480 ppm BSH [84]. 

Optical microscope 

image 
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Figure 2.14: Ion-induced electron image (IIE) showing the general morphology of freeze-

fractured  and freeze-dried cell cultures of human malignant melanoma cancer incubated with 

480 ppm BSH (24h). ToF-SIMS images show the distribution of 23Na+, 39K+ and 10B+ at the 

cellular level. The overlay image (K/Na) shows low signals of Na and high signals of K in 

cells. The colour bar: white means high counts of ions, while the black refers to no counts 

(no values of counts given in original reference) [84]. Reprinted with permission from 

Elsevier. 

 

Kabalka et al. investigated the 11B+ delivery of cis and trans isomers of 1-amino-3- 

bronocyclopentanecarboxylic acid (ABCPC) in B16 melanoma tumour cells and compared 

the results with the accumulation of 10B+ from BPA. These cells were incubated in mice and 

administered with compounds in vivo before they were harvested (from liver and kidneys) 

and fractionated to thin sections for analysis with a CAMECA IMS-3f ion microscope. The 

results showed that the three compounds had a similar pattern in the delivery of boron to 

melanoma cells and that the boron was distributed almost homogeneously between the 

nucleus and cytoplasm areas, Figure 2.15 [85]. 
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Figure 2.15: SIMS image showing almost homogeneous distribution of 11B+ from trans-

ABCPC in tissue section of a B16 mouse melanoma tumour. Scale bar in image is 40 µm 

[85]. Reprinted with permission from Elsevier. 

 

2.3.1.1 Quantification of the 10BPA localisation in SIMS studies 

Quantitative measurements of 10B concentrations from BPA from the SIMS studies 

presented in section 2.3.1, measured in sub-cellular compartments of the nucleus and 

cytoplasm as well as at the cellular level of tissue sections are summarised in Table 2.2 and 

Table 2.3 respectively. 

10B concentrations in sub-cellular compartments in Table 2.2 revealed the following:  

(i) the measured concentrations indicate that there is no significant difference in 10B 

accumulations between the nucleus and cytoplasm [6][14][61][75][77][79] even though 

some studies in 2.3.1 show an apparent visible difference between the nucleus and 

cytoplasm. 

(ii) increasing the exposure time of the BPA from 1 - 2 h to 6 h increased the accumulation 

of 10B in all compartments by 1.5-2 fold, which indicates the cells’ need for amino acids in 

their metabolism [6][14][79]. 

(iii) the standard deviation (SD) in each treatment shows the variability of uptake of BPA 

from cell to cell with high SD for samples exposed for 6 h, indicating that the BPA uptake 

may vary depending on the cell cycle [6][14][79]. 

The BPA uptake in the tissue sections in Table 2.3 indicates that:  



105 

 

(i) 10B concentrations in the tumour mass (T) were over 1.5-fold higher than that measured 

in cells infiltrating the normal brain around tumour (IT). This is because the tumour contains 

more malignant cells than those infiltrating the normal brain. This observation is consistent 

with high intensity of boron signals observed in the tumour areas compared to that 

accumulated in the IT areas as shown in Figure 2.6 [76] and Figure 2.12 [9].  

(ii) increasing BPA exposure time to 6 h resulted in doubling of the accumulated 10B in the 

infiltrating cells, but there was no large increase in 10B concentration in the tumour when 

increasing from 2 – 3 h to 6 h. After 24 h of BPA exposure the concentration of 10B in the 

infiltrating cells reached the same level of boron as in the tumour cells, which reduced 

compared to the 6h exposure [76]. This observation can be explained in light of the 

hypothesis that the activity of LAT-1 expression in infiltrating cells contributes to increased 

uptake of BPA and the probability of tumour recurrence at different locations [19][49].  

(iii) in both references [9][76], very similar boron concentrations were obtained after 2 h 

exposure using different cells and SIMS instruments as shown in Table 2.3. 

 

Table 2.2: Sub-cellular 10B concentrations (mean ± SD) from 10BPA-f in T98G human 

glioblastoma cells treated with 110 ppm 10B equivalent of drug for different time durations. 

The boron concentrations were all measured using a CAMECA IMS-3F ion microscope. 

Data summarised from various references as shown in the table. 

 

 

Reference no. 

 

Treatment time 

(h) 

Subcellular 10B concentration (μg/g wet weight) 

Nucleus cytoplasm 

[75] 1 141 ± 15 155 ± 33 

[77]  6                  281 ± 8  280 ± 10 

[79] 1 

6 

132 ± 46 

  311 ± 118 

164 ± 52 

  336 ± 132 

[6] 1 

2  

6 

136 ± 55 

191 ± 68 

  295 ± 120 

176 ± 57 

141 ± 37 

  297 ± 140 

[61] 1 145 ± 38 157 ± 45 

[14] 2 

6 

252 ± 31 

347 ± 88 

269 ± 36 

379 ± 71 
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Table 2.3: 10B concentrations (mean ± SD) in tissue sections of 9L gliosarcoma tumour (T) 

and tumour cells infiltrating the normal rat brain around tumour (IT) treated with different 

doses of 10BPA for different infusion times. The 10B concentrations were measured from two 

different references as shown in the table. 

 

 

Reference 

no. 

 

 

Treatment 

dose 

(ppm) 

 

 

Treatment 

time 

(h) 

10B concentration in tissue 

(μg/g) 

 

 

Measured 

by 
 

T 

 

IT 

[76] 250 

250 

250 

125 

2 

3 

6 

24 

83±23 

75±30 

90±14 

53±10 

31±12 

         37±7 

65±11 

52±14 

IMS-3F 

ion 

microscope 

[9] 250 2 85±29 25±11 ICP-AES 

 

 

2.3.2 SIMS studies with other cancer drug treatments 

Cisplatin plays the role of a chemical activator of tumour cell death, either through necrosis 

and destruction of the cell membrane by the use of high cisplatin concentrations, or apoptosis 

with low cisplatin concentrations where the drug is associated with DNA in nuclei and 

causes chromatin condensation [86]. Gulin et al. identified the distribution of platinum (Pt+) 

in a human glioblastoma cell line (U87MG) treated with cisplatin using a 500 nm Bi3
+ beam 

with ToF-SIMS. The results showed that Pt+ is distributed in nuclei with a concentration ~ 

1.5 times higher than the cytoplasmic regions [86].  

Chandra (2010) investigated changes in the chemical composition of an LLC-PK1 pig 

kidney cell line resulting from cisplatin treatment, using an O2
+ beam of a CAMECA IMS-

3f SIMS ion microscope with a spatial resolution of 500 nm. The imaging results showed 

that individual cells differed in their response to cisplatin. 195Pt+ of cisplatin accumulates in 

some cells without causing the chemical composition to change. In other cells, Ca2+ content 

decreased in the cytoplasm and this appeared in the initial response phase of cisplatin 

treatment. Another group of cells showed an increase in Ca2+ and Na+ content and a decrease 

in K+ with the accumulation of cisplatin, which indicates cell injury [87]. 

Legin et al. used NanoSIMS to determine the distribution of 15N-labelled cisplatin in cancer 

cells from human colon. Cisplatin (a platinum containing drug) is one of the chemical 

treatments for cancer and requires cisplatin accumulation inside the cancer cell. The analysis 
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showed a high accumulation of platinum in the nucleus, platinum colocalised with high 

sulfur and phosphorus in the nucleolus, and accumulated in the cytoplasm where there were 

some strong signals, Figure 2.16 [88]. 

 

 

Figure 2.16: NanoSIMS 50L images of 12C14Nˉ,31Pˉ, 34Sˉand 194Ptˉ respectively, in human 

colon cancer cell treated with cisplatin. 1, 2, 3 and 4 indicate the cytoplasm, nucleus, 

nucleolus and chromatin respectively. Ptˉ signals show a high rate of accumulation in the 

nucleus, colocalisation with sulfur in the cytoplasm, colocalisation at the site with sulfur and 

phosphorus in the nucleolus at a high rate. The intensity of the signals is shown on a rainbow- 

scale, from black to red, indicating a scale from low to high signals. Scale bar = 5 µm [88]. 

Reproduced with permission from The Royal Society of Chemistry under creative comments 

license 3.0. 

 

 

Wedlock et al. (2011) studied one of the most promising treatments for cancer cells: a gold 

(1) phosphine complex. The distribution of 197Auˉ in human breast cancer cells (MDA 123 

- cell line) was determined and investigated to establish how it is toxic to cancer cells. The 

authors used the high resolution and sensitivity of the NanoSIMS with Cs+ beam to map the 

distribution of the 197Auˉ in the cells, along with 31Pˉ and 32Sˉ, which can be used to show 

the structure of cell. It was observed that the Auˉ was distributed in the nucleus and 

cytoplasm areas which contain a high rate of sulfur, suggesting that these gold complexes 

work by inhibiting thiol-containing proteins, Figure 2.17 [89].  
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Figure 2.17: (a) and (b) show 31Pˉ, 197Auˉ and 34Sˉ secondary ion maps of MDA cells (two 

different cells) treated with 100 mM of gold (1) for 2 h analysed by NanoSIMS; (c) and (d) 

are overlapping maps of the 34Sˉ (green) and 197Auˉ (red) shown above in (a) and (b); sites 

shared between 34Sˉ and 197Auˉ in the nuclear, perinuclear and cytoplasmic regions are 

shown in yellow. Scale bars: 2 µm in (a) and (c), 1 µm in (b) and (d) [89]. Reprinted with 

permission from The Royal Society of Chemistry. 

 

Wedlock et al. (2013) used a Cs+ beam of NanoSIMS to determine the localisation of both 

15N and 195Pt-labelled triplatinNC and cisplatin compounds (anti-tumour agents) in single 

cells of human breast adenocarcinoma (MCF7). The results showed that 195Ptˉ of triplatinNC 

is highly localised in the cytoplasm and co-localises with 15N (12C15Nˉ) in the nucleolus. 

Whereas 195Ptˉ of cisplatin was randomly distributed with lower 195Ptˉ counts than the 

triplatinNC. NanoSIMS did not detect any localisation of 15Nˉ from cisplatin. This finding 

confirms the different uptake of the two anti-tumour agents in cells [90]. 

Proetto et al. used a Cs+ beam NanoSIMS to determine the distribution of Pt (II) from the 

drug oxaliplatin in HT-1080 fibrosarcoma tumour tissue implanted in mice. The drug was 

delivered in vivo as a portable part of an enzyme-directed assembly of particle therapeutics 

(EDAPT) prepared by the authors. The results showed that the drug was released from the 

EDAPT nanocarrier and colocalised in 15N-enriched areas in the tumour tissue sections, 

Figure 2.18 [91]. 
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Figure 2.18: NanoSIMS imaging of fibrosarcoma tumour tissue section of mice treated with 

195Pt of oxaliplatin drug delivered using EDAPT in vivo. SE: Secondary electron map shows 

the morphology of the histological section. The maps of 31P−, 12C14N− and 12C15N−, shows 

the signals intensities in a fire scale, while the 195Pt− map in white/black scale. HSI: a hue-

saturation-intensity map show the 12C15N/12C14N ratio and indicate to areas enriched with 

15N. FoV in all maps is 48×48 μm2 [91]. Reprinted with permission from ACS Publications. 

2.4 Biological sample preparation   

SIMS instruments need to operate under ultra-high vacuum (UHV) (< 10-8 Pa) to protect the 

primary and secondary beams from deflection and defocusing as a result of a reaction or 

collision with the remaining gas molecules or contaminants that may be adsorbed from the 

sample surface, as well as to prevent contamination of the instruments and detector [92]. 

Biological samples contain about 80% water, which must be removed prior to analysis; 

otherwise, the water will rapidly be evaporated in UHV, which can cause cell rupture and 

changes to the elemental and molecular distribution. Thus, biological sample preparation 

should maintain both the sample structure as well as the chemical distribution of the 

elements. Therefore, biological sample preparation is extremely important and can be carried 

out by fixing the sample either chemically or cryogenically, as discussed in the following 

sub-sections [93]–[95]. 

2.4.1 Cryofixation process 

Cryofixation has been widely used for the preparation of biological samples in SIMS 

analysis. This method involves a rapid freezing step to freeze cell components (molecules 
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and elements) in their in vivo locations by immersion in liquid nitrogen, ethane, propane or 

isopentane prior to the samples being stored, usually at -80 °C. The reason for the use of fast 

freezing is that it creates amorphous ice, whereas slower freezing creates ice crystals which 

can rupture the cells or result in the redistribution of small molecules and elements [96]. The 

cold-stored tissue is prepared by a cryo-sectioning method, whereby it is cut into slices using 

a microtome in a cryostat at a temperature of -20 °C. Each section is then deposited on a 

substrate. Cryosectioning offers the possibility of obtaining a flat tissue surface with 

different thicknesses (15–20 μm) and the possibility of obtaining sequential samples [97]–

[99].  

After fast freezing and sectioning, samples for SIMS analysis can be freeze-dried.  The 

freeze-drying method involves transferring the frozen sample to a vacuum system for several 

hours until it warms to room temperature, so that the remaining water or ice can be removed 

by sublimation [96]. One of the experiments that used this method of preparation was carried 

out by Sjövall et al., when they studied the distribution of fatty acids resulting from the intake 

of Omega-3 in the muscles and liver tissue of rats. The researchers took slices of tissue, 

immediately immersed them in liquid nitrogen, stored them at a temperature of -80 °C, then 

cut them to a thickness of 16 μm at -20 °C and stored them at that temperature. The samples 

were freeze dried in a vacuum overnight to prepare them for ToF-SIMS analysis [100]. 

 Alternatively, frozen samples can be analysed in the hydrated state on SIMS instruments 

with a cryostage. In this process, the sample is fast frozen, as explained above, but instead 

of removing the water, the sample is transferred into vacuum and onto the cryostage at a 

temperature of ~ 166 K and a pressure of 1 × 10-8 mbar. This method protects the cell 

components from evaporation or ice condensation and prevents them from diffusion and thus 

keeps the sample in a state that is more similar to the in vivo condition, maintaining the 

distribution and morphology of its elements [101]. However, samples in the hydrated state 

are not suitable when quantitative measurements for ion yields are carried out because they 

increase the matrix effects [102][103]. Metzner et al. studied xylem vessels to transport 

macronutrients to the sub-cellular level in bean stem sections. The samples were kept frozen-

hydrated and transported to the cryostage of a ToF-SIMS (cryo-ToF-SIMS). The results 

showed that 39K+, and 41K+ tend to be distributed in xylem vessels, whereas 23Na+ tends to 

be distributed more in the xylem parenchyma surrounding the xylem vessels. These results 

agreed with the theory of nutrient transport in plants [104]. 

Samples can also be prepared for SIMS analysis by freeze-fracturing, whereby a hydrated 

sample is placed between two substrates; it can also be placed with spacer beads to protect 
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the sample from crushing, and is then plunge-frozen. The substrates are separated from each 

other, either simply by pulling them apart which leads to fracturing the sample [105], or the 

use of a cryo-knife. This process exposes the interior of the sample and allows sub-cellular 

analysis to be performed in the central regions of the cell without the need for depth profiling. 

Samples are then transferred to a vacuum, where they can be prepared for analysis by either 

being freeze dried or left frozen-hydrated [101]. Zha et al. used this method in their 

experiments [10]. Chandra and others have conducted many studies in which freeze 

fracturing was used for sample preparation [75][106][107]. 

Imprinting is another, less common, method of preparation for biological samples, in which 

a sample is provided in the form of an imprint on a substrate for SIMS imaging. The sample 

is pressed onto the substrate for a short amount of time with the aim of leaving material 

imprinted onto the surface. This method has been shown to increase the secondary ion yield 

compared with other means of preparation, thereby increasing the sensitivity of the 

measurement. Sjövall et al. demonstrated an improvement in ionic yields when blood cells 

were placed on a glass substrate and washed with a phosphate-buffered saline (PBS) buffer, 

then rinsed with 0.15 M NH4CL, followed by freeze drying. The sample was then pressed 

against silver foil for 10 s. The results showed the localisation of cholesterol in the plasma 

membrane and phosphocholine in the nuclear membrane. In the case of a wet sample, it 

should be dried before making an imprint [108]. The Nygren group used this method to 

localise lipids in a membrane [109]. Therefore, the preparation of biological samples using 

both freeze fracturing and imprinting exposes the internal parts of a sample for analysis and 

thus increases secondary ion yield and creates clearer 3D images [101][108]. 

Sample washing can cause a redistribution of ions. Sample are normally washed for a short 

time (a few seconds) before freezing in order to remove any external contamination and salts 

present on the sample surface, thus preventing them from interfering in the spectrum or 

causing ionization suppression. The most common solutions used in washing are ammonium 

acetate (CH3CO2NH4) and ammonium formate (NH4HCO2) due to the volatilization of their 

salts [101].  Sjövall et al. studied the localisation of lipids in the mouse brain. The tissue 

section mounted onto a substrate was frozen at -80 °C and washed by being plunged for 30 

s in 0.15 M of NH4HCO2 solution to remove salt contamination, then stored at -78 °C. The 

section was then prepared for analysis by being freeze dried in a vacuum chamber. The 

results of the analysis at varying temperatures of between -130 °C and 60 °C show that the 

signal intensity of the lipid changed, which indicates lipid migration to different locations of 

the sample surface [110]. 
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2.4.2 Chemical fixation process 

Chemical fixation is another method of preparing biological samples, as an alternative to 

cryofixation. Chemical fixation is a simple method based on the addition of chemicals to a 

biological sample to preserve the internal structure of the cell, such as the membrane and 

DNA, which is fixed and then analysed at room temperature. The chemicals most commonly 

used in fixation are formaldehyde, formalin, and glutaraldehyde (GA). This method is only 

suitable for biological samples when studying structures, as it may lead to a change in the 

sample chemistry [101][105]. Typically, diffusible ions, such as K+ and Na+, and some small 

molecules will be completely redistributed from their in vivo locations, so this preparation 

method is not suitable for SIMS if ion distribution is to be studied [95][111]. It is however a 

useful and simple method of preparing biological samples for SIMS analysis when the 

elements to be studied are tightly bound such as studying protein formation [112].  

Malm et al. studied the human cell fibroblast cell (hTERT) on silicon substrates, and a 

comparison was made between two cell preparation methods and analysis by ToF-SIMS. 

The first method was chemical fixation using GA for samples washed with deionized water 

and then freeze-dried. The second method was cryogenic fixation, which included washing 

with ammonium formate, followed by plunge freezing and finally freeze-dried. The results 

showed that cryogenic fixation was best for ToF-SIMS analysis for several reasons, such as 

maintaining the distribution of ions and lipids, providing high ion yields, and preserving the 

phospholipids in cell membranes. Washing with ammonium formate for 1 min caused 

sample swelling, which was observed when the sample was examined under reflection 

microscopy. The chemical fixation method using GA caused the removal of phospholipids 

from the cell membrane. Chemical fixation showed fine structures on the sample surface but 

changed the distribution of the ions [113]. 

2.5 Summary 

Previous studies in pharmacological distribution analysis have offered a number of 

conclusions regarding BPA. The general impression is that 10B from BPA is expected to be 

distributed heterogeneously among tumour cells at the tumour core and to accumulate 

selectively in the cancerous cells infiltrating the area around the tumour 

[6][14][61][75][76][79][82]. This suggests that BPA is able to distinguish tumour cells from 

the normal cells. The observed heterogeneity of the 10B distribution may be due to one of 

two causes. The first is the difference in the cell cycle (or proliferating state) followed by 

different cell activity or the cell may be in a quiescent phase, leading to a difference in BPA 



113 

 

uptake between the cells [54]–[58]. The second is a rise in the activity of the LAT-1 

transporter, which has been associated with an increase in the transfer of amino acid, 

although the LAT-1 transporter presented a difference of opinions regarding the extent of its 

association with the proliferating state of the cell [19][41][42][49][50][59]-[61]. Analysis of 

the brain around the tumour (BAT) area has shown very uneven levels of BPA uptake [19]. 

Although the pattern of 10B distribution across cells is different, quantitative measurements 

indicate that there is no significant difference in the 10B concentrations between the nucleus 

and the cytoplasm [6][14][61][75][77][79]. Moreover, tumour tissue sections showed a 

higher concentration of 10B (~1.5-fold) compared to the BAT areas containing infiltrated 

tumour cells [9][76]. The diversity of SIMS possibilities in imaging makes it a valuable tool 

in quantitative bioanalytical applications provided the sample preparation can accurately 

represent the in vivo distribution of the elements. 

The aim of preloading samples with L-tyrosine is to enhance the BPA uptake of cells 

[21][43]-[45]. However, while some studies showed a high accumulation of BPA with 

tyrosine [21][26][46]-[48], some demonstrated the opposite, suggesting that tumours may 

differ in their behaviour [19][50][51]. Furthermore, the vast majority of studies on BPA were 

focused on quantitative measurement using different analytical methods including ICP-MS, 

FI/ESI-MS/MS, DCP-AES, ICP-AES, radiowave dielectric spectroscopy (RDS), 

electrothermal atomic absorption spectrometry, gamma counter, inductively coupled 

plasma-optical emission spectroscopy (ICP-OES), and γ-ray spectrometry [19]-

[21][26][46]-[48][54]–[60], whereas imaging studies to determine the localisation of BPA 

were limited [6][9][13][14][51][61][75]-[91]. In addition, the SIMS analytical instruments 

used in the localisation study of BPA showed differences in their ability and efficiency to 

detect 10B at the cellular and sub-cellular level [84]-[91]. 

The majority of the samples studied by SIMS were in vitro, whether cell lines or animal 

models, and in vivo samples were limited to treatments in mice or rats. Hence, the uniqueness 

of the current thesis is its use of human brain tumour and brain-around-tumour biopsy 

samples pre-treated with BPA in vivo and primary cell cultures of human brain tumour and 

brain-around-tumour biopsies (from patients) processed in vitro. In addition, these samples 

have not been analysed previously with both NanoSIMS and ToF-SIMS in order to 

determine the localisation and distribution of BPA using the imaging method and none of 

the previous SIMS studies of BPA have been undertaken with NanoSIMS which should offer 

sub-cellular information. 
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3 Experimental Methods and Preliminary experiments 

3.1 Introduction  

This chapter describes the preliminary experiments that were conducted to determine the 

appropriate analytical conditions for the methodology used in the analysis of biological 

samples in Chapters 4 and 5 with both NanoSIMS and BioToF instruments. Sample 

preparation for all the samples used in this thesis and the data processing for both instruments 

are also discussed.  

3.2 Sample preparation 

3.2.1 Standard solutions 

A set of 11BPA standards (Sigma Aldrich, UK) were prepared in 125 mM trehalose dehydrate 

solution (Sigma Aldrich, UK) at the following concentrations: 1, 10, 30, 50,100, 300, 500, 

1000 ppm. The BPA used for standard solutions was commercially available at low cost and 

contains 20% 10B and 80% 11B. This is different from the 10B-labelled BPA (see Table 2.1) 

used in clinical treatment and preparation of the real samples in section 3.2.2, which is very 

expensive. Trehalose was used as a matrix to mimic tissue in the standard solutions. 100 μl 

from each BPA concentration was deposited individually onto 5×5 mm2 silicon wafers (IDB 

Technologies Ltd., UK) using a spin coater device (Laurell Technologies Corporation, USA) 

at a speed of 5900 rpm for 2 minutes. Silicon wafers were cleaned before use in hexane, 

methanol, then H2O (HPLC) for 15 minutes in ultra-sonication, respectively, then were 

rinsed with deionized water and dried under clean compressed air, (all these solvents from 

Sigma Aldrich, UK). The samples were then transferred for SIMS analysis.   

3.2.2 Biological samples 

All biological samples were provided from the Molecular Neuro-oncology Laboratory in the 

Queen Elizabeth Neuroscience Centre, The University of Birmingham - UK. These samples 

were prepared in order to study the pharmacokinetics of 10-Boron Phenylalanine (BPA) in 

clinical trials with patients that have a high degree of brain tumours to optimize uptake 

parameters for Boron Neutron Capture Therapy (BNCT), reference LREC no. 05/Q2704/61. 

3.2.2.1 Primary cell cultures 

The cell cultures were prepared in six stages as described below to ensure the removal of 

any contamination or other cell types such as blood cells, fibroblast cells, stromal cells and 

glial cells  [1]. 
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1-Tissue harvesting:  From the operating theatre, fresh unfixed brain tumour (GBM) and 

brain-around-tumour (BAT) tissues were collected from patients undergoing craniotomies.  

Around 1 cm3 of tumour tissue (and a lesser amount of BAT tissue) was placed promptly in 

ice-cold medium dedicated for tissue. The collection medium contains: 100 µg/ml 

gentamicin, 200 µg/ml streptomycin, Ham’s F12 medium complemented with 20 mM 

HEPES buffer, 2.5 µg/ml Fungizone and 200 U/ml penicillin (all from ThermoFisher, UK). 

The remaining tissue parts were kept routinely in formal-saline to use them in other 

diagnostic and histopathological studies. This harvesting was done according to the ethical 

guidelines for research and development in the hospital at the Birmingham Institute [2]. 

2-Tissue dispersion: Within an hour of harvesting, the remaining blood in tissue was 

washed three times with ice-cold HBSS, and any blood clots were peeled off.  The tissue 

was divided into slices of about 1 mm3 size using crossed scalpels, and then washed again 

with ice-cold HBSS.  After washing the slices were re-suspended in 30 mL of HBSS and 

exposed to digestion at 37 °C and 4 °C respectively for 30 min in the following enzymes 

mixture: 0.25 mg/ml collagenase (Invitrogen, Life Technologies), 0.4 mg/ml DNase, and 0.5 

mg/ml pronase (both from Sigma Aldrich, UK).  The slices were filtered from the enzyme 

mixture to remove undigested materials using nylon mesh (100 µm pore) and then were 

placed upon 2 × 12 ml of Ficoll-paque intensity gradient media (Amersham Pharmacia, UK). 

Centrifugation was performed for 30 min at 400 g at room temperature resulting in 

dispersion and separation of tumour cells on the surface, while the red blood cells were 

sedimented at the bottom of tube. Finally, HBSS was used to wash the cells once and then 

they were re-suspended in the same solution for viability test [2]. This method of dispersing 

tissue was modified from the original one by Farr-Jones et al. [3]. 

3- Viability: Dispersed cells showed high degrees of viability، this was verified using the 

Trypan blue exclusion method [4]. 

4- Cell plating:  The following medium was used for seeding tissue biopsies and forming 

cultures:  2 × 105 /cm2 in 1:1 of DMEM/F12 (Invitrogen, Life Technologies) complemented 

with 10% pooled human plasma (Patricell Ltd, UK), 2 mM of L-glutamine, 0.05 mM of non-

essential amino acids, 100 µM of sodium pyruvate (all from Invitrogen, Life Technologies), 

2.5 µg/ml of Fungizone, 100 U/ml of penicillin and 100 µg/ml of streptomycin onto 5 × 7 

mm2 sterile silicon wafers placed in 12-well plates in duplicates, then incubated overnight 

with 99% humidity and  5% CO2 at 37 °C. The next day, the medium was renewed after the 

unattached cells removed by aspiration method. Cells were left to grow for 7 days and then 

transferred to the treatment step [2]. 



124 

 

5- Cell treatment: There were 4 different biopsies: 2 of GBM tumour (A & B) and 2 of 

BAT tissue (C & D) respectively; and 4 treatment groups for B and D biopsies:  

1. Control (no drugs).    

2. 10 mM 10BPA-mannitol for 4 h (10BPA-mannitol was gifted from Cancer Research, 

UK). 

3. 10 mM Tyrosine-mannitol for 4 h (Sigma Aldrich, UK) followed by a wash and then 4 

h incubation with 10 mM 10BPA-mannitol. 

4. 4 h 10BPA-mannitol (10 mM) followed by 4 h efflux.   

For the remainder of the thesis 10BPA-mannitol will be referred to as 10BPA. 

For the A and C biopsies, there was only one sample from each type without treatment 

(1=control). After treatment the silicon wafers were washed with ice-cold physiological pH 

saline and were immediately flash-frozen in isopentane/liquid nitrogen and stored at -80 °C 

until analysis [2]. 

6- Preparing for SIMS analysis: Prior to analysis with SIMS the samples were prepared 

by freeze-drying at Manchester. Samples were transferred to the surface analysis research 

lab in a solid carbon dioxide ice basin at -78 °C, then mounted on a pre-cooled copper stub 

under N2 gas flow and left in a vacuum chamber overnight and under a pressure of 1 × 10-8 

mbar. After 24 hours, the samples were ready for SIMS analysis.  

3.2.2.2 Biopsies imprints 

Patients received the pharmacological doses of 10BPA in vivo, the amount of these doses was 

not disclosed for patient confidentiality. During 1- 2 hours of infusion 10BPA doses into the 

patient's body, the tissue biopsies were harvested from the operating theatre in the manner 

described in section 3.2.2.1 according to the ethical guidelines for research and development 

in the Birmingham hospital [2]. Bulk 10B concentrations in biopsies were measured using 

ICP-MS.  

Harvested biopsies of GBM tumour and BAT tissue were cut into 5×5×1 mm3 sections. The 

sections were then washed with ice-cold physiological saline, blotted dry, and pressed onto 

5×7 mm2 sterile silicon wafers to leave an imprint of the cut surface on the wafer. Silicon 

wafers were promptly flash-frozen in isopentane/liquid nitrogen and stored at -80 °C until 

analysis time [5]. Prior to analysis with SIMS, the samples were prepared by freeze-drying 

as described in section 3.2.2.1 in the surface analysis research lab in the University of 

Manchester. 
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The preparation this type of primary samples, biopsies imprints, in the operating theatre 

immediately after removal from patients has placed considerable restrictions on the selected 

method for sample preparation. Neither the cryo-sectioning [6] nor the freeze-fracturing [7] 

methods were possible to use as they required relatively long procedures not available in the 

operating theatre. The freeze-fracturing method is more common with cell lines where the 

conditions of sample preparation can be controlled, as Chandra et al. [8][9] have done in 

many studies as well as Zha et al. [10]. The chemical fixation method also was not a suitable 

solution for samples preparation because it can cause the redistribution of ions and small 

molecules from their in vivo sites as demonstrated by Malm et al. [11] and other studies 

[12]–[14]. Thus, an imprint method was the appropriate quick option to prepare the samples 

for this study. An imprint method on a metal surface can be effective in increasing ion yields 

and the sensitivity of measurement, as indicated by Sjövall et al. [15] and Nygren et al. [16]. 

Since the study aimed to determine the distribution of boron in primary samples, the imprint 

steps included rapid freezing to ensure that the components of the samples are kept in place. 

All preparation methods mentioned above have been reviewed with more detail in section 

2.4. 

In addition, one sample of biopsy imprint was coated with 10 nm platinum to increase the 

electrical conduction of the sample and verify the effectiveness of the coating before making 

the decision whether or not to cover the rest of the samples, more details in section 5.2.3.1.3. 

During SIMS analysis of the primary cell cultures, very few artefacts were observed, any 

that were present will be discussed during interpretation of the images in Chapter 4. The 

artefacts are related to deposits on the cell surface, freezing damage and elemental 

redistribution due to freeze-drying. 

For imprints of biopsies, optical microscopy images, for example Figure 3.1, showed that 

they are not completely flat, some areas appear thicker or rougher compared to others. This 

may be because the imprints have various levels from transferred material such as other cell 

types and/or some blood clots, which necessitated avoiding some of these areas during the 

analysis so as not to affect the signal intensity and image contrast. Further detail on the 

morphology of the samples and their artefacts of cracks and necrosis is given in section 

5.2.3.1. The nature of the samples also added other obstacles that were inferred during the 

SIMS analysis of the samples and are presented in 5.2.3.2. 

In both types of samples, freeze-drying may change morphology and may lead to cell 

shrinkage, but it is still possible to identify the nucleus versus cytoplasm in cell cultures and 
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whole cells in tissue imprints. Other cellular components will not be interpreted, and no 

interpretation will be given on cell size or shape. Only the chemical distribution between cell 

compartments and cellular level will be explained. Each type of samples is treated similarly, 

and interpretation is based on the difference between these samples in each chapter 

separately. 

Scanning electron microscope (SEM) imaging can be conducted before SIMS imaging to 

identify areas containing cells, but when conducting NanoSIMS analysis, it may be found 

that these areas do not contain any boron or the SEM electron beam has caused redistribution 

of the most mobile ions such as Na and K.  

Based on the above observations, there was no other viable option for sample preparation so 

it was necessary to try to find well-preserved areas suitable for analysis as best as possible. 

The primary cell cultures treated in vitro were used as a model system to help interpret the 

more heterogeneous tissue biopsy samples. Furthermore, SIMS analysis for samples similar 

in type and preparation had not previously been conducted, making this a novel study. 

 

 

Figure 3.1: Optical microscope image captured from one of biopsy imprints showing the 

general morphology of the sample in terms of thickness, and that the sample surface not 

completely flat. Scale bar = 200 µm. 
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3.3 Optical Microscopy 

Biopsy imprint samples were imaged using a reflective light microscope before loading them 

into the SIMS instruments to identify appropriate regions for SIMS analysis in terms of a 

thin or thick area and to avoid areas which have more topography. Two types of light 

microscope were used: the Zeiss Lab. A1 microscope equipped with an AxioCam ERc 5s 

camera and connected to AxioVision SE64 Rel.4.9 software - edition 2012; and a 

KEYENCE- VHX-5000 Digital Microscope. 

 

3.4 Investigations with NanoSIMS 

3.4.1 Data acquisition 

At the beginning of each NanoSIMS session, the instrument must be fully tuned for this 

experiment, as described below. 

Each analysis session starts by measuring the Cs+ current intensity from the source (FCp), 

and the current that actually reaches the sample (FCo) with all D1 aperture sizes. The D1 

aperture is used to select the size of the primary ion beam to achieve the required spatial 

resolution, whereby it is possible, with D1 = 5 and with L1>7000 V, to obtain the highest 

spatial resolution (50 nm). An example of D1 values from one of the experiments is shown 

in Table 3.1.   

The detector trolleys are then aligned to the sites of the required masses. The magnetic field 

is then adjusted to find the highest counts of each mass using suitable standards and then 

fixed and verified using a high mass resolution (HMR) scan. Secondary ion extraction optics 

(P2, P3, Cy and EOS) are also aligned and tuned to achieve the maximum transmission of 

signals on each region of interest. The ES and AS slits are used to shape the secondary ion 

beam further, improve mass resolving power and give flat top peaks (necessary for long term 

stability of the measurement). 

Regions of interest (ROI) were selected using a charge-coupled device (CCD) which 

generates optical images of the sample surface. The focus of the image in the CCD camera 

was optimized by moving the stage in Z, this also optimises sample position for the 

extraction of the secondary ions. The ROI was implanted with a defocused Cs+ beam with 

D1 = 0 (in which the aperture is completely removed) and a high L1 value to increase the 

primary beam current; the dose required (Equation 3.1) for the sample to reach steady state 

was added to the ROI (more details in 3.6.1 and 3.6.2.3). The implantation process was 
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carried out on a larger raster than those specified for analysis in order to avoid the influence 

of a crater edge during imaging.  

Dose per image plane is calculated using Equation 3.1 [17][18]: 

𝐷𝑜𝑠𝑒 (𝑖𝑜𝑛𝑠. 𝑐𝑚−2) =  
𝑇𝑖𝑚𝑒(𝑠) × 𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝐴)

𝑎𝑟𝑒𝑎(𝑐𝑚2)  × 1.6 × 10−19
 

Equation 3.1 

 

After implantation, the NanoSIMS was reverted to the normal mode of data acquisition (L1 

= 0 V) and the D1 aperture was changed to a smaller probe size (D1 = 2) for all the 

experiments. The P2, P3 and Cy deflector plates and EOS lens were checked again and 

modified for the sample if needed. Then HMR scans for all trolleys were checked again on 

the sample by comparison with HMR scans obtained from the standards. 

Image clarity was improved by refocusing the primary ion beam using the EOP lens and 

adjusting the astigmatism. The secondary ion images were then acquired in a series of 

successive planes (depth profiling). In addition, a secondary electron (SE) detector is used 

to show the topography of the sample surface; the ion-induced secondary electrons can be 

mapped simultaneously with the secondary ions. Image acquisition took from 3 to 20 hours 

or more (overnight), depending on the size of the area under study (raster) and the dwell 

times of the primary ion beam (1000 or 2000 µs/px). 

 

 

Table 3.1: Different sizes of D1 aperture with the currents measured from one of the 

experimental sessions. 

Aperture position D1 diameter (µm) FCo Cs+ current (pA) 

D1 = 0 - 100 

D1 = 1 750 14 

D1 = 2 300 2.3 

D1 = 3 200 1.2 

D1 = 4 150 0.6 

D1 = 5 100 0.3 
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3.4.2 NanoSIMS data processing 

Image processing was performed using Fiji (an updated version of ImageJ 1.51a-Rasband, 

activated in 2015) with the OpenMIMS (multi-isotope imaging mass spectrometry) v2.5 

plugin from the National Resource for imaging Mass Spectrometry (NRIMS) Analysis- 

Harvard. Image processing included aligning planes, data summing, selecting the ROIs, 

measuring ion intensities, statistical processing, and adding the scale and calibration bars.  

Depth profiling curves were extracted using both Fiji and Excel software. Data (the 

quantification and the graphs) were managed using Microsoft Excel and OriginPro Lab 

software, the signals of interest extracted from the areas defined on the images were 

normalised to the highest intensity ions and the most homogenously distributed across the 

samples in images. These ratios of each sample (including several areas) were presented 

separately in box plots showing the mean, median, the interquartile range, and the maximum 

and minimum values of the signals.  

In the quantitative measurement of isotopes, the isotope ratios were calculated in each 

sample separately (includes several areas) and were presented in box plots. The mean and 

the SD values were then calculated from the set of ratios represented for each sample. 

It was decided not to do a full t-test (P- probability value) on the data for two reasons. The 

first is because of the relatively small number of areas that were run for each sample, the 

inability to run enough samples due to the nature of the experiment and difficulty to acquire 

the data. The second reason is that the cells may be in different phases of the cell cycle, 

which may cause the cells to differ in the uptake of the treatment, thus cause a wide spread 

in the data. This spread in the data and the small size of the sample conflicts with the criteria 

for t-test [19][20]. 

 

3.5 Investigations with BioToF-SIMS 

3.5.1 Data acquisition 

In this project, the LMIG was run to generate a Au+ primary ion beam, the latter being 

directed to the samples by an extraction system in the LMIG gun column that is described 

in [21][22]. The BioToF-SIMS instrument is tuned to analyse samples by three controllers. 

An independent control unit (from Ionoptika Ltd) associated with the ion gun, which is, in 

turn, connected to a computer. The benefit of this unit is that it improves the performance of 

the ion gun by controlling and monitoring its operational parameters such as lenses to focus 

the primary ion beam; X and Y alignment to correct any deviation from the beam path; Wien 
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filter (WF) to select the m/z ratio required for the primary ions of choice (Au+) and stigmator 

deflectors to improve the shape of ion beam [23]. At the beginning of each lab session, the 

primary ion beam current arriving at the sample stub is measured using a picoameter 

(Keithly- Tektronix UK Ltd.). 

In addition, the raster controller unit is used to select the field of view (FoV) required for 

analysis, not exceeding 2700 × 2700 µm2, and to adjust the position of the ion beam rastering 

in directions X and Y to ensure its presence within the optical gate area. The optical gate 

refers to the position in which the analysed area, ToF mass analyser, and ion detector FoV 

are compatible with each other. Due to the non-normal incidence of the primary beam, the 

sample height affects the position of the optical gate; therefore, when moving from one 

sample to another, the raster area should be checked or the sample stage height adjusted 

along the Z-axis. Furthermore, the raster controller unit enables the running of two modes: 

a TV mode, in which the beam is rastered automatically in the specific FoV to produce the 

spectrum, and an EXTERNAL mode which is used for imaging applications (spectrum and 

image). 

Secondary ion acquisition and extraction is controlled by a digital delay generator (BNC 

700, Berkley Nucleonics Corporation, USA). This unit allows the timing to be changed in 

four channels for each experimental cycle. Using the C channel, it is possible to control the 

trigger timing of the primary ion gun, which is associated with the pulser unit and thus 

defines the pulse width of the primary ion beam. Channel B represents the extraction pulse 

in the sample stage after bombardment, and an extraction potential of +2500 V when the 

SIMS is run in the positive ion mode and -2500 V in the negative ion mode. The delay for 

the B and C channels is determined by monitoring the mass spectra in real time before 

starting analysis; the delay time is kept constant throughout the experiment to ensure that 

mass calibration is not changed in the spectra. In the non-delayed extraction mode, the 

primary ion pulse width will determine the mass resolution. Channel D is used to set the 

pulse in the electron flood gun when needed for charge compensation and to neutralize the 

charged sample that is affected by the primary ion beam [24]. Finally, Channel A is used 

when ion suppression is required e.g. for post-ionization mode. 

In the delayed extraction mode, a voltage pulse is applied on the sample stage to compensate 

the variation in ion formation time during a long primary ion beam pulse. The extraction 

potential (+ 2500 V) is applied a few ns after the end of the primary ion impact, accelerating 

all secondary ions into the ToF extraction lens during the rise time of this extraction pulse 

(~5 ns). The extraction lens potential is usually set at - 4300 V and ensures efficient 
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collection of secondary ions into the ToF analyser [25][26]. In this research, the B and C 

channels were both tuned, while there was no need to use an electron flood gun or ion 

suppression.  

Moreover, the software interface on the host computer allows some instrument parameters 

and data acquisition to be managed within a large set of commands, such as: 

- Selecting the desired ion mode as positive or negative. In this work, BioToF-SIMS analysis 

was acquired in the positive ion mode only. 

- Adjusting the voltages in high voltage supply units depending on the ion mode selected for 

detection. Table 3.2 summarizes the values used for the voltages in the positive ion mode. 

- Determining the acquisition range of mass which is to be measured. 

- Choosing the desired analysis process type as imaging or depth profiling. 

- Selecting the experimental conditions, such as the number of pixels, repetitions and 

summing the results of the layers. 

- The possibility of calibrating the spectra as well as processing images resulting from the 

analysis. 

 

Table 3.2: Summary of the operational voltages during BioToF-SIMS analysis in the 

positive ion mode. 

 

3.5.2 BioToF-SIMS data processing 

In this research, the resulting total spectra and image were processed using in-house BioToF 

software. The region of interest (ROI) in an image was first identified to obtain the spectrum, 

then the ions of interest (peak areas) were selected to create an image of each ion separately. 

In some images, the Fiji software (more information is provided in 3.4.2) was used only to 

illustrate the identification of the ROI. The spectra were plotted using OriginPro Lab 2015-

Component voltage Source Voltage value (V) 

Reflect ToF mass analyser ̴+2540 

Retard ToF mass analyser ̴+1100 

Extraction lens Lens between analyser and sample 

stage 

-4300 

Stage (+ve) Channel B in BNC unit +2500 

Stage (-ve) Channel A in BNC unit 0 
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2017. Data was managed by OriginPro Lab and Microsoft Excel software, as explained in 

3.4.2. 

 

3.6 Preliminary NanoSIMS experiments  

3.6.1 Experimental section 

First stage: The sensitivity of the instrument with 16 keV (+8 kV on source, -8 kV on 

sample) Cs+ beam was investigated on 100 and 1000 ppm 11BPA standards. The mass 

detectors were set to detect the following negative secondary ions 10B, 10B12C, 10B14N, 

10B16O, 10B16O1H, 30Si and 10B16O2 simultaneously. It was ascertained that there were no 

mass interferences between the ions by calibrating the peak locations using a reference 

standard for each ion, then checked by HMR scans using similar way to that explained in 

3.4.1 and 3.6.2.2 The analysis area was determined using the CCD camera. The samples 

were implanted using a Cs+ dose of 1×1017 ions/cm2 with D1 = 2 and a FoV 20×20 µm2. 

Data were then acquired using NanoSIMS depth-profiling software by adding a total dose 

of 7×1017 ions/cm2 of Cs+ with D1 = 1 and a beam current of 9.4 pA to 10×10 µm2 FoV 

with 256×256 pixels, the dwell time was 1000 µs/pixel. The resulting intensities were 

normalised to beam current to make the comparison possible between the two 

concentrations. Depth profiling curves were extracted using Microsoft Excel. 

The sensitivity of 10B from 11BPA to the type of primary ion beam used was also investigated 

by analysing the 1000 ppm 11BPA standard with a 16 keV Oˉ beam from a duoplasmatron 

ion source, more detail about this source is given in [27][28]. The mass detectors were 

adjusted to detect the following positive secondary ions 10B, 11B, 11B1H, 11B2, 
11B12C, 

11B12C1H and 30Si simultaneously. Ion peak locations were verified using HMR scans and 

the analysis area was determined using the CCD camera.  Depth profiling was then 

performed with D = 1 and a total dose 5×1017 ions/cm2 and a beam current of 182 pA, 

rastered on a 10×10 µm2 FOV of sample. The data was processed and extracted as mentioned 

above with a Cs+ beam. The ion yields of 10B with both sources were then compared. 

The second stage (1st step): at the beginning of each NanoSIMS session, after measuring 

the current of the Cs+ beam with all D1 apertures, the 7 detectors were set to detect the 

following ion species in cell cultures: 10Bˉ, 12Cˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ and 32Sˉ 

respectively. In biopsy imprint samples the position of the seven detectors was tuned to 

detect the following secondary ions: 10Bˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ, 32Sˉ and 10B16O2ˉ. For 

some imprint samples: 10B14Nˉ or 12Cˉ were tuned instead of 10B16O2ˉ. A range of B-
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containing secondary ions previously studied by SIMS were investigated to determine the 

highest signal intensity which did not have mass interferences. The mass spectrometer tuning 

was verified using HMR scans on appropriate standards as well as on the sample under study 

with a 16 keV Cs+ beam, DI = 1 and FoV 10×10 µm2, more details about setting the 

instrument and HMR scanning are explained in section 3.4.1. The standard materials used 

to generate HMR scans are: solid pure nature isotopic ratio boron to calibrate B ions species 

(as well as 32S and 12C from the surface); silicon wafer for 29Si and 12C14N; solid gallium 

phosphide for 31P.  

The second stage (2nd step): depth profiling was performed using the NanoSIMS imaging 

software in three samples of cell cultures: B2, D2 and B3 in order to determine the dose 

required to achieve the maximum ion signal intensity before the cells were sputtered away. 

In each sample, one cell was selected using the built-in CCD camera and analysed without 

exposing it to any implantation dose so that the ion signals could be monitored from the top 

surface. The beam was focused on an adjacent cell before moving to the target cell for the 

depth profiling process. The 16 keV Cs+ beam was rastered over 40×40 µm2 area in B2 and 

D2, and 25×25 µm2 in B3. Primary ion beam current in FCo with D1 = 1 was 29.5 pA for 

B2 and D2 and 13.9 pA for B3 (experiments conducted on different days). All analyses were 

conducted with a dwell time of 1000 µs per pixel and an image resolution of 128×128 pixel. 

The intensity of the negative ions from 10B, 12C, 10B12C, 12C14N, 29Si, 31P and 32S were 

extracted from regions of interest within the scanned cell and measured as a function of 

depth. 1000 image layers (planes) were acquired for the B2 and D2 samples and 250 layers 

for the B3 sample. This depth profiling was performed only once before starting the analysis 

of the samples but it allowed determination of the appropriate Cs+ beam dose required for 

implantation in cells and showed how the cells were sputtered. 

For the biopsy imprints, depth profiling was not conducted, and a standard implantation dose 

(1×1017 ions/cm2) for biological tissue samples was used [29][30]. 

3.6.2 NanoSIMS Results and Discussion 

3.6.2.1 Sensitivity - first stage 

Numerous studies have shown the high sensitivity of NanoSIMS in detecting concentrations 

down to the ppb level and distinguishing between ions of almost equal mass such as 13Cˉand 

12C1Hˉ [31]–[33]. In this regard, NanoSIMS sensitivity with Cs+ beam was checked on 1000 

and 100 ppm from BPA as described in 3.6.1. 
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Figure 3.2 shows the depth profiling curve of the intensity of the secondary ions mentioned 

in 3.6.1 (first stage) as a function of sputter time (s) for both concentrations. Figure 3.2 -a 

shows that the secondary ion yields of 1000 ppm increased with time and reached a stable 

plateau at 1800 sec except for the Si signal which continued to increase as a result of the 

continuous sputtering process, the curve also showed the intensity obtained for each ion. The 

same trend was observed in the profiled 100 ppm of BPA (Figure 3.2 -b), but the plateau 

began at a time of 2700 sec with lower ion yields than that resulted in Figure 3.2  -a. Figure 

3.2 also shows that BCˉ signals are 6 times more intense than Bˉ signals for both 

concentrations, for that reason BCˉ was used as additional indication of the boron 

distribution in the cells during imaging. Both Bˉ and BCˉ signals in the 1000 ppm standard 

are ~ 10 times higher than 100 ppm, so it is expected that the10 ppm should be detectable 

with NanoSIMS especially with the BCˉ signal and maybe with the Bˉ signal because depth 

profiling in Figure 3.2 showed a clear step above noise when the sample was sputtered. 

These results show the sensitivity of NanoSIMS with Cs+ beam as well as the stability of the 

measurement and homogeneity of the standard. It should be noted that the negative ions 

10B14N, 10B16O, 10B16O1H and 10B16O2 were not detected in the real samples due to their 

absence, low intensity or presence of mass interferences in the samples, so these ions are not 

mentioned when presenting HMR scans. 

The analysis of the 1000 ppm 11BPA standard using an Oˉ beam (Figure 3.3) did not record 

any intensities for 11B1H+ and 11B12C1H+, and did not provide high secondary yields for other 

selected ions mentioned in 3.6.1, especially 10B+, compared to those resulting from using 

Cs+ beam in the analysis (Figure 3.2 -a).  

To achieve the aim of the thesis with NanoSIMS: boron can be verified using both Cs+ (to 

generate negative ions) and Oˉ (to generate positive ions). However, the ionization energy 

of boron is high, which means that the sensitivity when detecting boron as a positive ion will 

not be very good [34][35]. Furthermore, there are many ways B can be detected as a negative 

ion [36]–[38]. In addition, for this thesis the accurate determination of the cellular structure 

of the cells requires the detection of Pˉ, Sˉ and CNˉ, ions that cannot be detected using the 

Oˉ beam. Therefore, all the analysis with the CAMECA NanoSIMS 50L in this thesis was 

carried out using a Cs+ ion beam because the ions under study, 10B and 10B12C, are sputtered 

with the highest yields as negative ions. The Cs+ beam is capable of imaging with a spatial 

resolution of at best 50 nm, while an Oˉ beam from a duoplasmatron source provides 

resolution of at best 200 nm [33].   
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Figure 3.2: Depth profiles curves for (a) 1000 ppm and (b) 100 ppm of 11BPA, acquired 

using the NanoSIMS Cs+ beam. Secondary ion intensities were normalised to beam current. 

 

 

Figure 3.3: Depth profiles curves for 1000 ppm of 11BPA, acquired using the NanoSIMS Oˉ 

beam. Secondary ion intensities were normalised to beam current.  
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It should be noted that at the beginning of 2018, the duoplasmatron source on the Manchester 

NanoSIMS 50L instrument was replaced with a new source called a HyperionTM. This non-

thermal source provides a primary high-density ion beam that demonstrates ultra-high 

brightness, low energy spread, a long lifetime, and high primary beam current [39][40]. 

Recently studies show how an oxygen (Oˉ) Hyperion source was used for surface analysis 

with a resolution of 20 nm at 30 keV and a brightness 30 times greater than the 

duoplasmatron source with a resolution of < 200 nm. The analysis duration was also reduced 

by 20 times compared with the old source [39][41].  This ion source was not available for 

use for the duration of this study, which therefore focused on negative ion analysis using the 

Cs+ beam. 

3.6.2.2 High mass resolution curves (HMR) - second stage - 1st step 

The objective of the HMR scanning is to determine the location (in the mass spectrometer) 

of the ion mass of interest from the sample (blue line) compared to the same ion mass from 

a suitable standard as previously described (green line) and to ensure that there is no mass 

interference with any other potential ions. The high mass resolution of the NanoSIMS and 

the use of AS and ES slits improve the separation of ions and peak shape, thus the spectra 

are produced with steep sides and flat top peaks making it possible to distinguish between 

the interfering ions. The ion species were distinguished from each other by reading the mass 

at the middle of each peak, then calculating the mass difference between each two adjacent 

peaks and comparing them with the recorded differences between the exact masses of these 

ions, as shown in Table 3.3 (for cell culture) and Table 3.4 (for biopsies imprints).  

For cell cultures, the mass spectral curves in Figure 3.4 were obtained by HMR scanning of 

the ions listed in Table 3.3. The 10Bˉ and 12Cˉ peaks are free of interference with any other 

ion as shown in Figure 3.4 -a &b respectively, while the 10B12Cˉ ion has an adjacent 11B2ˉ 

peak, both are strong peaks on the standard and overlap slightly leading to the emergence of 

the protrusion in the middle between them, which falsely looks like a third peak (Figure 3.4 

-c). Therefore, when selecting the detector position for the 10B12Cˉ peak, a point to the left 

of the centre of this peak should be selected to avoid the 11B2ˉ peak and any tails. The 11B2ˉ 

peak is absent from the sample (blue line) because it is only present at natural levels and the 

10BPA drug only contains 10B. 12C14Nˉ overlaps slightly with 12C2
1H2ˉ and 29Siˉ with 28Si1Hˉ, 

but these adjacent peaks are sufficiently separated so they can be distinguished from each 

other with careful detector positioning (Figure 3.4 -d & e respectively).  
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The 31Pˉ and 30Si1Hˉ peaks are often completely resolved from each other in both the 

standard and sample, Figure 3.4 -f. Sometimes a small peak, like a shoulder, appears to the 

right of the 31Pˉ peak in the HMR spectrum of sample (blue line), this unknown shoulder 

may be an overlap of the low mass tail of 31Pˉ peak with a very low peak of an unknown ion, 

so the small shoulder is avoided by positioning the detector to the left of the centre of the 

31Pˉ peak. The 32Sˉ and 16O2ˉ peaks are completely resolved from each other in the standard 

(green line), while on the sample (blue line) two peaks are observed on the right of the 32Sˉ 

peak, one of them, labelled unknown, could be 31P 1Hˉ and the other is the 16O2ˉ peak, 

however, the 32Sˉ peak remains clear and distinctive, thus the detector was almost positioned 

in the middle of the 32Sˉ peak, Figure 3.4 -g. The detector positioning for all masses is 

indicated by the black vertical line on the HMR curves. Thus, all these ions 10Bˉ, 12Cˉ, 

10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ and 32Sˉ were used to image cell cultures because they could be 

distinguished from neighbouring peaks. 

 

Table 3.3: The exact masses of negative secondary ions observed in mass spectra that were 

used to distinguish between overlapping peaks by calculating the difference between them, 

tuned in cell cultures. 

 

 

Negative ions Exact 

Masses/u 

Mass 

difference/u 

Negative ions Exact 

Masses/u 

Mass 

difference/u 

10B 10.0129 - 29Si 28.9765  

0.00826 12C 12.000 - 28Si1H 28.9848 

10B12C 22.0129  

0.00567 

31P 30.9738  

0.00783 11B2 22.0186 30Si1H 30.9816 

 

0.01146 10B11B1H 22.0301 32S 31.9721  

0.01776 12C14N 26.0031  

0.011 

16O2 31.9898 

12C2
1H2

 26.0157 - - - 
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For the biopsy imprint samples, HMR scans of ions 10Bˉ, 12Cˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ 

and 32Sˉ were very similar to those obtained in cell cultures (Figure 3.4 and Table 3.3). The 

HMR scans of the ions 10B14Nˉ and 10B16O2ˉ are shown in Figure 3.5 The ions masses shown 

on the curves are listed in Table 3.4, and were used to distinguish the different peaks from 

each other by finding the difference between two adjacent masses. In Figure 3.5 -a, the curve 

from the standard, solid boron shown with a green line, shows the 10B14Nˉ peak overlapping 

with an unknown peak on the left (small shoulder). In a biopsy sample (blue line), the 10B14Nˉ 

ion signal is very weak and sometimes the signal is not detectable when using a FoV less 

than 50×50 µm2. Therefore, the 10B14Nˉ cannot be clearly resolved from the unknown mass 

interference in the sample and was therefore deemed unreliable when interpreting the results. 

When considering the 10B16O2ˉ signal from the boron standard (green line), shown in Figure 

3.5 -b, the ion appears with high intensity but is accompanied by mass interferences from 

both the right and left sides (identified in red). On the biopsy sample, the 10B16O2ˉ peak only 

appears as a small shoulder at the far right of the blue curve (identified in black) and overlaps 

strongly with the neighboring ion 12C14N16Oˉ, which gives high counts, making it difficult 

to resolve the 10B16O2ˉ.  Therefore, both ions 10B14Nˉ and 10B16O2ˉ will not be considered 

during the interpretation of images as they are unreliable due to very close mass 

interferences. Similar to cell cultures, all these ions 10Bˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ and 

32Sˉ were used to image biopsy imprints alongside 12Cˉ in some samples. This detector 

alignment was repeated at the beginning of each session, and the HMR scans were checked 

every time a new area or another sample was analysed to ensure there was no movement of 

the peaks. 
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Table 3.4: The exact masses of negative secondary ions observed in HMR spectra of biopsy 

imprints that were used to distinguish between overlapping peaks by calculating the 

difference between them. 

Negative ions Exact 

Masses/u 

Mass 

difference/u 

Negative ions Exact 

Masses/u 

Mass 

difference/u 

12C2 24.000  

0.01601 

28Si14N 41.9800  

0.00501 
10B14N 24.0160 

 

32S10B 41.9850 

 

0.00952 
 

0.00112 

31P10B1H 41.9945 

11B12C1H 24.0171  

0.00346 

 
 

 

12C14N16O 41.9980 

 

0.00478 
10B16O2

 42.0028 

 

0.01235 
11B16O14N1H 42.0151 
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Figure 3.4: High Mass Resolution spectra from the NanoSIMS 50L of the standard (green line) and cell culture sample (blue line). The detectors were tuned 

to the following negative secondary ions with the standard used given in brackets: a) 10B (pure boron), b) 12C (pure boron), c) 10B12C (pure boron), d) 12C14N 

(silicon wafer), e) 29Si (silicon wafer), f) 31P (gallium phosphate fixed), and g) 32S (pure boron).
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Figure 3.5: High Mass Resolution scans from the NanoSIMS 50L of the pure boron standard 

(green line) and tissue biopsy sample (blue line). (a) and (b) shows the interference of the 

ions 10B14Nˉ and 10B16O2ˉ respectively with the other adjacent ions obtained from a FoV 

50×50 µm2. 

 

3.6.2.3 Depth profiling curves - second stage-2nd step 

Depth profiling was performed to determine the appropriate Cs+ dose to ensure the sample 

was at steady state, also called the implantation dose. Depth profiling allowed determination 

of the optimum implantation dose while still leaving sufficient sample left to accumulate 

enough counts from the boron ion signals before the sample was completely sputtered away. 

Depth profile curves monitor the intensity of secondary ion signals over time and from this 

the implantation, and steady state doses can be calculated. This test was conducted using the 

imaging mode so that disappearance (sputtering rate differences / thickness differences) of 

different parts of the sample, e.g. nucleus and cytoplasm, could be monitored and signals 
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from different parts of the cell distinguished. The analysis was stopped when the images 

showed that the sample was completely sputtered away. The B2 and D2 samples were 

selected for this test to investigate whether different types of cells, GBM tumour or BAT, 

give similar results in terms of Cs+ doses. In addition, these samples were treated with 

somewhat low concentrations of the BPA and thus the depth profile curves will allow the 

tracking of lower signals of 10B and 10B12C (ions of interest) and determine when these 

signals reach steady state. A third sample, B3, was treated with tyrosine before treating with 

BPA which may affect the point at which steady state is achieved so it was also tested. 

Raster areas of respectively 40×40 µm2 and 25×25 µm2 for the B2-D2 and B3 samples were 

selected depending on the size of the cell under examination. In general, cells were selected 

so that the whole cell could be imaged and smaller cells were chosen to perform the 

measurement within 4 hours. The dwell time was set at 1000 µs per pixel and 1000 or 250 

layers per area for B2-D2 and B3 respectively were acquired to ensure the sample was 

completely sputtered away. The D1 aperture was set to D1-1 to allow a fast sputtering rate 

and the current measured with this aperture was used to calculate doses.  

When the depth profiling experiment was completed, the resulting image series was 

processed using the FIJI (ImageJ) software. Layers were aligned to correct for drift and then 

the layers were summed to allow identification of regions of interest. Drift correction caused 

part of the images to be lost, but the remaining image was sufficiently large enough to extract 

results. Focusing of the primary beam had to be conducted on an adjacent cell so that the 

depth profile could be acquired from zero dose. This, along with using a large D1 aperture, 

meant that the analysed cell was not perfectly in focus. Nevertheless, the location of the 

nucleus and cytoplasm, which are the main areas of interest in the cells, could still be 

determined. Figures 3.6, 3.7 and 3.8 shows the cells analysed for the B2, D2 and B3 samples 

respectively, the green line outlines the nucleus and part of the cytoplasm is outlined in red. 

To verify of the sputtering behaviour in different parts of the samples, depth profile curves 

from the nucleus and the cytoplasm were extracted from the individual layers. While steady 

state might be reached in the thickest part, the same dose might result in complete sputtering 

of the thin part, so it is necessary to choose a primary ion beam dose that is suitable for both 

regions and accept that performing analysis at steady state may not be possible in these 

samples. The total number (sum) of counts from each selected area of each layer in the image 

was extracted for all ions and plotted against the calculated accumulated dose. The measured 

current was 29.5 pA for samples B2-D2 and 13.9 pA for the B3 sample so the dose for each 
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layer was 1.89×1014 and 2.29×1014 ions/cm2 respectively calculated using Equation 3.1. 

Figures 3.9, 3.10 and 3.11 show the depth profile curves for the three samples. 

 

Figure 3.6: NanoSIMS 50L images of 10Bˉ, 12Cˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ and 32Sˉ and 

the secondary electron image (SE) from B2 sample of GBM tumour cell cultures showing 

the distribution of negative ions in cell and selected areas of interest; 1) nucleus area (green 

line) and 2) cytoplasm area (red line). Images were acquired from depth profiling a 40×40 

µm2 area with 128×128 pixel and stacking 1000 layers giving a total dose of 1.89×1017 

ions/cm2. The arrows in the Si image points to where the nucleus begins to disappear as 

indicated by the Si counts which originate from the substrate. A calibration bar is shown for 

each ion separately and indicates the minimum and maximum values for counts in the image, 

the black colour indicates the absence of counts from area while the bright white colour 

indicates areas of high signal intensity. 
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Figure 3.7: NanoSIMS 50L images of 10Bˉ, 12Cˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ and 32Sˉ and 

SE image showing the cell analysed in D2 sample of BAT cell cultures. Each map shows 

the negative ion distribution, scale bar, calibration bar of minimum and maximum counts 

(colour bar) and selected areas of interest;1- nucleus area (green line) and 2-cytoplasm area 

(red line). The images represent a depth profiling measurement over an area of 40×40 µm2 

with 128×128 pixel and sum 1000 layers giving a total dose of 1.89×1017 ions/cm2. 
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Figure 3.8: Images of 10Bˉ, 12Cˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ and 32Sˉ and SE image using 

NanoSIMS 50L from B3 of GBM cell culture sample. The images were obtained from an 

area of 25×25 µm2, 128×128 pixels and 250 layers giving a total dose of 5.72×1016 

ions/cm2. The images show the distribution of negative ions in two selected regions; 1- 

nucleus area (green line) and 2-cytoplasm area (red line). The black area located the left and 

bottom side of the images (blue arrows in SE image) shows the missing parts of the images 

as a result of aligning the layers and correcting the drift. The scale and the calibration bars 

for each ion are shown on each image.  
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In the following section, the depth profile curves are explained alongside the image (layer 

by layer). Depth profiling in the nucleus area of the B2 cell (Figure 3.9 -a) showed that Si 

began to rise gradually from the beginning. In Figure 3.6 a small number of counts were 

observed around the edge of the nucleus as a result of preferential sputtering at the interface 

with the cytoplasm. The Si signal started to increase significantly at a dose of 5×1016 

ions/cm2, this is where the nucleus starts to disappear more rapidly starting from the upper 

left-hand side as indicated by the arrow in the silicon map in Figure 3.6. The Si signal 

continued to increase throughout the depth profile with the continued demise of the nucleus. 

The Si signal reached steady state when the cell was completely sputtered away and only the 

silicon substrate remained. Depth profiling was performed using silicon 29 isotope with a 

natural abundance 4.67% instead of silicon 28 that has abundance 92.23% in order to protect 

the detector from damage resulting from receiving a large number of ions when reaching the 

substrate, which in turn causes the detector to saturate and switch off.  

The P and S signals show a steady increase in the nucleus and reached steady state at a dose 

of 1.9×1016 ions/cm2 then showed a slight and gradual decrease in signal intensity to a dose 

of 1.09×1017 ions/cm2, this may be due to the early disappearance of part of the nucleus, 

after this the decline became more pronounced. The 12C14N signal shows high intensity right 

from the start and is essentially at steady state by 1.89×1014 ions/cm2 with a slight increase 

at the beginning of the curve and a gradual decrease in the middle at a dose of 1.09×1017 

ions/cm2, then the decrease is clearly noticeable with the full sputtering of the nucleus. The 

C signal also reached steady state at 1.9×1016 ions/cm2. Although there is a slight decrease 

in the middle of the steady state, the carbon signal seems more stable than the other ions. 

This stability in the C signal is expected as carbon is the most homogenously distributed 

element in the cells. Both 10B and 10B12C have the same behaviour and reached steady state 

at 1.9×1016 ions/cm2 and decreased at 1.09×1017 ions/cm2. The decreases in intensity that 

occur for all ions throughout the profile are linked to the rises in Si signal, which is due to 

the nucleus slowly disappearing.  

Based on the observations of the nucleus, it is clear that the most appropriate dose for most 

ion signals to reach steady state is 1.9×1016 ions/cm2, and analysis should be stopped at 

1.09×1017 ions/cm2, however, due to rapid sputtering of the nucleus and increased silicon 

signal, it was decided to stop the analysis at 8.69×1016 ions/cm2 to achieve a balance between 

the disappearance of the nucleus and to ensure that sufficient counts are obtained for all ions 

from the analysed areas. When determining the area of the nucleus in the studied samples 
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during imaging (later), any area that begins to disappear early (sputters faster) is avoided to 

achieve greater reliability in the results.   

In terms of depth profiling of the cytoplasmic area in this cell B2 (Figure 3.9 -b) it was 

observed from the images that the cell disappearance began in the nucleus first and after a 

very short time the disappearance expanded into the cytoplasm, so the silicon signal 

appeared semi-constant in the cytoplasm for a period of time slightly longer than in the 

nucleus with a slight rise starting at a dose of 1.9×1016 ions/cm2. The silicon ion intensity 

then gradually increased at a dose of 6.14×1016 ions/cm2. The nucleus was expected to be 

thicker than the cytoplasm and thus the cytoplasm expected to be sputtered away fully before 

the nucleus, but the opposite was observed with the nucleus disappearing before the 

cytoplasm as observed from the Si behaviour above in the depth profile. The curves of ions 

B, BC, C, P and S have a similar behaviour to what occurred in the nucleus and all of them 

reached steady state at a dose of 1.9×1016 ions/cm2 and began to decrease clearly at a dose 

of 1.32×1017 ions/cm2, and the carbon signal is the most stable. Similarly, CN ion gave the 

same behaviour that appeared in the nucleus and reached steady state at 1.89×1014 and 

decreased at 1.32×1017 ions/cm2. All ions showed a slight decrease during the steady state 

region at the point corresponding to the beginning of the cytoplasm disappearance as 

indicated by the increasing silicon signal. From the depth profile in the cytoplasm it is clear 

that the most appropriate dose for implantation for all ions is 1.9×1016 ions/cm2 and the 

analysis should be stopped at a dose is of 1.32×1017 ions/cm2. As the cytoplasm begins to 

disappear at a dose of 6×1016 ions/cm2, the dose 8.69×1016 ions/cm2 was chosen as a 

compromise so areas that begin to sputter away early are avoided when determining signal 

intensities from the cytoplasm. 

In the D2 cell of BAT sample in both the nucleus and the cytoplasm (Figure 3.10 - a and b), 

it is observed that the signal of all ions rises gradually at the beginning of curves, suggesting 

that the ions are heading towards steady state however a drop in signals intensity was 

observed after this initial rise. When returning to the images to verify the cause of the drop, 

it was observed that there was charging in layers 244 (4.61×1016 ions/cm2) to 388 (7.33×1016 

ions/cm2). After this the charging subsided and the images returned to normal, which 

explains the drop of the counts and then its return to a steady state.   

In the nucleus (Figure 3.10 -a), the intensity of ions B, BC, P and S decrease at 1.2×1017 

ions/cm2. The behaviour of these ions during this profile is similar to that of the nucleus of 

the sample B2. The CN signal began to decrease at dose 1.05×1017 ions/cm2. The Si signal 

increased rapidly at 8.26×1016 ions/cm2 where the images show that the nucleus has begun 
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to disappear. From this curve, 1.9×1016 ions/cm2 was chosen as the dose for implantation, 

and analysis stopped at 1.11×1017 ions/cm2 by the same method that was followed with the 

B2 sample. Similarly, in the cytoplasm (Figure 3.10 -b) at the dose 1.15×1017 ions/cm2 the 

signals of B, BC, P and S decrease, while CN ion drops early at 1.02×1017 ions/cm2 because 

the signal for CN is lower in cytoplasm than the nucleus. The silicon starts to increase 

gradually immediately after the charging at 6.18×1016 ions/cm2 until the whole sample 

disappeared. It was decided to stop the analysis at 1.11×1017 ions/com2 and the implantation 

dose was chosen to be 1.9×1016 ions/cm2. 

Depth profiling in the nucleus of the B3 sample (Figure 3.11 -a) was different from the 

previous samples. The ions curves of B, BC, C, P and S show a gradual increase from the 

beginning of the profiling, while the CN signal starts high and decreases slightly before 

reaching steady state. All the ions except CN reach a plateau from 1.89×1016 ions/cm2 to 

3.57×1016 ions/cm2 and then begin to decrease gradually. The nucleus begins to be sputtered 

at 4.81×1016 ions/cm2 as indicated by the Si signal. This depth profiling was done with only 

250 layers and the sample did not completely disappear, as the experiment was stopped as 

soon as the nucleus was removed. CN signal appears to be different here than the other ions, 

it reaches a high intensity at 1.89×1016 ions/cm2 until it reaches the dose 4.81×1016 ions/cm2. 

This is the typical behaviour of CN in the analysis of biological samples where it is often 

used in SIMS imaging and to focus images [42]–[44]. The dose 1.89×1016 ions/cm2 was 

chosen for primary beam implantation and 3.5×1016 ions/cm2 to stop the analysis since most 

of the ions did not reach the steady state completely. In the cytoplasm (Figure 3.11 -b), the 

ions behaved similarly to the nucleus, except that silicon took a slight upward trend from the 

beginning of the depth profile to the end. The images showed that the majority of silicon 

ions originated from the substrate originating from holes in the sample, also the cytoplasm's 

demise began at the dose 4.17×1016 ions/cm2. Therefore, from this cytoplasm the dose 

1.89×1016 ions/cm2 for implantation and 3.57×1016 ions/cm2 to stop analysis was 

determined. 
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Figure 3.9: Depth profiles from a 40×40 µm2 FoV of the B2 sample shows the changes in 

the intensity of negative secondary ions of 10B, 12C, 10B12C, 12C14N, 29Si, 31P and 32S with 

Cs+ ion beam dose. (a) and (b) depth profiling curves extracted from the nucleus-area 1 and 

cytoplasm-area 2 respectively that was selected in Figure 3.6 
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Figure 3.10: NanoSIMS 50L depth profiles of a) nucleus-area1 and b) cytoplasm-area 2 as 

selected in Figure 3.7 when analyse D2 sample with 40×40 µm2 FoV. The intensity of 

negative secondary ions 10B, 12C, 10B12C, 12C14N, 29Si, 31P and 32S were plotted as a function 

of Cs+ ion beam dose.  
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Figure 3.11: Depth profiles of negative secondary ions: 10B, 12C, 10B12C, 12C14N, 29Si, 31P 

and 32S, obtained from a 25×25 µm2 FoV in B3 sample, plotted against the Cs+ dose. The 

(a) and (b) curves were extracted from nucleus-area 1 and cytoplasm-area 2 respectively as 

illustrated in Figure 3.8. These depth profiles were used to indicate the approximate dose 

required, but the dose will vary from cell to cell depending on thickness, holes, and cellular 

features. 
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From the graphs, it is clear that numerous reasons such as charging, early disappearance of 

the nucleus, holes, thickness and cellular features present mean that steady state may not be 

reached. This makes the precise determination of the beginning and end of the analysis 

slightly different from one cell to another, but performing depth profiling for each cell of 

interest to determine these doses is impractical and time consuming. Therefore, it was 

necessary to make a compromise in determining the implantation dose in order to start the 

analysis at a point where the sample was at, or almost at, steady state, as well as the determine 

the point at which the analysis should be stopped so that sufficient counts could be detected, 

especially from ions that have low concentration such as B, before the cell was sputtered 

away. Thus, the average of the implantation doses was calculated from areas depth profiled 

above and is shown in Table 3.5. An implantation dose of 1.9×1016 ions/cm2 in the analysis 

of all cell cultures samples was used. A dose of 5.89×1016 ions/cm2 was added during 

imaging after implantation, which meant that imaging was stopped before significant cell 

disappearance. This dose was calculated by averaging the doses found in Table 3.5.  

 

Table 3.5: Summary of the doses (ions/cm2) determined during the depth profiling of B2, 

D2 and B3 samples, the calculation of the average of implantation dose and the appropriate 

dose for analysis. 

Samples areas Implantation 

dose (ID) 

(ions/cm2)   

Analysis dose 

(AD) 

(ions/cm2)   

The added dose of the 

image (AD - ID) 

(ions/cm2)   

 

B2 

Nucleus 1.9×1016 8.69×1016 6.8×1016 

Cytoplasm 1.9×1016 8.69×1016 6.8×1016 

 

D2 

Nucleus 1.9×1016 1.11×1017 9.2×1016 

Cytoplasm 1.9×1016 1.11×1017 9.2×1016 

 

B3 

Nucleus 1.89×1016 3.57×1016 1.68×1016 

Cytoplasm 1.89×1016 3.57×1016 1.68×1016 

Average 1.895×1016   5.89×1016 

 

It was found that adding 5.89×1016 ions/cm2 to an area of 40×40 µm2 using D1 = 2, 256×256 

pixels and a dwell time of 2000 µs/pixel took 1 day to complete, increasing the raster size to 
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60×60 µm2 took over two days, making the sample throughput very slow, so the added dose 

was reduced to 1.44×1016 ions/cm2. This dose was selected during the analysis of the first 

samples, where during each image it was verified that sufficient amounts of all ions were 

obtained when this dose was added. This methodology allowed the analysis of all samples 

in the same way with the possibility of comparing them to each other. In addition, C ion 

appears to be the most stable in behaviour compared to other ions, so it was used as an 

internal standard to normalise the other ions to account for ion beam current drift or sample 

charging. 

 

3.6.2.4 Spatial resolution 

Spatial resolution of the NanoSIMS Cs+ beam was determined using the L'image software 

(LR Nittler, Carnegie Institution of Washington). To achieve this, ion images with high-

contrast (i.e. the 29Siˉ image) were used to draw a line profile over the edge of the cell, and 

create a line profile of distance (µm) vs 29Siˉ signal intensity as shown in Figure 3.12 -a and 

b respectively, further detail about image acquisition is given in Chapter 4. By using the 16‒

84% resolution measurement, the distance between the vertical lines in Figure 3.12 -b 

corresponds to a spatial resolution of 400 nm. 

 

 

Figure 3.12: a) 29Siˉ map of the B3 GBM-tumour cell culture imaged by NanoSIMS Cs+ 

beam with D1=2, FoV 60×60 µm2 and 256×256 pixels. The map shows two cells (dark 

areas) on the Si substrate (bright areas) and line profile over the edge of right cell. b) shows 

the graph of distance (µm) vs the 29Siˉ intensity with a spatial resolution of 400 nm 

determined using the 16-84% resolution measurement.
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3.7 Preliminary BioToF-SIMS experiments  

3.7.1 Experimental Section 

1-Sensitivity test: The set of 11BPA standards were analysed in positive mode using a dose 

of 2×1011 ions/cm2 of Au+ beam at 20 keV, rastered in pulsed mode over a FoV of 300×300 

µm2 to acquire a spectrum from the sample surface. The area then underwent a single etch 

using a dose 1×1014 ions/cm2 of Au+ beam with 600×600 µm2 FoV in DC mode. FoV for 

etching was always bigger than FoV for analysis to avoid crater edge effects. The intensities 

were collected again from the sample surface after etching. The analysis was repeated at 3 

different locations for each sample. BioToF-IMS software was used to select the spectrum 

area from 1 to 150 Da and extract the intensities from the peak areas for the secondary ions 

of interest 10B+, 11B+ and 12C+. The 10B+ intensity was normalised to 12C+ intensity to correct 

differences in sputter yields, also the mean and SD of the data were calculated at each 

concentration. 

In addition, depth profiling of several layers (5-13) on the 100 and 1000 ppm samples was 

continued at the same conditions above. The intensity was then extracted from the 10B+ and 

11B+ peaks and normalised to the highest intensity of each ion. 10B+/11B+ ratios were also 

calculated from all 11BPA standards.  All graphs of results were plotted using Microsoft 

Excel. 

2-Depth profiling: the samples were depth profiled in order to determine the number of 

layers (cycles) appropriate to obtain high secondary ion signals before the cells began to 

damage, this is a similar process to that described previously for NanoSIMS analysis (the 

second stage-2nd step). The results were verified on two samples, D3 of BAT and B3 of GBM 

using 20 keV Au+ primary beam with 6 nA current and 256×256 pixels in positive mode. 

With the D3 sample: the intensity of secondary ions were collected from 21 layers of the cell 

surface with FoV 74×74 μm2, subsequently the first etch was performed using a dose similar 

to that in the NanoSIMS experiment of 1.9×1016 ions/cm2 of Au+ with 200×200 μm2 FoV 

in DC mode. The intensities were collected again from 20 layers-three consecutive times, 

each time intensity was summed to the previous 21 layers of the surface to get a final number 

41, 61 and 81 layers of the cell. A second etching with the same dose was then performed 

and the intensities were obtained from 20, 40 and 60 layers respectively-separately from 

previous layers. The third etching and analysis were conducted under the same conditions of 

the second step. The 4th to 11th etchings were carried out as previously but the intensities 

were only measured from 20 layers. The time taken to complete this verification was 15 



156 

 

hours. With B3 sample: the acquisition of ions was performed with 60×60 μm2 FoV in the 

same way as the D3 sample. The 2nd to 4th etchings were carried out under the same 

conditions as the first etch and intensities were obtained after 20 consecutive layers. The 

analysis was stopped after the fourth etching as the result was already clear. The results were 

extracted using the BioToF software to determine the number of layers which are needed to 

achieve high signal intensity. 

3.7.2 BioToF-SIMS Results and Discussion 

3.7.2.1 Sensitivity and spatial resolution 

An increase in spatial resolution in SIMS is always coupled with decrease in sensitivity, 

which may affect the measurement of elements with low concentrations in samples [10]. 

Due to the difficulty of detecting boron intensities (10B+ and 11B+) in the 11BPA standards 

observed with BioToF-SIMS, sensitivity was maximized by controlling a digital delay 

generator (channel C and B) as described in 3.5.1, and also sacrificing spatial resolution by 

increasing the size of the primary ion beam spot to allow the passage of high ion current into 

the sample through apertures with multiple sizes in the column of the LMIG, until maximum 

sensitivity was achieved. This setting was kept constant throughout the experiments along 

with the parameters in Table 3.2. 

In order to verify the sensitivity of BioToF-SIMS the series of 11BPA standards were 

analysed in different concentrations ranging from 1-1000 ppm as explained in 3.7.13.7.1 

(sensitivity test). Figure 3.13 shows a good linear correlation between 11BPA concentrations 

and 10B+/12C+ ratios detected from the surface and the first depth of each sample. It is clear 

from Figure 3.13 that a decrease in the 10B+/12C+ ratios between each two consecutive 

concentrations is a factor ~1.5. However, the 10B+/12C+ ratios at the lower concentration 

1ppm can be detected using BioToF-SIMS, which means the possibility of providing 

acceptable quantitative results. In addition, 10B+/12C+ ratios measured from the surface are ~ 

2 times more intense than 10B+/12C+ ratios measured after first depth profile in all 

concentrations. Depth profiling results of 100 and 1000 ppm samples in Figure 3.14 -a and 

b indicate the replicability of the analysis for several layers. 
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Figure 3.13: 10B+/12C+ ratios obtained from BioToF-SIMS as a function of the B 

concentration in 11BPA standards; ratios acquired from the surface  (blue line) and  after the 

first depth profile (orange line). Each data point represents the mean ± SD of three 

independent measurements. 

 

 

 

Figure 3.14: Depth profiles curves for (a) 1000 ppm and (b) 100 ppm of 11BPA. 10B+ and 

11B+ intensities were normalised to the higher intensity value of each ion. 
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In addition, 10B+/11B+ ratios calculated as a function of the concentrations in Figure 3.15 

show a horizontal straight-line correlation of similar ratios values around 0.33. This ratio 

(0.33) is higher than the natural ratio (0.247) and may be due to the contribution of noise to 

the measurement. These 10B+ /11B+ ratios are not an important parameter for the measurement 

that will conducted in Chapters 4 and 5 because there is less than the natural isotopic 

abundance of 11B in the 10BPA drug used in the preparation of cell cultures and imprints 

samples.  Measurements will focus on the 10B+ signals. 

 

 

Figure 3.15: 10B+/11B+ ratios as a function of 11BPA concentrations obtained from BioToF-

SIMS; ratios were acquired from the surface. Each data point represents the mean of three 

independent measurements. 

 

Under the conditions described above for the sensitivity measurements, the spatial resolution 

of the Au+ beam was determined by a line profile in the BioToF-SIMS software using the 

16-84% resolution measurement on a 300 square copper mesh (3.05 mm - 83 µm pitch - 

Agar Scientific Ltd, UK). The latter was imaged with a FoV of 1082×1082 µm2 with 

256×256 pixels, Figure 3.16 -a. Figure 3.16 -b shows the graph of distance (µm) vs 63Cu+ 

intensity creating from line profile in Figure 3.16 -a. The distance between the red vertical 

doted lines in Figure 3.16 -b corresponds to a spatial resolution of 1-2 µm.  

Thus, in this work the compromise between sensitivity for boron intensity and spatial 

resolution was achieved by using a 1-2 µm Au+ beam which in turn was used for all BioToF-

SIMS experiments to determine the localisation of boron in the real samples from cellular 

cultures and biopsies. 
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Figure 3.16: a) 63Cu+ image of the copper mesh obtained by an Au+ beam-BioToF-SIMS 

with FoV 1082×1082 µm2 and 256×256 pixels. The image shows white line profile over 

the mesh. b) shows the graph of distance (µm) vs the 63Cu+ intensity with a spatial resolution 

of 1-2 µm determined using 16-84% resolution measurement. 

 

3.7.2.2 Study of B3 and D3 samples in depth 

The second step for ToF-SIMS analysis was to determine the primary ion dose and 

corresponding number of layers in depth appropriate for the acquisition of secondary ion 

images from the cells before loss of intensities. The D3 of BAT and B3 of GBM samples 

were selected because they were treated with tyrosine and BPA respectively and this also 

ensured that the same result was obtained in both types of cells. After summing the data from 

the layers at each time point as explained in the section 3.7.1 (depth profiling), the cell of 

interest is determined using BioToF software to extract the mass spectrum. From the mass 

spectrum, the intensities are extracted from the peak area for the positive ions of interest: 

12C, 23Na, 28Si and 39K, all secondary intensities have been normalised for the higher intensity 

value for each ion. 

In the D3 sample of BAT, the highest-intensity ions in the cell,12C+, 23Na+ and 32K+, were 

traced across the layers as a function of the etch dose in Figure 3.17. Figure 3.18 shows that 

the highest intensities of ions were obtained from 81 layers after the 1st etching, while the 

2nd and 3rd etch showed a decrease in the intensities after summing from 20 layers to 61 

layers, indicating probable loss of parts of the cell. After the 4th etching, the drop in intensity 

was very clear indicating a significant loss in cell structure. To make sure, 12C+ and 28Si+ 

intensities were represented as images for each sum of layers in each etch and are shown in 
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Figure 3.18, where the site of the cell on the substrate is inferred from the 12C+ signal and 

the absence of the 28Si+ signal. By observing the ion images across the layers in Figure 3.18 

-a, it is noticed that the intensity of the C+ signal in the cell's body gradually increases until 

it reaches layer 81 after the 1st etching, then the signal intensity decreases after the 2nd and 

3rd etching accompanied by a decrease in the area of the cell, indicating the beginning of 

cell removal. From the 4th etching to the 7th etching, the cell continued to decrease in size. 

From the 8th to the 11th etching, the vast majority of the cell structure has faded and the C+ 

signal has disappeared. 

Conversely, the Si+ signal behavior in Figure 3.18 -b is opposite to that of the C+ signal, the 

Si+ signal was absent from the site of the cell until the analysis reached layer 81. After the 

2nd and 3rd etching, the cell size decreased and the Si+ signal increased in the cell perimeter. 

From the 4th to the 7th etch, the Si+ signal increased at the site of the cell in conjunction with 

the decrease in cell area. From the 8th to the 11th etching, Si+ was detected across the 

location of the cell, confirming the disappearance of the cell structure. 

 In sample B3 of the GBM, in a similar manner to sample D3, the tracing of 12C+, 23Na+ and 

32K+ ions in Figure 3.19 showed that the highest signal of ion intensities was at 81 layers of 

the 1st etching, then decreased after the 2nd etching and continued to decline after the 3rd 

etching with minimal intensities after the 4th etching. Furthermore, the C+ and Si+ ion images 

in Figure 3.20 -a &b showed that the C+ signal intensity increased at layer 81 after the 1st 

etching with the absence of silicon signal from the cell site. After the 2nd etching, the size 

of the cell decreased significantly in conjunction with the decrease in the intensity of the C+ 

signal and the increase of the Si+ signal at the site of the cell. In the 3rd and 4th etching, the 

cell had disappeared. 

Thus, it is concluded that both cell types behave similarly and that the number of layers 

suitable for data collection and obtaining the highest number of ion intensities before the cell 

begins to be significantly eroded is 81 layers, from surface to after the 1st etching, so all cell 

cultures samples were analyzed at this number of layers in depth. 
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Figure 3.17: Positive secondary ion intensities of 12C, 23Na and 32K resulting of D3 cell of 

BAT from different layers (L) in depth plotted as a function of etch dose using a 20 keV Au+ 

beam. The intensities have been normalised for the higher intensity value for each ion. 
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Figure 3.18: BioToF-SIMS images of D3-cell of BAT-biopsy culture in positive mode 

obtained using 20 keV Au+. Images are 256×256 pixels, FoV 74×74 µm2, etching dose was 

1.9×1016 ions/cm2 with FoV 200×200 µm2. The analysis dose in the images is 1.6×1015 

ions/cm2. The images show the C+ signal: m/z 12 in (a) and the Si+ signal: m/z 28 in (b) 

through layers in depth from the 1st to the 11th etching. L: the number of layers summed 

after each etching. 
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Figure 3.19: Secondary ion intensity of the following ions 12C+, 23Na+ and 32K+ resulting 

from different layers (L) in depth of a B3 cell of GBM plotted as a function of etch dose 

using a Au+ beam (20 keV). The intensities have been normalised for the higher intensity 

value for each ion.  

 

 

Figure 3.20: Positive ion BioToF-SIMS images of B3-cell of GBM biopsy cultures exposed 

to 20 keV Au+. Analysis area 60×60 µm2 with 256×256 pixels, etch FoV 200×200 µm2 with 

dose 1.9 × 1016 ions/cm2. The analysis dose in the images is 6.4×1014 ions/cm2. (a) & (b) 

show the images of C+ and Si+ signals intensities at m/z 12 and 28 respectively from a cell 

in depth by summing the layers from the 1st to the 4th etching. L represent the layers number 

after each etching process. 
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4 Determining the Uptake and the Subcellular Distribution of 10-Boron 

in Cell culture samples of Glioblastoma Multiform Tumours (GBM) 

and Brain around Tumour (BAT) Treated with 10B Phenylalanine 

(BPA)1 

4.1 Introduction  

2D and 3D imaging studies on biological samples have received considerable attention in 

chemical and pharmacological analyses because of their ability to provide maps that 

determine the distribution and localisation of elements and molecules at the subcellular level 

in tissues and cells. These studies contribute to the improvement of analysis applications 

using chemical imaging as well as understanding many of the therapeutic aspects in different 

diseases. 10BPA is one of the most important agents of the BNCT treatment used to treat 

malignant tumours as has been explained in Chapter 2. The success of BNCT relies on the 

precise localisation of 10B of the BPA inside the tumour cells, especially in the nuclei, hence 

the need to use imaging techniques able to identify drug distribution sites. Imaging 

experiments require spatial resolution in the acquisition of images, which in turn vary from 

one instrument to another according to the type, energy and focus of analysis beam used. 

In this study, the capabilities of two SIMS instruments were evaluated in the determination 

of the 10B distribution of BPA treatment at the cellular level of biological samples using the 

microprobe imaging approach. The NanoSIMS with a ~ 400 nm diameter Cs+ beam and the 

BioToF-SIMS with a 1-2 µm diameter Au+ beam was used for this work; the instruments 

are described in Chapter 1. The analysed samples were primary cell cultures grown from 

GMB tumour and BAT tissue biopsies of patients with a high degree of tumour. The 

difference between the two biopsies is that the GBM was taken from tumour core and is 

expected to contain many tumour cells, while BAT was taken from the surrounding areas of 

the tumour (brain around tumour, BAT) and contains a few infiltrating tumour cells. This is 

the first time that drug uptake in primary human brain tumour cell cultures have been studied 

with SIMS giving spatial distribution. Both types of samples were treated in vitro in three 

groups: with BPA, addition of tyrosine then BPA, addition of BPA and followed by an efflux 

process. The samples were imaged and the quantitative measurements of the secondary ion 

yields from the boron counts were extracted for the different treatments and compared 

 
1 The main results from this Chapter have now been published. S. Aldossari, G. McMahon, 

N. P. Lockyer, and K. L. Moore, “Microdistribution and quantification of the boron neutron 

capture therapy drug BPA in primary cell cultures of human glioblastoma tumour by 

NanoSIMS,” Analyst, vol. 144, pp. 6214–6224, 2019. DOI: 10.1039/C9AN01336A. 

https://doi.org/10.1039/C9AN01336A
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between the samples. The results from the two instruments were then compared in terms of 

spatial resolution of imaging and quantification. 

 

4.2 Experimental section  

4.2.1 Sample preparation  

The preparation of primary cell cultures samples of GBM and BAT was explained in section 

3.2.2.1. There were 4 different biopsies: 2 of GBM tumour (A & B) and 2 of BAT tissue (C 

& D) respectively; and 4 treatment groups for B and D biopsies:  

1. Control (no drugs).    

2. 10 mM 10BPA-mannitol for 4 h (10BPA-mannitol was gifted from Cancer Research, 

UK). 

3. 10 mM Tyrosine-mannitol for 4 h (Sigma Aldrich, UK) followed by a wash and then 4 

h incubation with 10 mM 10BPA-mannitol. 

4. 4 h 10BPA-mannitol (10 mM) followed by 4 h efflux.   

For the remainder of the thesis 10BPA-mannitol will be referred to as 10BPA. 

For the A and C biopsies, there was only one sample from each type without treatment 

(1=control). After treatment the silicon wafers were washed with ice-cold physiological pH 

saline and were immediately flash-frozen in isopentane/liquid nitrogen and stored at -80 °C 

until analysis [1]. 

Prior to analysis with SIMS the samples were prepared by freeze-drying at Manchester. 

Samples were transferred to the surface analysis research lab in a solid carbon dioxide ice 

basin at -78 °C, then mounted on a pre-cooled copper stub under N2 gas flow and left in a 

vacuum chamber overnight and under a pressure of 1 × 10-8 mbar. After 24 hours, the 

samples were ready for SIMS analysis.  
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4.2.2 SIMS analysis  

4.2.2.1 NanoSIMS analysis  

The NanoSIMS 50L instrument is discussed in Chapter 1. For each NanoSIMS session and 

before beginning the analysis of each sample, the current of the Cs+ beam was measured in 

FCo with all D1 apertures. Based on the results of the preliminary experiments in Chapter 

3, the samples were analysed with NanoSIMS in two stages as follows. 

The first stage: The natural boron isotope ratios in the control samples of cell cultures (A1-

B1 of GBM and C1-D1 of BAT) and the increase in boron isotopes signals for the treated 

samples of cell cultures (B2 of GBM and D2 of BAT) were verified. The mass detectors 

were tuned to detect the following negative secondary ions 10B, 11B, 12C, 10B12C, 12C14N,  

29Si and 31P simultaneously. The positions of the isotopic peaks were calibrated using a 

reference standard suitable for each ion to avoid any interferences between ions, and checked 

by HMR scans as explained previously in sections 3.6.1 (the second stage-1st step) and 

3.6.2.2. The CCD camera in the NanoSIMS instrument was used to choose ROIs of cells to 

perform detailed analysis. The samples were implanted using a Cs+ dose of 1.9×1016 

ions/cm2 (as determined in section 3.6.2.3) with D1=0 (unfocused beam) and rastering over 

an area of 100×100 µm2.  Images were then acquired adding a further dose of 1.44×1016 

ions/cm2 to the ROIs with D1 = 2 with a beam current ranging from 2-3.4 pA.  During 

imaging, the Cs+ ion beam was rastered on an area between 35×35 and 75×75 µm2 

depending on the single cell size or 75×75 and 80×80 µm2 when imaging more than one 

cell together in the same frame. In all images the dwell time was 2000 µs/pixel with 256×256 

pixels. Under these imaging conditions, the Cs+ beam provides a spatial resolution of 400 

nm as described in section 3.6.2.4. The images were processed using the Fiji -ImageJ 

software with Open MIMS plugin, the software details were mentioned in Chapter 3. The 

graphs of results and quantification were carried out using Origin and Microsoft Excel. 

The second stage (The main experiment): The aim was to study and compare the distribution 

of 10B from BPA drug at the cellular level in cell cultures, the GBM samples (B2, B3, B4) 

and BAT samples (D2, D3, D4) and compare the amount of 10B between treatments. The ion 

detectors were tuned to collect the following negative ions 10B, 12C, 10B12C, 12C14N, 29Si, 31P 

and 32S simultaneously. Cells were selected using the CCD and analysed in the same way as 

in the first stage above using the same Cs+ doses for implantation and image acquisition. The 

beam current intensity ranged from 1.9-5.3 pA. The FoV of primary ion beam during 

imaging ranged from 35×35 - 60×60 µm2 with a single cell or 56×56 - 80×80 µm2 for areas 
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containing more than one cell. All NanoSIMS images were acquired with D1=2, 256×256 

pixels and a dwell time of 2000 µs/pixel. The processing of images and the graphs of results 

and quantification were performed using the same software mentioned above. 

 

4.2.2.2 BioToF-SIMS analysis  

The BioToF-SIMS instrument was previously discussed in Chapter 1. All GBM tumour and 

BAT samples were analysed (etching and imaging) with a Au+ primary beam (LMIG: 

Ionoptika Ltd., UK) at 20 keV and 4-9 nA current in positive mode with 256×256 pixels. 

The pulse width of the Au+ beam was 100 ns for acquisitions in order to increase 

measurement sensitivity. A Au+ beam in imaging mode provides a spatial resolution of 1-2 

µm using the instrument setting conditions as described in sections 3.7.1 and 3.7.2.1. 

The main experiment to study the distribution and amount of the drug in the samples is 

described as follows. Data were acquired from 21 layers of cell surface in pulse mode with 

a variable FoV depending on the cell size under study, between 60×60 μm2 to 252×252 μm2. 

The area was then exposed one etching using a dose of 1.9×1016 ions/cm2 of Au+ beam in 

DC mode with a FoV 350×350 μm2 to 600×600 μm2, the etched area was selected to be at 

least twice the size of the image FoV to avoid the crater edge effects. After etching data was 

collected again using the pulsed beam from 60 extra layers and added them to the data of the 

first 21 layers. Finally, data was processed from the total 81 layers, where accumulated doses 

of primary ions were 2-5×1014 ions/cm2. BioToF software was used to select the spectral 

region from 1 to 150 Da and generate maps of relevant ions 10B+, 11B+, 12C+, 23Na+, 28Si+ and 

39K+. The time taken to complete one experiment was approximately 3-5 hours.  The analysis 

was repeated 3-5 times on different cells for each sample. The processing of images and the 

graphs of results and quantification were performed as described in section 3.5.2. 
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4.2.3 NanoSIMS results and discussion 

4.2.3.1 Chemical imaging of boron isotopes (First stage) 

In this step, the ratios of boron isotopes (10B/11B) and their comparison with natural ratio 

were verified to check the source of the boron in the treated samples compared to the control 

samples. All control samples (A1, B1, C1 and D1) and treated cell samples (B2 and D2) with 

BPA for 4h were analysed under the same analytical conditions and compared quantitatively. 

4.2.3.1.1  Control samples imaging 

The negative secondary ion maps from the area indicated with an arrow in the CCD image 

in A1 of GBM control sample (Cell Culture), which was not pre-treated with BPA drug, are 

presented in Figure 4.1. It is clear from the maps that there is a significant difference in the 

distribution of ions, which helps to distinguish the cell morphology (nucleus and cytoplasm).  

SE maps show the general structure of the cell. The Si map also shows that the cell 

completely covered the silicon substrate and was free of holes. The carbon map shows high 

intensity of the C ion across the cell with a slight contrast between the nucleus and 

cytoplasm, while the CN map showed lower signal intensity than the C with more contrast 

between the parts of the cell. The P indicated the position of the nucleus where it was much 

more intense than the cytoplasm. The most important thing here is that the NanoSIMS 

detected very weak signals for each of the 10B, 11B and 10B12C, which were distributed across 

the cell in similar pattern. This is to be expected because this sample was not pre-treated 

with BPA. Despite the low counts of these ions, they accumulate heavily outside of the cell, 

specifically around the cell. The entire cell was selected with the avoidance of some features, 

specifically in the top right part of the cell, which gave a high signal with CN, low signal 

with C, and no P signal. These features do not appear as holes in the Si map, so it is likely 

to be a contaminant on the surface. The area around the edge of the cell, where the P and C 

signals are high, has not been determined to be within the cell because of the uncertainty of 

the identity of this area. This has been discussed in more detail in section 4.2.3.2.4. Figure 

4.2 shows another control cell, B1, from a different GBM tumour biopsy (cell culture). In 

boron isotopes maps, the ions showed a similar distribution pattern  to cell A1. In the B1 cell 

there are small features uniformly distributed across the cell which give varying signal 

intensities of C, CN and P, these are likely to be crystals from the sample preparation 

medium. 
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Figure 4.3 & 4.4 shows the imaging of C1 and D1 control cell cultures from two different 

BAT biopsies. It is observed from the images that all ions were distributed across the cell in 

a pattern similar to that of the A1 cell. Looking at the maps of boron isotopes, 10B and 11B 

signals accumulate in the outer perimeter of the cell more than inside the cell, where high 

signals of P and C appear. On the surface of cell D1 in Figure 4.4, there are features that 

look like branches. Wherever these features are found, a slight decrease in the ion signal 

intensity was observed which may indicate that these are crystals that originate from the 

medium of preparation. Analysis was repeated on different cells for each sample at least 

three times. All control sample images, although different in origin (different patients) and 

type (BAT or GBM), showed similar results for the distribution of boron isotopes in terms 

of localisation. The total counts of 11B summed from the cell is four times the total 10B counts 

consistent with the natural isotope ratio. The primary ion beam settings in this experiment 

provided sufficient spatial resolution, as shown in the images of C, CN and P, to allow cell 

morphology to be distinguished from features on the cell surface. 
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Figure 4.1: NanoSIMS analysis for cell A1 of GBM control sample with FoV 75×75 µm2. 

The arrow in the CCD camera image indicates the chosen cell (scale bar 200 µm). SE: 

secondary electron image shows the total structure of the cell. Images of the following 

negative secondary ions: 10B,  11B,  12C,  10B12C,  12C14N,  29Si and 31P show the ion distribution 

across the cell. 
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Figure 4.2: The analysis of cell B1 of GBM control sample with FoV 40×40 µm2 by 

NanoSIMS. The selected cell for analysis is shown in the CCD camera image (scale bar 100 

µm). SE: secondary electron image shows the total cell structure. Images of the following 

negative secondary ions: 10B,  11B,  12C,  10B12C,  12C14N,  29Si and 31P show the ion distribution 

across the cell. 
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Figure 4.3: NanoSIMS analysis of a C1 cell of BAT control sample with FoV 40×40 µm2. 

CCD camera image (scale bar 200 µm) indicating selected cell for analysis by arrow. SE: 

secondary electron image shows the general shape of the cell. Images of the following 

negative secondary ions: 10B,  11B,  12C,  10B12C,  12C14N,  29Si and 31P show the ion distribution 

across the cell. 
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Figure 4.4: NanoSIMS analysis of cell culture D1 of BAT control sample with FoV 35×35 

µm2. The chosen cell for analysis is marked by an arrow in the CCD camera image (scale 

bar 200 µm). SE: secondary electron image displays the total cell structure. Images of the 

following negative secondary ions: 10B, 11B, 12C, 10B12C, 12C14N, 29Si and 31P show the ion 

distribution across the cell. 
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4.2.3.1.2  B2 of GBM and D2 of BAT imaging 

Images of the cell culture B2 sample, which was pre-treated with BPA for 4 hours, are shown 

in Figure 4.5. Cell morphology was evident from the distribution of C, CN and P ions with 

the same features as shown for sample A1. The SE image showed the general shape and 

location of the cells, while the Si map showed no holes in the cell body. In terms of the 

distribution of the boron isotopes, it is noted that both 10B and 11B are distributed in a pattern 

very similar to sample A1, but the 10B and the 10B12C signals in this sample are higher than 

the control samples. The 10B map shows that there is greater accumulation of 10B in the 

nuclei and areas surrounding the cell compared to the 11B. Despite the weakness of the 11B 

signals, the localisation of 11B was more around the cell than inside it. The 10B is in an active 

form (in BPA) to promote its uptake into the cell, while any contamination from 11B is not 

likely to be in an active form and remains outside the cell. The cytoplasmic region of the B2 

cell exhibited accumulation of 10B in contrast to the control samples. 

Figure 4.6 shows the images of D2 sample of cell culture which was also incubated with 

BPA drug for 4-hours. C, CN and P ions images are localised to specific cell morphology 

and are distributed across the nucleus and cytoplasm in a manner similar to all previous cells. 

Boron isotope maps again showed that the signal intensity of 10B was higher than 11B. 10B 

accumulates in the nucleus and the area surrounding the cell, as well as in the cytoplasm at 

a lower level. The 11B signal was low and does not show preferential accumulation within 

the cell. 

This analysis was repeated at least three times on other cells for each sample. 

It is clear in both B2 and D2 samples that the pre-treatment with the BPA resulted in a clear 

accumulation of 10B in cells which was different between the parts of the cell, whereas the 

boron isotope signals in the control samples represented the natural background level of 

boron where 11B signal was more intense than that of 10B. Thus, the difference in the 

distribution of boron isotopes and signal intensity between the control samples and the 

treated samples with low concentrations of BPA is evident from the imaging of samples. In 

addition, in both samples B2 and D2 the total counts of 10B summed from cell is ~ 6-fold 

higher than the 11B counts, which is completely opposite to the control samples. This 

indicates that the B2 and D2 samples absorbed the BPA enriched in 10B. 
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Figure 4.5: NanoSIMS analysis of cell B2 of pre-treated GBM sample with BPA for 4 hours 

in a FoV of 80×80 µm2. SE map shows the total cells structures. The maps of negative 

secondary ions: 10B, 11B, 12C, 10B12C, 12C14N, 29Si and 31P show the ion distribution across 

the cell. )Nu) refers to nucleus and (Cy) refers to cytoplasm. 
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Figure 4.6: NanoSIMS analysis of cell D2 of pre-treated BAT sample with BPA drug (4 h) 

in a FoV of 45×45 µm2. Secondary electron map shows the cell structure. The maps of 

negative secondary ions: 10B,  11B,  12C,  10B12C,  12C14N,  29Si and 31P show the ion distribution 

across the cell. )Nu) refers to nucleus and (Cy) refers to cytoplasm. 
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4.2.3.1.3  Quantitative determination of boron isotope ratios 

The ratios of stable boron isotopes, 10B/11B, from identified cells in the NanoSIMS maps for 

all control samples as well as B2 and D2 samples, which were pre-treated with BPA, were 

calculated to compare between them as well as to compare them with the natural ratio. The 

results are shown in Figure 4.7. In the A1 and B1 samples of GBM control samples, Figure 

4.7-a, the 10B/11B ratios were 0.26 ± 0.02 and 0.27 ± 0.02 (mean ± SD) respectively with a 

median value of 0.27. In addition, the 10B/11B counts ratios in C1 and D1 of BAT control 

sample, Figure 4.7 -a, were 0.26 ± 0.02 and 0.25 ± 0.03 respectively with a median value of 

0.25. These values agree well with the natural ratio of B isotopes (10B/11B) which is 0.247 

i.e. roughly 1:4 of 10B:11B [2][3].  

In contrast, the boron isotope ratios were significantly higher in the B2 and D2 samples, 

Figure 4.7 -b. 10B/11B ratios were 4.7 ± 0.6 in B2 with median 4.6, and 6.4 ± 0.7 in the D2 

with  median value of 6.6, which means that the 10B/11B ratio in treated samples is ~ 18-26 

times higher than natural level.  

The box plot schematic shows the values represented: the maximum and minimum values 

of the counts, first quarter (Q1), median, mean (X), third quarter (Q3) and the interquartile 

range (IQR) as in Figure 4.7 -c. 

These results demonstrate that the control samples have the natural isotope ratio giving a 

higher 11B signal than 10B, as is apparent in Figures 4.1-4.4. Treated samples showed a large 

increase in the boron isotope ratio with 10B significantly higher than 11B, which confirms 

that the samples took the BPA into cell bodies where potentially it can be activated by 

radiotherapy and that the NanoSIMS can detect an increase in 10B signal over background 

levels. 
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Figure 4.7: A comparison of the boron isotope ratios determined by NanoSIMS in the 

control samples and pre-treated samples with BPA. Panel a: The 10B/11B ratios in the control 

samples, A1 and B1 cultured cells of different GBM biopsies, C1 and D1 cultured cells of 

different BAT biopsies. All control samples gave ratios values ranging from 0.25-0.27 

similar to the value of natural ratio of 0.25. Panel b: The ratios of 10B/11B in the pre-treated 

samples (cells cultures) with 4h of BPA, B2 cells of GBM biopsy, D2 cells of BAT biopsy. 

B2 and D2 gave high ratios of 10B/11B ranging from 4.6-6.6. There was significant difference 

in 10B/11B ratio between control samples and pre-treated samples. n: number of cells 

analysed. Panel c: The box plot schematic explains the meaning of the data in panels a and 

b; the maximum and minimum values of the counts, Q1: first quarter, median, X: mean, Q3: 

third quarter, IQR: the interquartile range. 
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4.2.3.2 Cellular imaging analysis of 10B distribution from BPA drug in 

GBM (B group) and BAT (D group) samples of cells cultures 

(Second stage) 

In this step, which represents the main experiment to achieve the objective of the research, 

the distribution and localisation of 10B from BPA drug at the cellular level in the cell cultures 

was studied in order to assess the NanoSIMS imaging capabilities in terms of spatial 

resolution and sensitivity. To achieve the quantitative comparison, all GBM samples (B 

group) and BAT samples (D group) were analysed under the same analytical conditions, 

Table 4.1 summarizes the treated groups in the cultured cells. B1 and D1 control samples 

were previously discussed in section 4.2.3.1.1 and Figures 4.2 and 4.4. 

In the experimental set-up, the D1 aperture was set to position number 2 in order to generate 

a good secondary ion yield of the selected ions within a reasonable time period with good 

spatial resolution for the acquisition of clear images. The dwell time was selected to be 2000 

μs to make the analysis possible across many layers before holes started appearing in the 

sample. The image resolution was set to 256×256 pixels to acquire the data in a reasonable 

time frame.  

 

Table 4.1: Summary of the treated groups in the cultured cells. 

B group D group 

B1 GBM control D1 BAT control 

B2 GBM + BPA (4h) D2 BAT + BPA (4h) 

B3 GBM + Tyrosine (4h) + BPA (4h) D3 BAT + Tyrosine (4h) + BPA (4h) 

B4 GBM + BPA (4h) +efflux (4h) D4 BAT + BPA (4h) +efflux (4h) 

 

 

 

4.2.3.2.1  B2 maps 

The B2 cell culture sample of GBM tumour was treated with a 10 mM BPA for 4 hours. The 

CCD camera in the NanoSIMS was used to select a cell for analysis as shown in Figure 4.8 

which displays the optical image of the cell before and after NanoSIMS analysis. 
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Figure 4.8: Images from the CCD camera showing the B2 cell chosen for NanoSIMS 

imaging before (a) and after (b) analysis. The images (a & b) also show the location of a 

depth profiling crater discussed in the section 3.6.2.3 and Figure 3.6. Scale bar = 100 µm. 

 

The NanoSIMS maps of the secondary ions of the selected area are shown in Figure 4.9. 

The maps show contrast in the distribution of ions between cell compartments which have 

been separated into nucleus (region 1- green line) and cytoplasm (region 2- red line). The 

SE map shows the general morphological features of the cell where the nucleus and 

cytoplasm regions of the cell can be clearly distinguished, as well as the outer area around 

the cell and small features on the surface. The Si map shows the area covered by the cell and 

confirms that there are no holes in the cell and that the cell has not been completely sputtered 

away during the acquisition of images (adding a dose of 1.44×1016 ions/cm2). The Si map is 

used during the identification of ROIs from the cell to avoid areas where the Si signal appears 

high such as around the outer edge of the cell. 

The C map shows that carbon is distributed relatively uniformly between cellular parts, and 

is highly concentrated around the edge of the cell. The C ion signal intensity is higher than 

the rest of the ions signals as found by comparing the total counts of ions summed from cell. 

CN also has a high signal intensity but CN is more localised in the nucleus than cytoplasm, 

this is because the nucleus contains proteins and DNA, and the latter contains many 

nitrogenous bases [4]–[6]. The high intensity of the CN signal and the clear difference in 

intensity and localisation in different cellular parts makes it an important and commonly 

used ion for imaging biological samples and is easy to detect using the NanoSIMS [7]–[9]. 
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The distribution of CN in the B2 sample is similar to its distribution in human breast 

adenocarcinoma (MDA) cells that reported by Wedlock et al. [10],  and in the tissue sections 

of mouse cochlea [9]. The cell structure is rich in C and CN ions, this is due to the cell 

composition which is rich in many substances such as carbohydrates, proteins, lipids and 

amino acids [11]–[13]. 

Phosphorous was more concentrated in the nucleus region than the cytoplasm. This is 

consistent with many imaging studies that used phosphorus to infer the nucleus site because 

the nucleus contains the chromosomes which in turn are rich in phosphate groups in the 

DNA synthesis [10][14]–[16]. In addition, one study identified chromatin locations in the 

nucleus by imaging the distribution of phosphorus ions in semi-thin sections of human colon 

cancer cells line [17].  The S ion map shows a higher intensity in the cytoplasm with localised 

regions of high-intensity observed on the nucleus, this is similar to the distribution of sulfur 

in human colon cancer cells where it was co-localised with P generally in the cytoplasm and 

specifically in the nucleolus and chromatin inside the nucleus [17]. The sulfur ion can also 

be used to trace the lysosomes sites in the cytoplasm of cells [14][18]. The source of sulfur 

is usually sulfur -containing amino acids such as methionine and glutathione which in turn 

are involved in different biological processes in cells, the most important of which is protein 

synthesis [19][20]. 

In the middle and slightly towards the bottom of the nucleus there is a small oval feature in 

the SE map with higher accumulation of CN, P and S as indicated by the maps. This feature 

may indicate a nucleolus and this is consistent with the result of Legin et al. which showed 

co-localisation of CN, P and S ions in the nucleoli of a human colon cancer cells line [17]. 

In the SE map, the apparent change in surface morphology outside the nucleus in the lower 

left side of cytoplasm where the CN and P signal is weak and the S signal is high, may 

indicate the presence of lysosomes. This is similar to what Lau et al. found during the study 

of ATN-224 treatment distribution in Human umbilical cord endothelial cells line [14]. 

The bright white area surrounding the outer edge of the cell was discussed separately in 

section 4.2.3.2.4. 
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Figure 4.9: NanoSIMS maps for B2 sample of GBM-cell culture incubated in 10 mM of 

10BPA for 4h and was imaged in FoV 40×40 µm2 with 256×256 pixels. SE: secondary 

electron map shows the structure of the cell. The maps of negative secondary ions: 10B, 12C, 

10B12C, 12C14N, 29Si, 31P and 32S respectively display the ions distribution across the cell 

compartments; ROI1- Nucleus (green line) and ROI2- Cytoplasm (red line). Arrow in 10B12C 

map refers to a feature concentrated in boron. 
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What is important here is that the 10B signal shows that the accumulation of boron of the 

BPA is heterogeneous between the nuclear and cytoplasmic compartments. The 

accumulation of 10B in the nucleus and the area surrounding the cell was clearly higher than 

the cytoplasm. The 10B12C signal shows an identical distribution to 10B, with a higher signal 

in the nucleus than the cytoplasm. The distribution pattern of 10B and 10B12C was similar in 

the all analysed cells of the B2 sample (n = 3). It is also noted in the 10B and 10B12C maps 

that boron is detected across the cytoplasm and shows a small concentrated feature in the 

lower left corner of the cytoplasm (arrow in 10B12C map) which corresponded with a reduced 

P signal. This increase in boron signal is unlikely to be due to the topography as other signals 

did not have a corresponding increase in signal. The accumulation may be related to 

unknown organelles which are not visible with the ions being detected by the NanoSIMS.   

When comparing the B2 cell shown in Figure 4.9 with the B1-control cell in Figure 4.2 the 

B2 cell confirms the accumulation of 10B and 10B12C of BPA drug in the cell compartments 

in contrast to the untreated B1-control cell that only shows natural ratios of boron isotopes 

as explained in section 4.2.3.1. 1 and a lower intensity of boron species.  

The preferential accumulation of 10B and 10B12C ions in the cell nucleus (which was not 

observed in the control samples) increases the chances of successful tumour cell destruction 

if it is exposed to a fission reaction by low-energy thermal neutrons. The resulting high 

energy linear particles only penetrate the cells a short distance and lead to the elimination of 

tumour cells [21]–[24], preferential localisation of 10B in the nucleus is therefore 

preferential. 

 

4.2.3.2.2  B3 maps 

The B3 of GBM tumour cell culture sample was treated with tyrosine at a concentration of 

10 mM for 4h and then incubated with 10 mM of BPA for 4h. The purpose of pre-treatment 

with tyrosine is to investigate of extent to which tyrosine enhances BPA uptake in tumour 

cells as indicated by previous studies [25]–[27]. Figure 4.11 shows the maps of the ion 

distributions obtained from the NanoSIMS from the selected region in the CCD-image in 

Figure 4.10. Two cells were imaged, so the nuclei represent areas 1 & 2 (green lines) while 

the cytoplasmic regions represent areas 3 & 4 (red lines). 

The SE map provides a clear image of the surface features, the whole shape of the cells and 

the surrounding outer area of the cells. The Si map shows the area of substrate covered by 



187 

 

the cells and confirms that the cell structure is relatively intact. In nucleus 2 there are holes 

through which the silicon signal appears, so they were avoided during selection of the ROI 

in the cells and extraction of quantitative data.  

The maps show that C, CN, P, and S ions are distributed among cell compartments with a 

similar distribution to the B2 sample. The C map shows a relatively uniform distribution 

across cell compartments, with high signal intensity in the area surrounding the cells. The 

CN map also gives high ion signals in all cells and is more concentrated in the nuclei than 

in the cytoplasm regions because of the presence of protein and DNA which is, in turn, rich 

in nitrogenous bases. CN does not show a higher intensity around the edge of the cell unlike 

carbon. P ions were distributed differently between cell compartments and accumulated in 

the nuclei more than in the cytoplasm due to the nuclei containing the chromatin which in 

turn contains phosphate groups. The phosphorus signals showed high intensity in the outer 

edge surrounding the cells and the area between the cells. The distribution of S ions is similar 

to the carbon distribution pattern where it is distributed relatively uniformly across cells with 

a slightly elevated localisation at the outer edge of the cells. 

 

 

Figure 4.10: Images from the CCD camera showing the B3 cell chosen before (a) and after 

(b) analysis with the NanoSIMS (arrow). Scale bar = 200 µm. 
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Figure 4.11: NanoSIMS maps from the B3 GBM-tumour cell culture treated with 10 mM 

of tyrosine (4h) then 10 mM of BPA (4h). SE: secondary electron map shows the general 

shape of the cells. The maps show the subcellular distribution of negative ions of 10B, 12C, 

10B12C, 12C14N, 29Si, 31P and 32S respectively in the cell compartments. The areas within the 

green lines (1&2) display the position of the nuclei and red lines (3&4) indicate the 

cytoplasm. The FoV was 60×60 µm2 with 256×256 pixels. 
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In the phosphorus map, the nucleus of cell-1 shows the existence of two unknown features 

where the P signal is absent, while showing a high S signal and signals of C and CN which 

are similar to surrounding areas of nucleus. In the same cell-1 nucleus from left and right 

edges some features which look like holes in the SE map have appeared. Within these 

features, which are likely to be contaminants on the surface, the signals of all measured ions 

disappear, but Si is not detected indicating these are not holes. 

In terms of localisation of boron, the maps indicate that 10B and 10B12C ions accumulate 

strongly in the nuclei with lower signals in the cytoplasm and high signals at the outer edge 

and the area between the cells, which is a pattern similar to the boron distribution in the B2 

sample which confirms the BPA uptake by the samples. All the analysed cells in the B3 

sample (n = 3) showed similar accumulation of 10B and 10B12C ions. 

By analysing the counts of  10B and 10B12C in samples B2 (Figure 4.9) and B3 (Figure 4.11), 

it was observed that for the B3 samples the 10B12C ion is more intense, while the 10B ion 

signal intensity was ~ 3 times lower than the summed signals in the B2 cells, possibly 

indicating that tyrosine did not induce an increase in BPA absorption in the B3 sample. It is 

also evident from the analysis of the B3 sample that 10B12C signal was ~ 4 times higher than 

the 10B signal. More details on 10B/12C and 10B12C/12C ratios are discussed in 4.2.3.2.5. 

 

4.2.3.2.3  B4 maps 

The B4 cell culture of GBM sample was incubated with 10 mM of BPA and was then 

exposed to an efflux process. Both uptake and efflux mechanisms of the drug were 

performed for 4h to ensure the highest level of BPA uptake was achieved and then returned 

to the minimum level of treatment in the cell via efflux at the same speed (two counteractive 

processes). The purpose of this step is to verify the effect of the efflux process on the level 

of boron in the cell. Figure 4.12 and Figure 4.13 shows the CCD images of the cell selected 

for analysis and the ion distribution maps obtained from the NanoSIMS respectively. The 

cell of interest was determined in the maps so that the nucleus represented area 1 (the green 

line) while the cytoplasm represented area 2 (the red line). 
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Figure 4.12: The CCD camera images refers to (a) the selected cell in B4 for NanoSIMS 

analysis and (b) the shape of cell after analysis (arrows). Other bright spots in the image (b) 

show the locations of other cells analysed. Scale bar = 200 µm. 

 

In Figure 4.13 the SE map shows the full structure of the cell and that it is connected to 

other cells in the upper and lower parts of the image. The Si map confirmed the integrity of 

the cell structure during the acquisition of the images with a dose 1.44 × 1016 ions/cm2. The 

ion maps show that C, CN, P and S were distributed between the cell parts in a similar way 

to the maps of the B2 and B3 samples. Both C and CN ions provided high ion signal intensity 

across the cell. The distribution of the C ion was relatively uniform with high intensity at the 

outer edge, whereas the CN ion was higher in the nucleus than in the cytoplasm and showed 

no clear localisation to the outer edge. The P map shows the very high accumulation of ions 

in the nucleus compared to the cytoplasm, also P is co-localised with C at the outer edge. 

The S map shows the distribution of ions is roughly uniform with a higher concentration in 

the outer edge of the cell, like the C ion. This pattern in the distribution of C, CN, P and S 

was explained in more detail during in the discussion of B2 sample maps.  

The bottom right corner of the image out of cell shows a high ion signal of S and CN, while 

the C and P signals were low. This area completely covered the Si substrate so may indicate 

that this is a part of the tissue that binds this cell with the neighbouring cell. Topography 

may have affected the intensity of the ion signals as is evident in the SE map in Figure 4.13.  

The distribution maps of boron signals detected as 10B and 10B12C showed that the intensity 

in the nucleus was higher than the cytoplasm and that the ions showed an accumulation in 
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the outer edge surrounding the cell, which was discussed separately in section 4.2.3.2.4. The 

localisation of the boron between the cell compartments in this sample is similar to that of 

the B2 and B3 samples. All cells analysed in the B4 sample (n = 5) gave a similar distribution 

of boron.  

By comparing the normalised intensities of the boron signals summed from cells in B4 and 

previous samples B1, B2 and B3 in Figure 4.13, 4.2, 4.9 and 4.11, it is clear that the signal 

intensity of 10B and 10B12C in sample B4 is lower than the B2 and B3 samples by a factor of 

~ 9 and 4 respectively, which suggests the efflux process resulted in a clear reduction in the 

BPA uptake. However, the normalised intensities of 10B and 10B12C signals in B4 remained 

higher than the B1 by a factor of ~12, this indicates that a portion of the ions remained in the 

cell which in turn proves that the efflux process is slower than the uptake process and there 

is not a complete loss of all absorbed ions within 4h. In addition, the normalised intensity of 

10B12C signal in B4 sample was ~ 6 times higher than the 10B signal. More details on 10B/12C 

and 10B12C/12C ratios are discussed in 4.2.3.2.5. 
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Figure 4.13: NanoSIMS analysis for B4 of GBM cell culture treated with 10mM of BPA 

(4h) then exposed to an efflux process (4h). SE: map of secondary electrons shows the 

overall structure of the cell. SIMS maps reveal the distribution of negative ions respectively 

10B, 12C, 10B12C, 12C14N, 29Si, 31P and 32S within cellular parts; nucleus (green line) and 

cytoplasm (red line) with a FoV of 35×35 µm2 and 256×256 pixels. 
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4.2.3.2.4  The outer edge of cells 

The bright white area around the outer edge of the cell shows high signal intensities of B, C, 

BC, P and S ions while the CN signal is low. The Si signal shows that this area around the 

edge of the cell has numerous holes. It is difficult to interpret the area around the edge of the 

cell for several reasons. 

First, in the prepared cultures, cells may be connected to each other rather than isolated 

[28][1]. Looking at the CCD image of the B2 sample in Figure 4.8 -a, as well as all the CCD 

images and maps of the analyzed cells, the area surrounding the cell sometimes appears to 

be a connection between cells, but this connection does not appear on all sides of the cell. In 

these unconnected regions the sample may have shrunk during sample preparation or during 

preparation for SIMS analysis in vacuum, or this area was removed during the primary ion 

beam implantation process before NanoSIMS analysis. For further illustration, in Figure 4.6 

the area around the cell shows a connection between the displayed cell and the adjacent cell 

in the top right corner of the maps where the Si signal is low and the signal intensity of all 

other ions is high. In addition, the connection in Figure 4.5 is shown on the left side of the 

maps with high signals of Si, it is also possible to observe possible remnants of links between 

the two cells in the middle of the maps which may have been removed during the 

implantation process, where the signal of all ions except for silicon appears to be weak, while 

there is almost no CN signal. The area surrounding the cell in Figure 4.3 shows a connection 

from the upper right corner with high ion signal intensity for both C and P and a reasonable 

intensity of the CN ion. 

Secondly, a part of the area around the cell edge probably represents the cell membrane with 

reasonable signal of S, and a high signals of P and C due to the presence of phospholipids, 

proteins, lipids and carbohydrates in the membrane composition [12][13][29]. Furthermore, 

the studies [30]–[32] indicated that the cell membrane contains LAT-1 transporters, channels 

of protein [33], responsible for the transfer of L-amino acids such as BPA into the cell 

through an active uptake process. At the same time the efflux process occurs, which is less 

active than the uptake process, where BPA goes out of cell [30]–[32]. Both processes 

indicate that the boron will be present in the cell membrane, this may explain the high signal 

intensity of B and BC around the edge of the cell as shown in all previous figures of BPA 

treated cells. However, the activity of the LAT-1 transporters may vary depending on the 

cell cycle [34]–[36], which indicates a probability that the intensity of the boron signal in 

this region will vary. However, the literature is not in agreement about how the cell cycle 

will affect the BPA uptake as discussed in section 2.2.2. In addition, investigating 
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distribution as a function of cell cycle is challenging in this cell culture as they are primary 

cells not cell lines. The thickness of the cell membrane ranges approximately between 4 - 10 

nm [37][38], but it is noted from the maps of the analyzed cells that this bright white region 

sometimes appears as much as ~ 2µm thick around the cell as in Figure 4.6 and 4.9, while 

it looks ~ 18 µm thick in other cells. This would suggest that the membrane is spread out or 

flat on the substrate as in Figure 4.3. Most often, the thickness of white area varies around 

a cell as shown in Figure 4.2, 4.4, 4.5, and 4.9. This variation in the thickness of the 

surrounding area is not consistent with this area being interpreted only as a cellular 

membrane. 

Finally, part of the area around the cell may show a high intensity of B and BC signals 

because it is from the preparation medium containing the BPA, as in Figure 4.5, 4.6 and 4.9. 

Moreover, in the control samples untreated with BPA a natural ratio of 10B and 11B and 

10B12C was observed in the surrounding area, which may indicate the presence of the 

connecting tissue between cells or cell membranes or both, Figures 4.1-4.4. When the cells 

were treated with the BPA, 10B and 10B12C signals increased in the area surrounding the cell, 

indicating either the area absorbed the BPA (as mentioned above) or that the preparation 

medium was accumulated in this area or both possibilities occurred together, Figure 4.5, 

4.6, 4.9, 4.11 and 4.13. 

As a result of the uncertainty of the nature of the area surrounding the cell edge for the 

reasons mentioned above, the decision was made not to include this area during the 

determination of ROIs in cells and was excluded from the quantitative calculations of the 

boron distribution. 

 

4.2.3.2.5  Quantification of 10B in B group samples 

Quantitative determination of the therapeutic boron distribution between cell compartments 

in the GBM-cell culture samples of B2, B3 and B4 were calculated. The measurements of 

10B and 10B12C were normalised to 12C, which has the highest intensity and is the most 

homogenously distributed ion across the cell. Normalising two ions acquired simultaneously 

accounts for different image sizes and minimises the effect of any variations in primary ion 

beam current, total sputter yield and ion transmission, between different ROIs and images 

acquired across different NanoSIMS sessions. The secondary ion intensity ratios 10B/12C and 

10B12C/12C from nuclei and cytoplasm of each sample are represented separately in box plots 

in Figure 4.14, an explanation of how to interpret the box plot graph was previously shown 
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in Figure 4.7 -c. Table 4.2 shows the mean values of  10B/12C and 10B12C/12C ratios from all 

the samples of group B in the box plots shown in Figure 4.14, where the difference can be 

observed between them. At least three cells were analysed for each sample. 

The B2, B3, and B4 samples showed a similar boron distribution pattern in terms of the 

NanoSIMS images. The results from the NanoSIMS in Figure 4.14 shows that 10B12C/12C 

ratio is always higher than the 10B/12C ratio form in both the nucleus and cytoplasm, 

indicating the relative stability of the 10B12C fragment and/or its higher ionization probability 

compared to atomic 10B. In B2 and B3 samples, both 10B/12C and 10B12C/12C ratios indicate 

an increased level of BPA uptake in cell nuclei compared to cytoplasm. For samples B2 and 

B3 the mean 10B/12C and 10B12C/12C ratios indicate nuclear : cytoplasm BPA distribution are 

2.6 ± 0.3 and 2.5 ± 0.2 respectively. The data clearly indicate a ~ 2-fold excess of BPA in 

the nucleus compared to the cytoplasm under the treatments used in B2 and B3. This 

accumulation of boron in the nucleus is desirable for the success of BNCT treatment if the 

cells are exposed to low-energy thermal neutrons, because the linear particles resulting from 

the neutron fission reaction have high energy and penetrate the cells in short distances which 

leads to the destruction of tumour cells, as indicated by previous studies [21][22][39]. 

 

Table 4.2: The mean values of  10B/12C and 10B12C/12C ratios from the B group samples 

(shown in Figure 4.14). 

Ratio 10B/12C 

Mean (× 10-4) ± SD of B1 B2 B3 B4 

Nuclei 0.009 ± 0.004 1.1 ± 0.4 0.35 ± 0.2 0.075 ± 0.01 

Cytoplasm 0.006 ± 0.002 0.45 ± 0.3 0.12 ± 0.06 0.027 ± 0.004 

Ratio 10B12C/12C 

Mean (× 10-4) ± SD of B1 B2 B3 B4 

Nuclei 0.016 ± 0.003 1.49 ± 0.03 1.55 ± 0.6 0.36 ± 0.07 

Cytoplasm 0.01 ± 0.002 0.59 ± 0.01 0.6 ± 0.3 0.17 ± 0.02 
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Figure 4.14: Comparison between the GBM-cell culture samples: B1, B2, B3 and B4 in terms of 10B/12C and 10B12C/12C ratios in the nuclei and cytoplasm 

regions measured by NanoSIMS. The 10B/12C and 10B12C/12C ratios in nuclei areas were significantly higher than cytoplasmic areas in all samples. The 

10B12C/12C ratios in both cell compartments were usually higher than 10B/12C ratios. The distribution of boron in the B2 sample is higher than B3 sample with 

some overlap. The boron accumulation in B4 lower than B2 and B3 but still higher than B1. n: represents the number of cells analysed for each sample. 
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A 4 h BPA treatment in sample B2 resulted in a 40-70 fold increase in 10B/12C ratio and a 

60-80 fold increase in 10B12C/12C ratio in nucleus and cytoplasm compared to the control. In 

B3 sample, adding tyrosine resulted in a ∼ 50 % decrease in 10B/12C ratio compared to BPA-

alone (B2), indicating that tyrosine did not enhance the accumulation of boron in the cells. 

With regards to the 10B12C/12C ratios in B3 sample, they gave more spread in IQR values 

and significantly overlapped with those in the B2 sample. This overlap in the values of 

10B12C levels between the two samples, also suggests that tyrosine did not enhance 

intracellular BPA uptake.   

In the B4 sample, the ratios of 10B/12C and 10B12C/12C in both cell compartments decreased 

significantly in comparison with samples B2 and B3, proving that the 4h efflux process 

allowed the escape of ions to the outside of the cell. However, the 10B/12C and 10B12C/12C 

ratios following the efflux treatment have not returned to the baseline levels and are 

approximately an order of magnitude greater than in the control sample B1 (Figure 4.22). 

This proves that the efflux is an exchange process between the cell and surrounding medium 

and is slower than the BPA uptake process which in turn was conducted over 4h as well. 

Pharmacokinetic profiles are key parameters in determining the optimum radiotherapy 

timepoint and dosage – ideally the boron agent should be cleared from healthy tissues and 

blood but retained in tumour cells at the time of irradiation. 

Absolute subcellular concentrations of 10B can be determined from the 10B/12C ion ratios and 

the relative sensitivity for Bˉ in an appropriate matrix. The RSF value (RSFB) used here is 

that obtained by Wilson et al. on a PMMA sample implanted with boron [40]. Although not 

an exact match for the freeze-dried cell sample, the polymer reference is a close analogue to 

the biological sample. The dry-weight concentration cB(dry) of 10B is given by Equation 4.1: 

 

cB(dry) = cC(dry)·(IB/IC)·RSFB Equation 4.1 

 

where cC(dry) is the dry weight carbon concentration (assumed 100%), and IB/IC is the ionic 

intensity ratio 10B/12C.  From the dry-weight concentration the wet-weight concentration cB 

can be determined assuming the water-content of live cells (85%) and average cell density 

(1 g cm−3). Using this approach, the equivalent wet-weight concentrations of 10B in measured 

regions of interest were estimated in Table 4.3, noting the therapeutic threshold of ∼15–30 

μg g−1 [41]. 

Example calculation: 

- The 10B/12C ratio in one of the nuclei of sample B2 cells was 1.09×10-4. 
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- By applying Equation 4.1 using RSFB of 1×1024 cm-3, and 10B/12C ratio, the cB(dry) 

concentration is 1.09×1020 atoms/cm3.  

- By multiplying the previous number by 10×1.6×10-27 kg/atom (for 10B), this is equivalent 

to 1.75×10-6 kg/cm3, which in turn converts to 1.75×10-3 g/cm3 (in dry cell).  

- Assuming the water-content of live cells is 85%, the result is 2.62×10-4 g/cm3. 

- Assuming cell density 1g/cm3 then the wet weight is 2.62×10-4 g/g. 

- By converting g/g to µg/g, the concentration is 262 µg/g (in wet cell). 

The concentration is calculated in nucleus and cytoplasm for each cell and then the mean 

and standard deviation are taken to obtain the results shown in Table 4.3. 

 

Table 4.3: Estimated 10B concentration in sub-cellular regions of interest measured in GBM 

tumour cell culture samples (group B). 

 

Sample 

10B µg per g (wet wt) (mean ± SD) 

Nucleus Cytoplasm 

B1 (n = 11) Tumour control 2.4 ±0.9 1.4 ± 0.5 

B2 (n = 3) Tumour BPA 240 ± 130 120 ± 93 

B3 (n = 3) Tumour Tyr + BPA 86 ± 61 30 ± 20 

B4 (n = 5) Tumour BPA + efflux 19 ± 3.7 6.5 ±1.1 

 

 

Currently it is not possible to estimate absolute concentration levels from the 10B12C/12C ion 

ratios without a relative sensitivity factor for the 10B12C ion. This requires further calibration 

work using a more closely-matched matrix standard.  

Thus, the statistical summary of these results above is that the level of boron distribution in 

the nuclei is higher than the cytoplasm in B2, B3, and B4. The localisation of 10B ion in the 

sample B2 is higher than the B3 and the latter is higher than the B4. All BPA treated samples 

show higher boron levels than the B1 control sample. 

 

 

 



199 

 

4.2.3.2.6  D2 maps 

The D2 sample is a cell culture of BAT-biopsy treated with 10 mM of BPA for 4h. Selection 

of a cell for analysis was done via the CCD camera in the NanoSIMS instrument as shown 

in Figure 4.15.  

 

 

Figure 4.15: The CCD camera images (a) show the selected cell of D2 for NanoSIMS 

analysis, (b) reveals the shape of cell after analysis (arrow) and several cells analysed (bright 

spots - not shown). The image (b) shows also the depth profiling crater discussed in section 

3.6.2.3 and Figure 3.7, indicated by an arrow. Scale bar = 200 µm. 

 

The secondary ion images resulting from analysis are shown in Figure 4.16 with the cell 

compartments identified on the images, nucleus (area 1-green line) and cytoplasm (area 2- 

red line). From the SE image, the general morphology of the cell, the area surrounding the 

cell and the features spread on the cell surface can be clearly distinguished. The Si image 

confirms the integrity of the cell structure. The Si image is also useful to avoid areas with 

high Si signal during the identification of ROI's in the cell. Figure 4.16 shows that the 

distribution of C, CN, P and S ions between the cellular parts is similar to that in the sample 

B2 which was previously explained in section 4.2.3.2.1 in more detail. The bright white rim 

surrounding the cell shows high ion signals of B, C, BC, P and S, while the CN signal does 

not show a difference between this rim and cytoplasm area, further details are given in 

section 4.2.3.2.4. 
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The SE image shows branch-like features on the cell surface, especially around the edge of 

the nucleus and extending into the cytoplasmic region, as well as small bright dots grouped 

on the nucleus surface. These features display a low intensity of C, P and S ions and uneven 

signal intensity of CN. Moreover, the Si image does not show any cracks, voids or holes in 

the cell structure, suggesting that there may be salt crystals on the surface originating from 

the saline solution used in the sample washing. Some of these features may be a freezing 

artefact (ice crystals) created during preparation for analysis. In the SE, C, CN, P and S 

images there are small black spots at the bottom of the nucleus as well as on the left side of 

the cytoplasm while Si map confirms that there are no holes in the location of these black 

spots, indicating the possibility of contaminants on the surface with signals not pre-tuned for 

detection with NanoSIMS.  

With regards to the accumulation of boron from the BPA, it is clear from the images that 

both the 10B and 10B12C ions are distributed in the nucleus and the rim surrounding the cell 

more than the cytoplasm. This high accumulation of boron ions in the nucleus would increase 

the success rate of BNCT in the destruction of tumour cells infiltrating to BAT area when 

exposed to low-energy thermal neutron interaction as indicated by previous studies [21][22]. 

The summed counts of 10B12C ions is higher than that of the 10B ions- this is evident from 

the intensity of the ion signals obvious through the images. All the analysed cells in sample 

D2 (n = 3) gave a similar distribution pattern of the boron. The behaviour of the boron 

distribution in sample D2 is similar to that obtained during the analysis of the B group 

samples. The signal intensity of 10B and 10B12C ions in Figure 4.16 confirmed that sample 

D2 absorbed the BPA compared to the control sample cells D1 in Figure 4.4 which showed 

natural ratios of boron isotope, the latter being detailed in section 4.2.3.1.1. When comparing 

D2 with B2 images, both samples gave a similar number of summed 10B counts, while the 

summed 10B12C counts in sample D2 were ~ 3 times higher than the B2 sample, more detail 

was shown in quantitative comparisons in 4.2.3.3. High resolution imaging of NanoSIMS at 

the subcellular level with Cs+ beam in the D2 sample showed the slight differences in the 

distribution of ion signals between cell compartments and the sample preparation artefacts 

on the surface.  
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Figure 4.16: NanoSIMS images for the D2 sample of BAT-cell culture treated with10 mM 

of 10BPA (4h), FoV 40×40 µm2 with 256×256 pixels. SE image displays the overall cell 

structure and branch-like features on the surface. The images of negative secondary ions: 

10B, 12C, 10B12C, 12C14N, 29Si, 31P and 32S respectively shows the ion distribution across the 

cellular parts; Nucleus (1)- green line and Cytoplasm (2)- red line. 

 

4.2.3.2.7  D3 maps 

The D3 cell culture was pre-incubated with tyrosine before treatment with BPA for 4h with 

10 mM concentration to explore the role of tyrosine in improving BPA uptake in tumour 

cells infiltrating to BAT area. Figure 4.17 and Figure 4.18 shows the CCD image of the 

selected cell and the distribution images of the secondary ions respectively using NanoSIMS. 
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Cell compartments; nucleus (region 1) and cytoplasm (region 2); were identified on the ion 

images.  

The SE and Si images show the cell morphology and the substrate region covered by the 

cell. As for the distribution of C, CN, P and S ions between the cellular parts it is similar to 

the sample D2 as well as the B group samples and the descriptions in section 4.2.3.2.1 are 

valid for these samples as well.  

Like all previous samples, 10B and 10B12C ions of the BPA are distributed with high signals 

in the nucleus and outer rim around cell while the signals are lower in the cytoplasm. The 

same distribution was obtained in all cells analysed in the D3 sample (n = 3).  

By comparing the summed counts of D3 (Figure 4.18) with D2 (Figure 4.16), it was 

observed that the 10B ion signal in sample D3 is close to the D2 sample while the sum of 

10B12C signals in sample D3 was ~2 times lower than that summed in the D2. This 

observation indicates that preloading with tyrosine did not improve BPA uptake in D3, and 

this is similar to what was indicated during the discussion of sample B3 compared to sample 

B2. The analysis also shows that 10B12C signal in D3 sample was ~ 6 times higher than the 

10B signal. More details on 10B/12C and 10B12C/12C ratios of D samples are discussed in 

4.2.3.2.9. 

 

Figure 4.17: D3-selected cell images were captured before(a) and after (b) analysis using 

the NanoSIMS-CCD camera (arrows). Scale bar = 200 µm. 
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Figure 4.18: NanoSIMS images for D3 of BAT-cell culture preloaded with tyrosine (10 mM 

- 4h) then treated with BPA (10 mM - 4h). SE images shows the structure of the cell. The 

images of 10Bˉ, 12Cˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ and 32Sˉ respectively show the subcellular 

distribution of negative ions in the cellular compartments; (1) Nucleus in green line and (2) 

Cytoplasm in red line. The FoV is 50×50 µm2 with 256×256 pixels. 
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4.2.3.2.8  D4 maps 

The D4 sample was subjected to two consecutive processes with the same duration (4 hours), 

the same as for the B group samples. The first was an uptake process by incubation with 10 

mM BPA followed by the second step which is an efflux process where the ions were 

allowed to escape from the sample. Thus, the effect of efflux process on therapeutic boron 

levels in cells here was determined.  

The CCD image and the ion distribution maps of the analysed cell are presented in Figures 

4.19 and 4.20 respectively. ROI’s in the cell were determined to indicate the nucleus in 

region 1 (green line) and cytoplasm in region 2 (red line). The SE image shows the general 

shape of the cell and the surrounding area while the Si image shows the area of the substrate 

covered by the sample. The images of ion distributions of C, CN, P and S at the cellular level 

are similar to that shown in all previous samples. 

 

 

Figure 4.19: The images of the selected D4 cell chosen before (a) and after (b) analysis were 

captured using the CCD camera in NanoSIMS (arrows). (b) shows bright spots for other 

cells analysed (not shown). Scale bar = 200 µm. 
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Figure 4.20: Images of NanoSIMS analysis for D4 of BAT cell culture exposed to an efflux 

process (4h) after treatment with BPA (10mM - 4h). SE: secondary electron image showing 

the general shape of the cell. SIMS images reveal the distribution of negative ions: 10B, 12C, 

10B12C, 12C14N, 29Si, 31P and 32S respectively within cell compartments; nucleus (green line-

1) and cytoplasm (red line-2); FoV 60×60 µm2 and 256×256 pixels. The stars in the CN 

image refer to three different regions in the distribution of ions around the cell. 
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It is noted in the images that the cell is surrounded by three regions which differ in the 

intensity of ion signals. The first area around the cell directly, indicated (* in the CN image), 

is where there is a reasonable intensity of C, CN, P and S signals while the B and BC signals 

are higher than those in the cell cytoplasm. This area extends both towards the top and 

bottom of the image and could be connections between cells, or it might be the cell 

membrane diffusing outwards, or both as was explained in section 4.2.3.2.4. The second area 

(**) shows a high signal intensity of CN and S ions, a low signal of C and an absence of P 

signal, while the absence of Si signal confirms the existence of material covering the 

substrate it is a different type to that in the first area (*). The signal of B and BC in the second 

area is higher than that in the first area and the cytoplasm area, which may indicate the 

presence of the sample preparation medium. The third area, referred to by (***) on the right 

side of the image and on the upper left side, gave high signal intensity with all ions except 

CN which appeared with low intensity, indicating the substrate location which often contain 

the preparation medium and remnant of cellular material. 

As for the distribution of boron at the cellular level, both 10B and 10B12C ions accumulate 

more in the nucleus than the cytoplasm. The distribution of boron ions between cellular parts 

in this D4 sample is quite similar to that obtained in D2 and D3 samples as well as B group 

samples. The same results were obtained for the distribution of boron in all analysed cells in 

the D4 sample (n = 5). 

By comparing the total intensities of the boron signals summed from cells in the D samples 

as seen in the Figures 4.4, 4.16, 4.18 and 4.20, it is noted that the ion signal intensity of 10B 

and 10B12C in D4 is less than D2 and D3 by factor of ~ 4 and 3 respectively, indicating a 

decrease in the level of accumulated ions of BPA during the efflux process. However, the 

total intensities of 10B and 10B12C signals in D4 remained ~ 50 % higher than D1, which 

confirms that the sample still retained some BPA ions and that the efflux process is slow 

compared to the uptake process during the 4h, this result is similar to what was obtained with 

the sample B4 of Group B. In addition, the total signal intensity of 10B12C in D4 sample was 

~ 5 times higher than the 10B signal. More details on 10B/12C and 10B12C/12C ratios of D 

samples are discussed in 4.2.3.2.9. 
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4.2.3.2.9  Quantification of 10B in D group samples 

The amount of boron from the BPA in the cellular parts for the BAT-cell cultures samples 

D1, D2, D3 and D4 was quantified. Boron signals were normalised to carbon and was 

represented in the same manner used with the B group samples. Figure 4.21 shows the 

10B/12C and 10B12C/12C ratios in both nuclear and cytoplasmic areas while the Figure 4.7 -c 

explains how to interpret the graph. Table 4.4 shows the mean values of 10B/12C and 

10B12C/12C ratios from all D group samples in the box plots shown in Figure 4.21, where the 

difference can be observed between them. At least three cells were analysed for each sample. 

Group D samples showed a distribution pattern of BPA similar to the B group samples that 

were shown previously in Figure 4.14. The ratios of 10B/12C and 10B12C/12C were higher in 

nuclear areas compared to cytoplasmic areas. For samples D2 and D3 the mean of 10B/12C 

and 10B12C/12C ratios indicate nuclear : cytoplasm BPA distribution are 2.1± 0.1 and 1.8 ± 

0.6 respectively, indicating a ~ 2-fold excess of BPA in the nucleus compared to the 

cytoplasm under the treatment used in D2 and D3. These statistical measurements match 

with the ionic distributions of boron shown in D samples images (Figures 4.16, 4.18 and 

4.20).  

 

Table 4.4: The mean values of 10B/12C and 10B12C/12C ratios from the D group samples 

(shown in Figure 4.21). 

Ratios 10B/12C 

Mean (× 10-4) ± SD of D1 D2 D3 D4 

Nuclei 0.01 ± 0.005 0.66 ± 0.14 0.64 ± 0.3 0.16 ± 0.05 

Cytoplasm 0.006 ± 0.002 0.33 ± 0.03 0.3 ± 0.2 0.13 ± 0.018 

Ratios 10B12C/12C 

Mean (× 10-4) ± SD of D1 D2 D3 D4 

Nuclei 0.012 ± 0.006 4.5 ± 0.15 3.17 ± 1.4 0.93 ± 0.27 

Cytoplasm 0.008 ± 0.004 2.7 ± 0.03 1.7 ± 0.9 0.8 ± 0.23 
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Figure 4.21: Comparison of the BAT-cell culture samples: D1, D2, D3 and D4 in terms of 10B/12C and 10B12C/12C ratios accumulated in cell compartments 

determined by NanoSIMS. In all samples, nuclei regions show 10B/12C and 10B12C/12C ratios higher than cytoplasmic regions.  The 10B12C/12C ratios in both 

cellular parts are significantly higher than 10B/12C ratios. The accumulation of boron in the D2 sample is higher than the D3 sample with some overlap in 

10B/12C ratios. The boron distribution in both D2 and D3 higher than D4, the latter still higher than D1. n: represents the number of cells analysed for each 

sample.
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In D2 sample, treatment with BPA- 4h resulted in a 50 - 70 fold increase in 10B/12C ratio and 

a ~ 300-fold in 10B12C/12C ratio in both compartments compared to the D1 control. In the D3 

sample, the tyrosine has no significant effect in BPA uptake that measured by 10B/12C ratio 

compared with D2. In terms of the 10B12C/12C ratios in both subcellular parts of the D3 

sample, they were ~ 30% lower than those in the D2 sample but with wide IQR (discussed 

below in 4.2.3.3). This observation of the D3 may indicate that tyrosine did not stimulate the 

BPA uptake in BAT cells. In the D4 sample, the effect of the efflux process resulted in a 

decrease by a factor 2-4 in 10B/12C and 10B12C/12C ratios in both subcellular parts compared 

to D2 and D3. However, the 10B/12C and 10B12C/12C ratios in D4 are an order of magnitude 

higher than in the control sample D1 (Figure 4.22), indicating that the cell compartments 

retain a portion of the boron ions, which in turn demonstrate that the efflux process is a 

slower process than the uptake process. 

In all D samples, the wet weight concentrations of 10B in the nucleus and the cytoplasm from 

10B/12C ratios were estimated (Table 4.5) using the same approach described in the 

calculation of B group sample concentration in the section 4.2.3.2.5. The quantitative 

comparison showed that there is no significant difference in 10B levels between D2 and D3. 

The levels of 10B and 10B12C ions in D4 are less than D2 and D3 but higher than in the control 

sample D1.  

 

 

Table 4.5: Estimated 10B concentration in sub-cellular regions of interest measured in BAT 

cell culture samples (group D). 

 

Sample 

10B µg per g (wet wt) (mean ± SD) 

Nucleus Cytoplasm 

D1 (n = 5) BAT control 2.5 ±1.4 1.4 ± 0.6 

D2 (n = 3) BAT BPA 160 ± 43 79 ± 10 

D3 (n = 3) BAT Tyr + BPA 160 ± 100 77 ± 69 

D4 (n = 5) BAT BPA + efflux 39 ± 16 31 ± 5 
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4.2.3.3 Quantitative comparisons of 10B distribution from BPA drug 

between B and D groups samples 

Figure 4.22 shows normalised intensities of 10B and 10B12C from the control samples B1 and 

D1. For both boron-related signals, the normalised levels in these control samples are within 

experimental uncertainty (similar standard deviation) when comparing nuclei to cytoplasm 

or GBM tumour to BAT samples and have very similar boron levels, see also Tables 4.2 

and 4.4. The normalised intensities of the control samples are very low compared to the 

BPA-treated samples (Figure 4.23) which is consistent with them not having been exposed 

to the 10B-enriched BPA formulation. The concentrations of 10B in B1 (Table 4.3) and D1 

(Table 4.5) are within the physiological levels of total boron in human soft tissues that range 

from 0.1–10 ppm [42]. 

 

 

 

Figure 4.22: Comparison between the GBM (B group) and BAT (D group) control samples 

untreated with BPA in terms of 10B/12C and 10B12C/12C ratios in the nuclei and cytoplasm 

regions measured by NanoSIMS. n = number of cells analysed for each sample. 

 

The BPA treated samples of GBM (group B) and BAT (group D) were compared in Figure 

4.23. The boron levels in the treated B and D samples confirm that the cells have taken up 

the BPA compared to control samples B1 and D1 in Figure 4.22. The results (Figure 4.23) 
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are consistent in that 10B/12C and 10B12C /12C ratios are ~ 2-fold higher in nuclei areas 

compared to cytoplasmic areas, and that 10B12C /12C ratios in both compartments are higher 

than 10B/12C ratios in all samples. Interestingly, the 10B12C /12C ratios are significantly higher 

in BAT cells (D2, D3 and D4) than in tumour core cells under the corresponding treatment. 

In sample D3, a significant variation is observed in the values of the 10B12C /12C ratio, the 

B3 sample also showed a large scatter but less than for D3. This is due to three possible 

causes. First, that the addition of tyrosine has played a role in changing the chemistry of the 

sample. Second, that the effect of tyrosine may vary depending on the cell cycle, this is what 

Langen et. al. concluded, the uptake of IM-tyrosine in the human glioma cells line was 

increased in the proliferating cells [43]. Yoshida et. al.  also explained that the uptake of L-

amino acids is affected by cell cycle [34]. Third, that the effect of tyrosine was based on the 

activity of LAT-1 expression, which in turn may vary from cell to another without 

dependence on the proliferation state as noted by De Wolde et. al., Sasajima et. al., and  

Detta et al. [44]–[46] and Grunewald et al.[47]. To provide further information on cell cycle, 

histological stains could be used or cells could be sorted in suspension.  However, neither of 

these approaches is compatible directly with SIMS imaging so would not provide answers 

regarding the phase of a specific cell in relation to its boron level. High resolution SEM 

could provide insights based on cell morphology before/after SIMS imaging e.g. dividing 

cells identified. This could be an area of future study.  

Since an important goal of BNCT is to kill tumour cells invading the healthy tissue around 

the tumour core, it is interesting to compare the estimated BPA levels in cells from tumour 

(B) and BAT (D) samples of Tables 4.3 and 4.5 respectively. Of measured relative boron 

levels in individual cells it was found that considering experimental uncertainty and/or cell-

to-cell variations, the mean 10B concentrations are not significantly different in samples B2 

and D2. This result is consistent with the findings of Detta and Cruickshank, where they 

explained that tumour cells that infiltrated tissues around the tumour (BAT) showed uptake 

levels of BPA close to the GBM tumour cells. This is despite the number of BAT cells being 

less than those in the core of the GBM tumour as showed in Figure 2.2, suggesting that the 

LAT-1 expression in BAT cells is more active than the GBM cells. This activity, in turn, 

contributes to the selective localisation of the BPA in the tumour cells infiltrating into 

healthy tissue [46]. Nawashiro et al. also reached the same conclusion during the study of 

LAT-1 expression in the GBM tumour cells at edges between tumour and  normal brain 

tissues from 68 patients [48]. Additionally, the nuclear concentrations of 10B measured for 

sample B2 and D2 in this work (∼200 μg per g wet wt) are very similar to those reported in 
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literature on cell lines or in animal models using different primary ion beams and mass 

analysers [49]–[54] as shown in the 2.3.1.1 and Table 2.2. Cytoplasm 10B concentrations for 

B2/D2 samples are approximately 50% of those measured in previous studies. This may be 

due to differences in cell type or cell cycle stage at the point of fixation. As mentioned 

previously in Tables 4.3 and 4.5, with tyrosine pre-treatment the mean boron level is 

significantly reduced in B3 samples but not in D3 samples. The concentrations of 10B in B4 

and D4 confirms that BPA uptake levels have decreased compared to other treatments but 

did not reach those concentrations calculated in the control samples B1 and D1. The mean 

boron level in both samples D3 and D4 are higher than those corresponding in B group as 

shown from Figure 4.23, Tables 4.2 and 4.4. 
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Figure 4.23: Comparison between GBM cells (B group) and BAT cells (D group) in terms of 10B/12C and 10B12C/12C ratios accumulated of BPA in nuclei and 

cytoplasmic areas of cells measured by NanoSIMS. 
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4.2.4 BioToF-SIMS results and discussion 

4.2.4.1 Imaging of boron isotopes in control samples 

In the control cell-culture samples A1, B1, C1 and D1, the ratios of boron isotopes were 

measured to determine naturally existing boron in the samples and thus ensure any observed 

increase in the ratios of boron in the samples treated with BPA, that were discussed later. 

None of the control samples were pre-treated with BPA and were analysed under the same 

analytical conditions. After the completion of the automated analysis the data was processed 

as explained in section 3.5.2.  

In the control sample A1 of GBM, the total ion image, shown in Figure 4.24 -a, was used 

to select the area of the cell for data extraction (shown in green). The total Si+ image, shown 

in Figure 4.24 -b, was used to ensure the Si+ signal was absent from the area selected. The 

resulting mass spectrum in Figure 4.25 -a &b that was extracted from the selected cells 

clearly shows a high signal intensity of Na+ at m/z 23 compared to the K+ signal intensity at 

m/z 39. The intensities of the C+ signal and boron isotopes were verified by magnification of 

the mass spectrum, as shown in Figure 4.25 -c and Figure 4.25 -d. This latter figure shows 

that the signals of boron isotopes at m/z 10 and 11 do not appear as clear peaks, the signals 

are so weak that they interfere with the level of background noise from the instrument. This 

suggests the concentration is at the limit of detection for boron.  

 

 

Figure 4.24: BioToF analysis for A1 sample showing (a) the cells chosen on the total ion 

image to extract the data (spectra and images). (b) The total Si+ image showing the location 

of the cells 1&2 on the substrate (black areas). FoV is 153×153 µm2. 
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The positive secondary ion images, 12C, 23Na, 28Si and 39K were generated from the signal 

intensity in the mass spectra while images of 11B and 10B were generated from the spikes 

along with the noise. The distribution of all these ions within cells is shown in Figure 4.26. 

The silicon signal is again absent where the cells cover the substrate, but appears clearly 

from the exposed substrate around the cells. The sodium image shows high signal intensity 

and approximately uniform distribution of Na across the bulk of the cell, less intensity is 

observed in some areas surrounding the cells as indicated by arrows which may be the 

remnants of tissue parts between cells or perhaps the preparation medium. The 39K image 

shows a very similar distribution to that of the Na but with lower signal intensity than Na in 

the centre of the cells. A higher signal intensity of 39K was observed on the right side of cell 

1 (indicated by arrow) but it is not possible to identify if this is a nucleus or other cellular 

feature as the resolution of the image is too low. The carbon is distributed in the cells fairly 

homogenously but with less signal intensity than the sodium and potassium ions. The 

BioToF- SIMS detected very weak signals in the mass range of both boron isotopes. 

Although the images did not accurately determine the localisation of these isotopes, the 

intensity in the 11B image appears higher than 10B. The very low level of boron signals in the 

cells is expected considering boron is at natural abundance levels as these samples were not 

pre-treated with the BPA. 
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Figure 4.25: Positive secondary ion mass spectra of A1 cells from GBM control sample, 

obtained after exposure to a dose of 1.34×1014 ions/cm2 of the Au+ beam at 20 keV. (a) 

shows the full spectrum. (b), (c) and (d) show the magnification of the m/z range from 25-

44, 8-18 and 8-12 respectively. 
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Figure 4.26: BioToF-SIMS analysis for A1 control cells of GBM sample with FoV 

153×153 µm2. The positive secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K 

respectively show the ion distributions within the cell. The arrow in the 39K image shows the 

location of the high intensity in cell 1. The arrows in the 23Na image indicate the lower 

intensity regions of Na+ around the cell. The analysis dose in the images is 1.34×1014 

ions/cm2. The colour gradient from black to yellow shows the signal intensity from zero to 

the maximum values. 
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Figure 4.27 -a shows the selected cell from another control sample B1 cultured from a 

different GBM biopsy. The region coloured green on the total ion image, as well as outlined 

on the total silicon ion image in Figure 4.27 -b was where data was extracted from. The 

presence of another cell that has not been selected (marked with a star) can also be seen in 

the Si image. The mass spectrum extracted from the selected cell is shown in Figure 4.28 -

a, b, c & d and presents similar results to the spectrum of sample A1. Although boron 

isotopic signals are low and interfered with the noise signals, the intensity of the 11B signal 

is still higher than the 10B signal.  Figure 4.29 shows the positive secondary ion images 

generated from the peaks of interest. The images show that the ions were distributed across 

the cell in a pattern similar to the A1 cell sample. The images of Na and K showed that there 

is co-accumulation with high intensity of both ions on the left side of the cell (indicated by 

the arrow). There are more 11B signals compared to the 10B but the images do not show the 

localisation of these signals, this is similar to the A1 sample. 

 

 

Figure 4.27: The total ion image obtained from the BioToF analysis shows (a) the cell 

selected in the B1 sample from which data of spectra and images were extracted, (b) the total 

Si+ image confirming the location of the cell on the substrate (black area). The star refers to 

the location of another cell apparent in Si image. FoV in images is 100×100 µm2. 
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Figure 4.28: Positive secondary ion mass spectra of B1 cell from GBM control sample, 

obtained after a dose of 2.05×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the full 

spectrum. (b), (c) and (d) show the magnification of the m/z range from 25-45, 8-18 and 8-

12 respectively. 

 

 

0 20 40 60 80 100 120 140

0.00E+000

1.00E+008

2.00E+008

3.00E+008

4.00E+008

5.00E+008

28Si

S
ec

o
n

d
a

ry
 i

o
n

 i
n

te
n

si
ty

m/z ratio

23Na

39K

8 9 10 11 12 13 14 15 16 17 18

0

50000

100000

150000

200000

250000

S
e
c
o
n

d
a
r
y
 i

o
n

 i
n

te
n

s
it

y

m/z ratio

10B

12C

11B

12C1H
12C2H

12C3H

8 9 10 11

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

23Na+2

28Si+3

S
e
c
o

n
d

a
r
y

 i
o

n
 i

n
te

n
s
it

y

m/z ratio

10B

11B

26 28 30 32 34 36 38 40 42 44

0E+00

1E+06

2E+06

3E+06

4E+06

5E+06

6E+06

7E+06

8E+06

28Si

S
e
c
o

n
d

a
r
y

 i
o

n
 i

n
te

n
s
it

y

m/z ratio

39K

(a) 

(b) 

(c) (d) 



220 

 

 

Figure 4.29: B1 control cell from GBM sample with FoV 100×100 µm2 using BioToF-

SIMS. The positive secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K respectively 

show the distribution of ions across the cell. The arrows in the Na and K images indicate to 

the location of co-accumulation with high intensity of Na+ and K+ in the cell. The analysis 

dose in the images was 2.05×1014 ions/cm2. The colour gradient from black to yellow shows 

the signal intensity from zero to the maximum values. 
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In the C1 control sample cultured from BAT biopsy, the data were extracted from the cell 

selected in Figure 4.30. The acquired spectrum is shown in Figure 4.31 and presents similar 

results to the samples A1 and B1.  The images in Figure 4.32 show distribution of secondary 

ions in the cell similar to those of A1 and B1, localisation of boron could not be seen.  

 

 

Figure 4.30: The images of BioToF analysis for C1 sample showing (a) the selected cell on 

the total ion image to extract the spectra and ions images, and (b) The total Si+ image 

showing the cell site on the substrate (black area). FoV in images is 90×90 µm2. 

  

 

 

 

 

 



222 

 

 

Figure 4.31: Positive secondary ion mass spectra of C1 cell from BAT control sample, 

acquired after a dose 2.86×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full 

spectrum. (b), (c) and (d) show the magnification of the m/z range from 25-45, 8-18 and 8-

12 respectively. 
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Figure 4.32: BioToF-SIMS analysis for C1 control cell of BAT sample with FoV 90×90 

µm2. Images of the following positive secondary ions: 10B, 11B, 12C, 23Na, 28Si, and 39K 

within the cell. The analysis dose in the images 2.86×1014 ions/cm2. The colour gradient 

from black to yellow shows the signal intensity from zero to the maximum values. 
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Figure 4.33 -a & b shows the selected cell in another control sample, D1, from a different 

BAT biopsy (cell culture) and the total silicon image of the cell location respectively. Figure 

4.34 shows mass spectrum of the cell, which is similar to the spectra of the control samples 

mentioned above. From the images in Figure 4.35 it was observed that ions were distributed 

across the cell with an intensity similar to the A1, B1 and C1 control cells. The images show 

high potassium intensity but low sodium intensity at the top of the cell within a feature which 

extends to the centre (arrows) but this cellular feature could not be identified. Boron isotope 

images show a similar result to the control samples above. 

 

 

 

Figure 4.33: The total ion image resulting from the BioToF analysis for D1 sample showing 

(a) the chosen cell to extract the data. (b) shows the location of the cell (black area) on the 

total Si+ image. FoV in images is 65 × 65 µm2. 
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Figure 4.34: Positive secondary ion mass spectra of D1 cell from BAT control sample, 

acquired after a dose of 5.18×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full 

spectrum. (b), (c) and (d) show the magnification of the m/z range from 25-45, 8-18 and 8-

12 respectively. 
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Figure 4.35: The analysis of D1 cell from BAT control sample with FoV 65×65 µm2 by 

BioToF-SIMS. The images show the distribution of the following positive secondary ions in 

the cells: 10B, 11B, 12C, 23Na, 28Si, and 39K. The arrows indicate the site of the high intensity 

of K+ with a low intensity of Na+ at the top of the cell extending to the center of cell. The 

analysis dose in the images was 5.18×1014 ions/cm2. The colour gradient from black to 

yellow shows the signal intensity from zero to the maximum values. 

 

BioToF-SIMS analysis was repeated on new cells for each sample at least three times. All 

control samples produced very similar mass spectra as well as a similar distribution of boron 

isotopes in terms of low signal intensity and the accumulation of more signal from the 11B 

region compared with 10B region with no obvious localisation. Although this result is similar 

to the results of the control samples in the NanoSIMS in terms of the low intensity of boron 

isotopes, the NanoSIMS was able to measure and localise low levels of boron in images 

more accurately than BioToF-SIMS. Furthermore, it is clear from the BioToF-SIMS images 

that there is no significant contrast in the distribution of ions 12C, 23Na and 39K across the 

cells, which means that the 1-2 µm Au+ primary ion beam (operated in high-current mode to 

maximise sensitivity) did not provide adequate spatial resolution to distinguish cell 

compartments, nor the features on the surface of the cell or surrounding area unlike the 

resulting images with the 400 nm Cs+ beam in the NanoSIMS. 



227 

 

4.2.4.1.1 Quantification of boron isotope ratios 

From the spectra of the cells identified in BioToF-SIMS images, the ratios of the boron 

isotopes for all the control samples were calculated from the signal intensity corresponding 

to m/z 10 and 11 (as explained in 3.5.2) even though there were background noise signals at 

the same mass. The boron isotope ratios are shown in Figure 4.36, the box plot schematic 

was shown in Figure 4.7 -c. These ratios were compared between control samples, as well 

as with natural ratio, and were later used to verify the level of boron in pre-treated samples 

with BPA. 

In the A1 and B1 control samples of the GBM cell cultures, the ratios of 10B/11B (mean ± 

SD) were respectively 0.45±0.04 (median 0.47) and 0.44±0.03 (median 0.43). The 10B/11B 

ratios in C1 and D1 control samples of the BAT cell cultures were 0.45±0.035 (median 0.45) 

and 0.38±0.14 (median 0.32) respectively.  

It is noted that the ratios of 10B/11B in samples A1, B1 and C1 are similar, but these ratios 

are ~ 2 times higher than the natural ratio 0.247 [2][3]. This discrepancy is due to relative 

low boron signals and interference with the noise signals which are more significant for the 

lower signal of 10B.  There is a possible mass interference from 10B1H, that cannot be 

resolved and would reduce the apparent 10B/11B ratio. The 10B/11B ratio in sample D1 was 

lower than the other control samples and closer to the natural ratio of B isotopes but with a 

larger scatter. For sample D1 in Figure 4.34 the 10B and 11B signals were higher than the 

noise signals and more intense compared to the other control samples (Figures 4.25, 4.28 

and 4.31) and so the error in D1 is smaller. 

The results here show that it is difficult to accurately measure very low signals of boron in 

control samples with BioToF-SIMS. 
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Figure 4.36: A comparison between the boron isotope ratios in control samples measured 

by BioToF-SIMS.  A1 and B1 represent cultured cells from different biopsies of GBM, C1 

and D1 cultured cells from different biopsies of BAT. A1, B1 and C1 samples gave 10B/11B 

ratios values ranging from 0.44-0.45, ~ 2 times higher than the natural ratio of B isotopes of 

0.25. D1 samples gave a 10B/11B ratio of 0.34, closer to the natural ratio value than the other 

control samples but with a larger scatter. The number of areas analyzed in each sample was 

3, while the number of cells used to extract the results is (n) on the graph. The box plot 

schematic is displayed in Figure 4.7 -c. 

 

4.2.4.2 Imaging of cellular distributions of 10B-BPA drug in GBM (B 

group) and BAT (D group) samples 

The use of BioToF-SIMS with the Au+ primary beam in the analysis of the control samples 

in the section 4.2.4.1 was simply to determine the natural ratios and intensity of 10B in the 

samples, it was concluded that the spatial resolution is not sufficient to localise 10B to cellular 

components. Therefore, in this section, BioToF-SIMS imaging capabilities are assessed on 

the measurement and distribution of 10B at the general cellular level only in the samples of 

cell cultures pre-treated with BPA. The analyzed samples are B group and D group of GBM 

and BAT cell cultures respectively, Table 4.1 provides a summary of the treated groups. All 

samples were analyzed under the same conditions and then were compared quantitatively. 
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4.2.4.2.1 B2 images 

After analysis of sample B2, which was treated with 10 mM BPA (4h), the resulting total 

ion image and the total silicon image, shown in Figure 4.37, were used to determine the 

perimeter of the cell of interest and then extract the mass spectrum from within this region 

as shown in Figure 4.38. 

 

  

Figure 4.37: BioToF analysis for the B2 sample showing (a) the selected cell on the total 

ion image used to extract the spectrum and ion images, and (b) The total Si+ image showing 

the location of the cell on the substrate (black area). FoV is 60×60 µm2. 

 

In the resulting positive ion spectrum (Figure 4.38), it is clear that the Na+ peak at m/z 23 

has the highest intensity in the cell, followed by the K+ peak at m/z 39 and the C+ peak at m/z 

12 respectively. The Si+ signal intensity in the spectrum represents those ions from around 

the edge of the cell and may also include signals within the cell due to the presence of cracks 

or holes. It is also apparent from the spectrum that the secondary ion yield of 10B signal 

intensity is three times higher than 11B intensity. This is unlike the intensity of the boron 

isotopes shown in the B1 control sample discussed earlier in Figure 4.28, thus this 

observation confirms the uptake of BPA (with 10B) in the B2 sample. 

BioToF-SIMS images of secondary ions of interest 10B, 11B, 12C, 23Na, 28Si and 39K are 

presented in Figure 4.39. The images show the intensity of ion signals across the cell. The 

use of the Si image was limited to locating the cell and did not provide further information 

on the integrity of the cell throughout the analysis. The Si map in the NanoSIMS provided 



230 

 

more details that enabled more accurate determination of the cell boundary and meant 

strange features or damaged sites in the cell structure could be avoided in the data analysis. 

The Na image shows the highest signal intensity and is distributed almost uniformly across 

the cell. K has the next highest ion intensity, and shows that the K is distributed in the cell 

with more contrast than Na. Furthermore, K appears to be accumulating with highly ion 

intensity in the lower right corner of the cell, which may indicate the location of the nucleus 

or other features on the surface. The nucleus cannot be confirmed due to the low spatial 

resolution in the image and thus the chemical distribution sites in the cell structure are not 

sufficiently clear. Sodium and potassium ions are important cofactors for regulating the 

activity of proteins and contribute to many interactions and activities within cells such as 

growth, metabolism, transfer of amino acids and nucleotides across the nuclear membrane 

[55]–[58]. The results of sodium and potassium in terms of signal intensity pattern are similar 

to those resulting from freeze-fractured, freeze-dried thyroid tumours biopsies [59] , as well 

as of invasive urogenital cancers [60] using energy-dispersive X-ray microanalysis. Both 

studies [59][60] revealed that the sodium content compared to potassium increases in cancer 

cells biopsies. 

The C image showed a homogeneous distribution with a high accumulation of signals 

towards the middle of the cell compared the region surrounding the cell, but the signal 

intensity of C ion is much less than the signals intensity of the Na and K ion. The C ions will 

originate from parts of the cell rich in proteins, lipids, amino acids and carbohydrates [11]–

[13]. 

As for the distribution of the boron isotopes, the 10B image showed a nearly homogeneous 

accumulation of 10B ions from the BPA in the cell structure with a reasonable signal 

intensity. The extracellular region showed low and diffused 10B intensity, indicating either 

the presence of the preparation medium or parts of tissue that acquired boron from the sample 

preparation medium or both. The 11B image revealed a nearly homogeneous accumulation 

with very weak signal intensity in the cell. The normalised boron isotope intensity to 12C 

intensity shows that the accumulated signals of 10B in the cell is ~ 4 times higher than 11B. 

The distribution of 10B and 11B was similar in all cells (n = 3) analysed in the B2 sample. 

When comparing the B2 cell image in Figure 4.39 with the control cell B1 in Figure 4.29, 

cell B2 confirms the accumulation of 10B of BPA in the cell structure unlike the untreated 

B1 control cell as was discussed in section 4.2.4.1. 
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The BioToF-SIMS images in Figure 4.39, with a Au+ spot size of ~ 1 - 2 µm, did not show 

the internal cell compartments (the nucleus and cytoplasm) and did not explain the contrast 

in the distribution of ions between these compartments, nor show the morphological features 

on the cell surface, nor the details of the outer area surrounding the cell as accurately as in 

the images from the NanoSIMS in Figure 4.9. However, the BioToF-SIMS images provide 

general information on the distribution and intensity of ion signals across the cell. Therefore, 

it is not possible to distinguish the presence of any preferential accumulation of 10B from the 

BPA in the sub-cellular structure, which is an important sign for the success of BNCT 

treatment in the destruction of cancer cells as explained in section 2.1 [21]–[24]. 

 

 

 



232 

 

 

Figure 4.38: Positive secondary ion mass spectra of B2 cell from GBM, obtained after a 

dose of 3.68×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b) and 

(c) show the magnification of the m/z range from 24-44 and 8-18 respectively. 
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Figure 4.39: BioToF-SIMS analysis for the B2 cell culture from GBM biopsy incubated in 

10 mM of 10BPA for 4h. The FoV is 60×60 µm2. The positive secondary ion images of 10B, 

11B, 12C, 23Na, 28Si, and 39K show the distributions within the cell. The arrow in the 39K 

image shows the site of the high intensity in cell which may indicate the nucleus. The 

analysis dose in images is 3.68×1014 ions/cm2. The colour gradient from black to yellow 

shows the signal intensity from zero to the maximum values. 

 

4.2.4.2.2 B3 images 

In order to obtain distributional and quantitative information about the effect of tyrosine on 

the uptake of BPA in tumour cells, the B3 sample, which was pre-loaded with tyrosine (10 

mM - 4h) and subsequently loaded with BPA (10 mM-4h), was analysed with BioToF-SIMS 

under the same conditions explained previously in section 4.2.2.2. Figure 4.40 shows the 

total ion and the total silicon ions images resulting from the analysis showing the location of 

the cell. The cell was determined on total images to extract the mass spectrum shown in 

Figure 4.41. The secondary ion signal of 10B is approximately ~ 5 times higher than the 11B 

signal intensity. The ion yield of the 10B in sample B3 indicates higher accumulation of BPA 

in the cell structure compared to the B1 control sample in Figure 4.28.   
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To verify the distribution of ion signals across the cell, BioToF-SIMS images were generated 

from the spectral peaks of 10B, 11B, 12C, 23Na, 28Si, and 39K and presented in Figure 4.42. 

Similarly to sample B2, the K image shows a differential distribution across the cell with 

high accumulation in the bottom, middle region of the cell. The identity of this accumulation 

of K cannot be determined due to the poor spatial resolution in the K image but is likely to 

be a nucleus. In terms of boron localisation, the images show that the 10B of the BPA is 

distributed quite homogeneously in the cell with lower signal intensity compared to intensity 

of 12C, whereas the 11B appears to be randomly distributed across the image with the low 

signal intensity. The normalised boron isotope intensities from images show that the 

intensity of 10B was ~ 8 times higher than 11B. All the analysed cells (n = 4) in the B3 sample 

yielded similar results for boron distribution. In addition, the distribution pattern of 10B and 

11B in sample B3 were similar to sample B2. For all analysed regions in B3 and B2, the 

normalised 10B signal was higher in the B2 cells compared to B3, these data are treated 

quantitatively in section 4.2.4.2.4.  

 

 

Figure 4.40: The BioToF analysis for the B3 sample showing (a) the selected cell on the 

total ion image used to extract the spectrum and ion images, and (b) The total Si+ image 

showing the location of the cell on the substrate (black area). FoV is 60×60 µm2. 
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Figure 4.41: Positive secondary ion mass spectra of B3 cell from GBM, obtained after a 

dose of 6.4×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) 

and (d) show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively. 
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Figure 4.42: BioToF-SIMS analysis for the B3 cell culture from GBM biopsy treated with 

10 mM of tyrosine (4h) then 10 mM of BPA (4h). The FoV is 60×60 µm2. The positive 

secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K show the ion distributions within 

the cell. The analysis dose in the images was 6.4×1014 ions/cm2. The colour gradient from 

black to yellow shows the signal intensity from zero to the maximum values.  
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4.2.4.2.3 B4 images 

The B4 sample was investigated to verify the effect of the efflux process on the boron level 

in the cell. B4 was prepared with two contrasting processes, uptake process by incubation 

with 10 mM BPA (4 h) followed by efflux process (4 h) to allow ions to escape. Figure 4.43 

shows the cell of interest on the images of the total ions and total Si ion. Figure 4.44 shows 

the mass spectrum extracted from the selected cell. The mass spectrum of B4 sample in 

Figure 4.44 shows a similar behaviour to the B2 and B3 spectra in Figure 4.38 and 4.41 

respectively. It is also apparent from the spectrum that the secondary ion intensity of 10B is 

~ 2 times higher than the 11B intensity. Figure 4.45 shows images of ion distributions 

generated from the mass spectrum, similar to those of B2 and B3 samples. The K ion varied 

in its distribution across the cell where it showed higher intensity on the right and left sides 

of the cell as indicated by arrows in Figure 4.45, C ions were almost homogeneously 

distributed, and showed slight variation with slightly higher accumulation in the right side 

of the cell (arrow). Both 10B and 11B ions appeared to be diffusely distributed across the cell 

with a slight concentration of the 10B at the left side of the cell (arrow). The normalised 10B 

intensity across the cell is ~ 2 times higher than the 11B - more detail is given in the 

quantification section 4.2.4.2.4. All the analysed cells (n = 3) in the B4 sample gave similar 

distribution of boron. 

 

  

Figure 4.43: BioToF analysis for the B4 sample showing (a) the selected cell on the total 

ion image used to extract the spectrum and ion images, and (b) the total Si+ image showing 

the location of the cell on the substrate (black area). FoV is 90×90 µm2. 
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Figure 4.44: Positive secondary ion mass spectra of B4 cell from GBM, obtained after a 

dose of 2×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) and 

(d) show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively.   
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Figure 4.45: BioToF-SIMS analysis for the B4 cell culture from the GBM biopsy treated 

with 10mM of BPA (4h) then exposed to an efflux process (4h). The FoV is 90×90 µm2. 

The positive secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K show the ion 

distribution within the cell. The arrows in the 10B, 12C and 39K images show the site of highest 

signal intensity in the cell. The analysis dose in the images is 2×1014 ions/cm2. The colour 

gradient from black to yellow shows the signal intensity from zero to the maximum values. 

 

4.2.4.2.4 Quantitative measurement of 10B in B group samples 

Quantitative measurements at the cellular level of 10B of BPA were calculated in the B group 

samples of the GBM tumour biopsy. For each cell, the 10B were normalised to the 12C 

intensities as there was an almost constant carbon distribution across the cell, as well as to 

make comparison possible later with the statistical results of the NanoSIMS. The results are 

shown in Figure 4.46 -a. The ratio of 10B/11B was also determined, as shown in Figure 4.46 

-b. The boron isotope ratio was determined because the lack of resolution in the images 

meant it was difficult to determine whether the carbon signal originated only from the cell 

or included signals from the background or the preparation medium or another source. Table 

4.6 shows the mean values of the ratios of 10B/12C and 10B/11B for all the samples of group 

B.  
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The BioToF-SIMS results in Figure 4.46 -a and Table 4.6 show that the B2 sample gave 

the highest 10B/12C ratio indicating high accumulation of BPA. The reduction of the 10B/12C 

ratio in the pre-loaded B3 sample with tyrosine by factor 20 compared to B2 would suggest 

that tyrosine did not stimulate 10B uptake into intracellular B3. 

For the B4 sample, the 10B/12C ratio was significantly lower than the B2 and B3 by factor 80 

and 4 respectively, indicating that the ions were lost from the cells within 4h of the efflux 

process. However, the 10B/12C ratio in B4 is still ~5 times higher than that of the control, B1, 

which proves that the BPA was not completely lost from the cell. This confirms that the 

efflux process from cell to the surrounding medium is slower than the uptake process. This 

observation is important in the field of clinical therapy to determining the optimum 

radiotherapy time point and dosage for BNCT treatment [41] as explained previously in the 

section 4.2.3.2.5. 

When normalising the measurements of 10B to 11B in Figure 4.46 -b, the results of BioToF-

SIMS showed that the 10B/11B ratio at the cellular level in B3 is higher than the rest of the 

samples, opposite to the result of normalising to 12C, which would indicate that the 

preloading of the tyrosine in the B3 has enhanced the BPA-uptake. The B2 sample gave the 

ratio of 10B/11B in the cell higher than B1 and B4 by factor of 9 and 3 respectively, 

confirming the uptake of the B2 sample for BPA. The reduction of the 10B/11B ratio in B4 

compared with B2 and B3 gives a similar result to that observed when calculating the10B/12C 

ratio in the B4.  

To summarise,  the level of 10B+/12C+ in sample B2 is higher than B3 and the latter is higher 

than B4, this is a similar trend to the NanoSIMS results (10Bˉ/12Cˉ) in section 4.2.3.2.5 

although the ionization probability is different between both instruments due to the different 

primary ion, and secondary ion polarity. In contrast, B3 was higher than B2 when normalised 

with 11B but due to the very low signals of 11B and the fact that it often interferes with the 

background noise signals this normalisation method gives less reliability compared to the 

normalisation to the very high signals of 12C. Cellular wet-weight concentrations of 10B 

cannot be determined from the 10B+/12C+ ratios measured with BioToF-SIMS using the same 

method used for NanoSIMS results in section 4.2.3.2.5 due to the lack of a relative sensitivity 

factor value on the BioToF-SIMS from a reference identical or close to the freeze-dried cell 

sample.  An attempt was made to calculate 10B concentrations with BioToF-SIMS, 10B+/12C+ 

mean values measured in Table 4.6 were used with the calibration curve of different BPA 

concentrations in trehalose in Figure 3.13, but that did not work because the values in Table 

4.6 are out of linear correlation in Figure 3.13, this may be because trehalose dihydrate 
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matrix differs from the cell. Therefore, it is not possible to extract absolute quantification 

values from the data. Instead ion ratios were discussed for relative quantification above.  

 

 

Figure 4.46: Comparison between the GBM-cell culture samples: B1, B2, B3 and B4 in 

terms of 10B/12C and 10B/11B ratios at the cellular level measured by BioToF-SIMS. (a) shows 

that the 10B/12C ratio in the B2 was significantly higher than the B3 and the latter was higher 

than the B4. (b) showed that the 10B/11B ratio was higher in B3 followed by B2 then B4. In 

(a) & (b) the B4 remained higher than the control sample B1. (n) refers to the number of 

cells analysed for each sample. 
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Table 4.6: The mean values of 10B/12C and 10B/11B ratios from the B group samples (shown 

in Figure 4.46). 

 

 

4.2.4.2.5 D2 images 

The D2 sample represents cultured cells from a BAT biopsy and treated for 4h with 10 mM 

BPA. The total ion and the total Si ion images, as shown in Figure 4.47, were used to 

determine the cell location and extract the mass spectrum shown in Figure 4.48. 

The intensity of the boron isotopes in Figure 4.48 indicates that the 10B signal is four times 

higher than the 11B signal. Thus, the 10B peak confirms the accumulation of BPA in the D2 

sample as opposed to that shown in the D1 control sample in Figure 4.34. 

The images of the secondary ions of interest from the cell's BioToF-SIMS spectrum are 

shown in Figure 4.49. The location of the target cell on the substrate can be clearly 

distinguished where the silicon signal is absent. In Si image, two other parts of cells appear 

on the left and right sides (indicated by arrows). The ion images also show that the 

distribution of Na, K and C in the cell structure is similar to that in the sample B2, which has 

been previously explained in section 4.2.4.2.1. 

The 10B is distributed in the cell almost homogeneously with signal intensity lower than 12C 

intensity and showed accumulation in a small area below the cell as indicated by the arrow. 

The image of 11B has low signal intensity compared to 10B image. The images of 10B and 11B 

for sample D2 in Figure 4.49 show that the normalised signal intensity of 10B to 12C intensity 

in the cell is ~ 5 times higher than 11B normalised to 12C intensity, and thus confirm the 

uptake of BPA in the D2 cell compared to the D1 control cell in Figure 4.35. The distribution 

of 10B in sample D2 is very similar to that of sample B2 in Figure 4.39. The same results 

Ratios 10B/12C 

 

Mean ± SD values of whole 

cell 

B1 B2 B3 B4 

0.001 ± 0.00 0.4 ± 0.04 0.02 ± 0.01 0.005 ± 0.001 

Ratios 10B/11B 

 

Mean ± SD values of whole 

cell 

B1 B2 B3 B4 

0.45 ± 0.03 3.9 ± 0.5 9.04 ± 1.8 1.6 ± 0.3 
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were obtained for the distribution of 10B and 11B in all analysed D2 cells (n = 5) with BioToF-

SIMS. 

When comparing the quality of the resulting D2 images of the BioToF-SIMS in Figure 4.49 

with NanoSIMS in Figure 4.16, the NanoSIMS images reveal many details in the cell 

structure such as nuclei sites, and slight variations in the distribution of the ions. In contrast, 

BioToF-SIMS images were limited to showing the general level of the intensity of ion 

signals across the cell. 

All ions images in the Figure 4.49 except silicon image showed a low signal intensity in the 

outer region around the cell, which may indicate that there is cellular material between cells 

or the sample preparation medium or both. 

 

  

Figure 4.47: BioToF analysis for D2 sample showing (a) the selected cell on the total ion 

image used to extract the spectrum and ion images, and (b) the total Si+ image showing the 

location of the cell on the substrate (black area). FoV is 100×100 µm2. 
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Figure 4.48: Positive secondary ion mass spectra of D2 cell from BAT, obtained after a dose 

of 1.79×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) and (d) 

show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively.  
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Figure 4.49: BioToF-SIMS analysis for D2 cell culture from BAT biopsy incubated in 10 

mM of 10BPA for 4h. The FoV is 100×100 µm2. The positive secondary ion images of 10B, 

11B, 12C, 23Na, 28Si, and 39K show the ion distributions within the cell. The arrows in the 10B 

and 11B images shows the sites of small accumulations of signal in the image. The arrows in 

the 28Si refer to two other cellular parts in the image frame. The analysis dose in the images 

was 1.79×1014 ions/cm2. The colour gradient from black to yellow shows the signal intensity 

from zero to the maximum values. 

 

4.2.4.2.6 D3 images 

In the D3 sample of BAT, which was pre-treated with tyrosine and then treated with the BPA 

with a concentration of 10 mM for 4h each, the effect of tyrosine on the uptake level of 10B 

in infiltrating cells to the surrounding areas of the tumour was investigated using BioToF-

SIMS. Figure 4.51 shows the mass spectrum extracted from the selected cell on the total ion 

and the total silicon ion images in Figure 4.50. The resulting mass spectrum shows peaks 

similar to those of B group samples as well as D2 spectrum unlike the spectrum of D1 control 

sample in Figure 4.34. Figure 4.51 shows that the 10B intensity is approximately 12 times 

higher than the 11B signal intensity, indicating that the uptake of the D3 sample for BPA is 

greater than the D2 sample in Figure 4.49. 
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Figure 4.52 shows the distribution images of secondary ions extracted from the cell BioToF-

SIMS spectrum. The ion distribution of Na, K and C ions in the cell is similar to the D2 as 

well as the B group samples, and explained in more detail in section 4.2.4.2.1. With regard 

to the distribution of boron isotopes, the image of the 10B from BPA reveals lower signal 

intensity compared to 12C image, with a fairly homogeneous distribution of 10B across the 

cell and a higher accumulation in the same region where the K intensity is higher as indicated 

by an arrow. The 11B appears to be homogeneous in the cell. The normalised boron isotope 

intensity to 12C intensity from images show that the 10B signal in the cell is ~ 8 times higher 

than 11B. All the analysed D3 cells (n = 3) provided similar images for the boron distribution. 

By comparing D3 with D2, the distribution pattern of 10B and 11B were similar in both 

samples. Furthermore, the normalised intensity of 10B signal in the D3 was 10 times higher 

and sometimes close to the D2 sample signal, indicating that pre-treatment with tyrosine 

may have enhanced BPA uptake in the D3 sample, more detail in the quantification section 

4.2.4.2.8. All ion images in Figure 4.52, except Si, gave low signal intensity in the outer 

region around the cell compared to the inside of the cell. 

 

  

Figure 4.50: BioToF analysis for D3 sample showing (a) the selected cell on the total ion 

image used to extract the spectrum and ions images, and (b) the total Si+ image showing the 

location of the cell on the substrate (black area). FoV is 74×74 µm2. 
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Figure 4.51: Positive secondary ion mass spectra of D3 cell from BAT, obtained after a dose 

of 3.57×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) and (d) 

show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively.  
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Figure 4.52: BioToF-SIMS analysis for D3 cell culture from BAT biopsy treated with 10 

mM of tyrosine (4h) then 10 mM of BPA (4h). The FoV is 74×74 µm2. The positive 

secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K show the ion distributions within 

the cell. The arrow in the 10B refers to the site of higher accumulation. The analysis dose in 

the images was 3.57×1014 ions/cm2. The colour gradient from black to yellow shows the 

signal intensity from zero to the maximum values. 
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4.2.4.2.7 D4 images 

The D4 sample was analysed with BioToF-SIMS for the purpose of investigating the effect 

of the efflux process on the 10B therapeutic levels of the BPA in cultured cells from a BAT 

biopsy. The mass spectrum was extracted in Figure 4.54 from cells of interest using the total 

ion and total Si+ images in Figure4.53. 

In the positive mass spectrum Figure 4.54, the 10B signal intensity is close to the 11B signal 

intensity. Figure 4.55 shows the images of ion distributions generated from mass spectrum 

peaks. Both 10B and 11B signals appear to be diffused across cellular structures. The 

normalised boron isotope intensity to 12C intensity shows that the 10B signal across the cells 

in images is close to the 11B. All the analysed cells (n = 3) in the D4 sample gave a similar 

distribution pattern of the boron ions. 

 

  

Figure4.53: BioToF analysis for D4 sample showing (a) the selected cells on the total ion 

image used to extract the spectrum and ion images, and (b) the total Si+ image showing the 

location of the cells on the substrate (black areas), five numbered cells appear in the image 

frame. FoV is 252×252 µm2. 
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Figure 4.54: Positive secondary ion mass spectra of D4 cell from BAT, obtained after a dose 

of 2.61×1013 ions/cm2 of the 20 keV Au+ beam. (a) shows the full spectrum. (b), (c) and (d) 

show the magnification of the m/z range from 24-44, 8-18 and 8-12 respectively.  
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Figure 4.55: BioToF-SIMS analysis for D4 cells cultured from a BAT biopsy treated with 

10 mM of BPA (4h) then exposed to the efflux process (4h). The FoV is 252×252 µm2. The 

positive secondary ion images of 10B, 11B, 12C, 23Na, 28Si, and 39K show the ion distributions 

within the cells. The Si image shows the location of five cells of interest in the image frame. 

The analysis dose in the images was 2.6×1013 ions/cm2. The colour gradient from black to 

yellow shows the signal intensity from zero to the maximum values. 

 

4.2.4.2.8 Quantitative measurement of 10B in D group samples 

Quantitative measurements of 10B of the BPA were made at the cellular level in the D group 

samples of BAT biopsy. The measurements were normalised to the 12C in Figure 4.56 -a, 

and 11B in Figure 4.56 -b. This normalisation was justified during the discussion of 

quantitative measurement in B group samples in section 4.2.4.2.4. Table 4.7 shows the mean 

values for all samples of group D for both ratios, 10B/12C and 10B/11B, where the difference 

can be observed between them. Quantitative measurements of the 10B/12C ratios in Figure 

4.56 -a and Table 4.7 showed that the ratios in the D3 (pre-treated tyrosine) were highest, 

followed by the D2 and then the D4 samples.  
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In the 10B/12C graph (Figure 4.56 -a), the data did not show any overlap in the box plots 

between the samples, the values in the D3 sample were more variable in the third part of 

IQR (Q3). The dispersion in IQR of D3 can be explained by three possible causes already 

mentioned in the section 5.2.3.3, which in turn may also be the reason for the difference of 

the sample D3 results with the BioToF-SIMS than those obtained with NanoSIMS in section 

4.2.3.2.9. 

In the 10B/11B graph (Figure 4.56 -b), the D2 values were overlapping with the D3 sample 

and the mean value in D2 sample was close to the D3 mean, but the D3 remained with a 

greater dispersion in the Q3 part of IQR compared to the sample D2. However, the results 

of normalisation to 11B is less reliable than normalising 12C due to the variation and decrease 

in 11B signals, and the contribution of the background noise signals. In addition, the sample 

D4 provided in both Figure 4.56 -a and b gave a similar result that showed a decrease in the 

ratios of 10B accumulated in the cells due to exposure to the efflux process. The 10B/12C ratios 

in D4 were ~ 4 times and 40 times lower than the D2 and D3 respectively, but 2 times higher 

than D1. Whereas the 10B/11B ratios in D4 were lower by a factor of ~ 5 than the D2 and D3 

respectively, but 3 times higher than D1. Therefore, this decrease of 10B in D4 did not reach 

the level of the control samples, which confirms that some BPA has remained in the cells 

and that the efflux process in 4h is slow compared with the uptake process in 4 h.   

It was not possible to calculate the concentrations of 10B in D group samples with BioToF-

SIMS using 10B+/12C+ ratios in Table 4.7 for the same reasons explained previously in 

section 4.2.4.2.4. 

 

Table 4.7: The median values of the 10B/12C and 10B/11B ratios from the D group samples 

(shown in Figure 4.56). 

Ratios 10B/12C 

Mean ± SD values of whole 

cell 

D1 D2 D3 D4 

0.007 ± 0.01 0.04 ± 0.013 0.4 ± 0.3 0.01 ± 0.00 

Ratios 10B/11B 

 

Mean ± SD values of whole 

cell 

D1 D2 D3 D4 

0.4 ± 0.12 5.5 ± 0.7 7 ± 2.6 1.2 ± 0.13 
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Figure 4.56: Comparison of the BAT cell culture samples: D1, D2, D3 and D4 in terms of 

10B/12C and 10B/11B ratios accumulated at a cellular level determined by BioToF-SIMS. (a) 

shows that 10B/12C ratio was higher in D3 followed by D2 then D4.  (b) shows that the 10B/11B 

ratio is slightly higher in D3 than D2 and both of them are higher than D4. In (a) & (b) the 

D4 remained higher than the control sample D1. n: represents the number of cells analysed 

for each sample. 
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4.2.4.3 Comparison of the quantitative measurement of the 10B 

distribution of BPA between B and D groups samples 

Quantitative measurements of the 10B distribution of BPA between cell cultures of the GBM 

(group B) and the BAT (group D) were compared using the results of BioToF-SIMS analysis 

in Figure 4.57 for the 10B/12C ratios and Figure 4.58 for the 10B/11B ratios.  

Quantitatively comparing between the mean values of the 10B/12C ratios at the cellular level 

in Figure 4.57 with Tables 4.6 and 4.7, the sample B2 was ~10 times higher than the sample 

D2. In the D3 sample, the mean was an order of magnitude higher than the mean of sample 

B3. The D4 mean was ~ 2 times higher than the mean of B4 sample. The B1 and D1 control 

samples were overlapping with mean values close together. In all of these comparisons, there 

is no overlap between each GMB box-plot and the corresponding one in the BAT samples 

group. Therefore, the D3 and D4 samples gave higher 10B/12C ratios than B3 and B4 while 

the ratio in D2 was lower than B2. This result of 10B/12C ratios using BioToF-SIMS at the 

cellular level is similar to that obtained from quantitative measurements at the sub-cellular 

level using NanoSIMS in Figure 4.23. The difference in BPA uptake between the two 

groups of GBM (group B) and BAT (group D) cells can be attributed to the explanation 

described by Detta and Cruickshank [46] which was discussed in greater detail in the 

quantitative comparison between the two groups with NanoSIMS in section 5.2.3.3. 

In terms of comparison of the mean values of the 10B/11B ratios at the cellular level between 

the two groups B and D in Figure 4.58 with Tables 4.6 and 4.7, it was shown that the mean 

of  D2 sample was ~ 2 times higher than the mean in the sample B2 and there is no overlap 

between the values of the box plots. The mean of sample D3 was close to the mean of the 

sample B3 and the overlap was significant between the two samples.  In sample D4, the 

mean was also close to the B4 mean and overlapped with the minimum value of sample B4. 

The control samples B1 and D1 were overlapping with a similar mean value. Therefore, the 

D3 and D4 samples gave close ratios of 10B/11B to B3 and B4, while the ratio in D2 was 

higher than B2 and the latter was similar to that obtained with NanoSIMS in Figure 4.7 -b. 

For the 10B/11B ratios in samples D3 and B3 (Figure 4.58), as well as in the 10B/12C ratio in 

the sample D3 (Figure 4.57) the ratio values were more variable compared to other samples 

in the same measurement, the same result was observed in the NanoSIMS results on the 

same samples and gave a wide dispersion in the values of 10B12C/12C  (Figure 4.23), this 

observation can be interpreted in three ways as explained previously in section 4.2.3.3. 
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From this comparison between B and D groups, it is concluded that the results of the 

normalisation of 10B to 12C are similar from both instruments although the absolute ratios 

are different because the polarity of the ions is different and the instrument sensitivity is also 

different. The low counts of 11B make quantification using normalisation with 11B more 

unreliable. This means that both instruments provided a similar result in quantitative 

measurement although spatial resolution was lower in the BioToF-SIMS images compared 

to NanoSIMS. 

 

 

Figure 4.57: Comparison between GBM cells (B group) and BAT cells (D group) in terms 

of 10B/12C ratios indicating accumulation of BPA in the whole cell as measured by BioToF-

SIMS. n: represents the number of cells analysed for each sample. 
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Figure 4.58: Comparison between GBM cells (B group) and BAT cells (D group) in terms 

of 10B/11B ratios indicating accumulation of BPA in the whole cell as measured by BioToF-

SIMS. n: represents the number of cells analysed for each sample. 

 

4.3 Summary of the results of the analysis of cell culture samples with 

both NanoSIMS and BioToF-SIMS instruments 

In this chapter, the quantitative imaging capabilities of NanoSIMS and BioToF-SIMS were 

assessed to determine the localisation and distribution of 10B from the BPA in cellular 

cultures from the biopsies GBM (group B) and BAT (group D). 

4.3.1 Summary of NanoSIMS results 

The results of NanoSIMS imaging using a ~ 400 nm Cs+ beam in all cell cultures of group 

B and D showed sub-cellular features, surface morphology, the area around the cells, and 

showed contrast in the distribution of different ions between cellular compartments. All 

control samples, whether of GBM (A1 and B1) or BAT (C1 and D1), showed a similar 

distribution of boron isotopes even though they were cultured from biopsies of different 

patients. This can be seen in Figures 4.1- 4.4 where the B isotopes accumulated in the 

extracellular region. The ratios of 10B/11B in cells were between 0.25 ‒ 0.27, and corresponds 
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with the level of natural ratio of 10B/11B (0.247) [2][3], as is clear from the measurement in 

Figure 4.7, confirming that control cells contained natural ratios of boron isotope. 

The distribution of BPA in NanoSIMS images in all samples in the B and D groups, except 

control samples, showed a heterogeneous distribution of 10Bˉ and 10B12Cˉ ions between cell 

compartments. Both ions accumulate to a greater level (~ 2-fold) in nuclei regions than 

cytoplasmic regions but the normalised counts of 10B12Cˉ was higher than that of atomic 

form, 10Bˉ. The higher 10B signals in the cells of the BPA treated D and B samples, in 

comparison to the control samples B1 and D1, confirms that the samples absorbed the BPA 

and this is evident from the quantitative measurements in Figures 4.14 and 4.21. This 

preferential accumulation of 10Bˉ and 10B12Cˉ ions in the nuclei of the cells is desirable to 

increase the chances of success of the BNCT treatment for the tumours, where the exposure 

of tumours to a fission reaction using low-energy thermal neutrons generates linear particles 

that penetrate cells for short distances with high energy, leading to the destruction of tumour 

cells [21]–[24]. 

The heterogeneous 10B distribution between cell compartments in all B and D groups 

samples is very similar to the 10B distribution in Mouse melanoma cells (B16) in vitro where 

Oyedepo et al. explained that the localisation of boron of BPA was limited in the nucleus 

and outer edge of the cell as in Figure 2.8 and did not refer to any localisation in the 

cytoplasm [39]. Chandra et al. also presented a study on human glioblastoma cells (T98G) 

in vitro which indicated the difference in the 10B distribution of BPA drug from cell to cell, 

while some cells gave a boron distribution pattern similar to those of B and D groups 

samples, other cells were completely opposite where the boron was concentrated in the 

cytoplasm more than the nucleus, Figure 2.10 [61]. The difference in the distribution of 10B 

signals between the B2 (as example from thesis samples), mouse melanoma [39] and human 

glioblastoma [61] cells may be due to the difference in treatment dosage and time of 

exposure to the dose, which were respectively 100 p.p.m for 4 h, 50 p.p.m for 2 days and 

110 p.p.m for 2h. Although the treatment BPA concentration in the three samples differed, 

increasing the incubation time with the BPA may have allowed enough time for the boron 

ions to concentrate in the nucleus and improve intracellular accumulation, Table 2.2 shows 

that the incubation time has an effect on BPA uptake. In addition, the uptake of BPA (level 

and location) may be different between cell types and organism e.g. Human vs Mouse, 

emphasising the importance of making these measurements in primary cell cultures from 

Humans as well as in primary tissue for patients.  
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By comparing the quality of the images of the three samples in Figures 4.9, 2.8 and 2.10 it 

was found that the intensity of the boron ion signals when using a ~ 400 nm Cs+ beam (in 

this thesis) and 300 nm Ga+ beam [39] in the analysis of samples B2 and melanoma cells 

respectively were better than 500 nm spatial resolution obtained with an O2
+ beam used to 

analyse glioblastoma cells [61]. Chandra had to use reflected light microscopy in imaging 

the glioblastoma cells to determine the location and boundaries of the nuclei and cells prior 

to initiation of the study of the BPA distribution, as other ion maps did not clearly distinguish 

the internal or surface features of the cells. In contrast, the high sensitivity of Cs+ (in this 

thesis) and Ga+ [39] beams in the analysis of B2 and melanoma samples respectively showed 

the features and boundaries of cells and the varying distribution between cell compartments 

without the need for reflected light microscopy imaging. The Ga+ beam was optimised for 

sample current (sensitivity) rather than spot size [39] so the smaller Cs+ beam showed more 

details, for example the slight variations in the distribution of low signals for 10Bˉ and 10B12Cˉ 

ions in the cytoplasm (B2) indicate higher resolution imaging for NanoSIMS at the sub-

cellular level. 

In the pre-treated samples with tyrosine where the aim was to increase BPA uptake, the 

NanoSIMS imaging and quantitative measurement results of sample B3 in Figures 4.11 and 

4.14 respectively indicated that the accumulation of 10B was lower than in sample B2 

(Figures 4.9 and 4.14). The D3 sample results in Figures 4.18 and 4.21show that the 10B 

signals in D3 were close to D2 (Figures 4.16 and 4.21), also the 10B12C signals were lower 

than the D2. Thus, the results of the B3 and D3 indicate that pre-treatment with tyrosine does 

not enhance the uptake of BPA in either sample. This finding is inconsistent with some 

previous studies that have demonstrated that preloading with L-amino acids increases the 

BPA uptake in tumour cells [23][27][30][31]. Wingelhofer et. al. illustrated that pre-

treatment with L-tyrosine and L-DOPA improve the uptake of FBPA, an analogue of BPA 

used to predict concentrations of BPA, in three cell lines in vitro, which are the mouse 

melanoma, the human colorectal adenocarcinoma and the human hepatocellular carcinoma 

[62]. Capuani et al. reported that pre-loading of L-DOPA in rat C6-glioma cells in vitro and 

in vivo increased the accumulation of intracellular BPA [63][64]. Witting et.al. [30] and 

Papaspyrou et al. [65] proved that preloading of tyrosine increased the BPA uptake in rat 

gliosarcoma and mouse melanoma cells respectively.  Most of these studies were conducted 

on animal cells whether in vitro or in vivo and only one study on the lines of human cells 

[62], which in turn differed from the type and nature of human samples used in this thesis. 

This difference in sample type may be the reason why the results of preloading of tyrosine 

in B3 and D3 is not consistent with these studies. Primary human cells are heterogeneous 
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and more complex, making a comparison between animal models and human cell lines 

difficult [46].  

In contrast, our results are consistent with the Grunewald’s et al. conclusion, which showed 

that pre-loading with L-tyrosine and L-DOPA did not affect the BPA uptake in all organelles 

of the mice carrying the human hepatocellular carcinoma cells line because either the effect 

of tyrosine varies from tumour to tumour or the activity of LAT-1 expression in transfer L-

amino acid is different from patient to patient [47].Yang et. al. stated that the effect of 

tyrosine could not be determined definitively in a study conducted on F98 glioma bearing 

rats with L-DOPA and B16 melanoma bearing mice with L-tyrosine [66] because the 

preloading with the amino acid is different depending on the anatomic location of the tumour 

and histologic tumour. Detta and Cruickshank also demonstrated that pre-treatment with 

tyrosine did not improve BPA uptake in the GBM brain tumour and brain around tumour 

biopsies as showed in Figure 2.2 [46]. The samples, analysed by Detta and Cruickshank are 

the closest in nature and type to the cultured cells samples used in this thesis as was explained 

in 3.2.2.  

In the samples exposed to the efflux process (4h) after incubation with BPA (4h), B4 maps 

in Figure 4.13 and the quantitative measurement in Figure 4.14 showed a decrease in the 

intensity of 10B and 10B12C accumulated in the cell compartments compared to B2 and B3. 

The D4 maps in Figure 4.20 and the quantitative measurement in Figure 4.21 showed a 

similar behaviour to sample B4 where the 10B and 10B12C intensity in the cells also decreased 

compared with D2 and D3 samples. However, boron levels in B4 and D4 samples remained 

higher than the B1 and D1 control samples, indicating that the boron ions are not completely 

lost from cells during the efflux process. Results of B4 and D4 are compatible with Witting 

et.al. study, which showed that the efflux process in a medium containing amino acid and 

another medium that does not contain amino acid will lead in both cases to a clear and rapid 

reduction in BPA uptake in gliosarcoma cells of rat, confirming that the efflux process is an 

exchange between the inside and outside the cell and slower than the uptake process [30]. 

The wet weight concentrations of 10B determined using the 10B−/12C− ratios that measured 

from the B samples in Table 4.3 and D samples in Table 4.5 using the NanoSIMS confirms 

an increased drug concentration in cellular nuclei compared to the cytoplasm. This is an 

important finding that has implications for the efficacy of BNCT treatment considering the 

short range of radiant energy transfer from irradiated 10B atoms as explained earlier in section 

4.2.3.2.5. There was no statistically significant difference in mean 10B concentrations 

between the B2 and D2, and this is similar to the findings of Detta and Cruickshank [46] 
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explained extensively in the section 4.2.3.3. Tyrosine was found to result in a significant 

decrease in cellular BPA uptake in B3 cells from the tumour core, but not from the D3 of 

BAT, this is identical with some studies [46][47][66] and is inconsistent with other studies 

[30][62][65] discussed above. The concentrations also suggest that the BPA efflux process 

is slower than the uptake process and is not complete within 4 h. Residual levels of 10B in 

B4 and D4 cells derived from GBM tumour and BAT respectively are above the lethal BNCT 

threshold, ∼15–30 μg g−1 [41], following 4 h efflux treatment. The concentration of 

10B12C−/12C− ratios were not estimated due to the lack of a relative sensitivity factor for the 

10B12C− from an appropriate standard. 

4.3.2 Summary of BioToF-SIMS results 

The results of BioToF-SIMS imaging using a 1 – 2 µm Au+ beam in all samples of the two 

groups B and D provided general information on the distribution and intensity of ion signals 

at the cellular level, and did not distinguish cell compartments compared to the images from 

the NanoSIMS. All control samples from BAT and GBM provided similar results for the 

distribution of boron isotopes in Figures 4.25 ‒ 4.35, The quantitative measurement in 

Figure 4.36 shows that the ratio of 10B/11B was approximately 0.38 ‒ 0.45 which is higher 

than the natural ratio 0.247 [2][3] due to interference with the noise signals which reduced 

the accuracy. 

The pharmacological distribution of BPA in BioToF-SIMS images in all samples of the B 

group from GBM and the D group from BAT, with the exception of the control samples, 

showed a fairly homogeneous distribution of 10B at the cellular level without showing any 

clear localisation in the cell structure. The difference between the images of the samples was 

in the number of ion signals accumulated in the cells. The quantitative measurements in 

Figure 4.46 and 4.56 confirm that the 10B from the BPA was localised within the cells of all 

B and D samples with the exception of the B1 and D1 control samples. The BioToF-SIMS 

images cannot determine the preferred accumulation sites for 10B from BPA in cells unlike 

NanoSIMS images, which showed the preferential accumulation sites at the subcellular 

level. Knowing the location of the BPA is necessary to determine the success of the BNCT 

treatment in destroy cancer cells as described in section 2.1 [21]–[24].  

The homogeneous 10B distribution in all B and D groups samples treated with BPA is 

somewhat similar to the 10B distribution between the nucleus and the cytoplasm indicated 

by Chandra et. al. during the study of the human glioblastoma cells line (T98G) and the 

extent of the effect of exposure to a nutrient medium containing phenylalanine at the level 
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of internal boron in cells as in Figure 2.13 [67]. However, Chandra et. al. showed in a 

previous study that the distribution of boron is uneven between T98G cell compartments as 

discussed in Figure 2.10 [61]. In addition, the distribution of Na, K, C and 10B ions for all 

samples of the B and D groups are similar to that obtained by Alkins et al. when analysing 

9L gliosarcoma tumour sections model of Fisher 344 rats treated with BPA-f in vivo using 

ToF–SIMS IV with Bi1
+ beam, the similarity is that the ions did not show any clear pattern 

of localisation within the cellular structure as shown in Figure 2. 12 [21]. By comparing the 

image quality of samples B2 imaged with NanoSIMS, B2 imaged with BioToF-SIMS, 

glioblastoma cells line (T98G) [67] and 9L gliosarcoma tumour [21] in Figures 4.9, 4.39, 

2.13, and 2.12 respectively, which were analysed using ~ 400 nm Cs+, 1-2µm Au+, 

stigmatic-imaging with O2
+, and Bi1

+ (probe size not given) respectively, it is clear that the 

Cs+ beam was better than the other beams in providing high spatial resolution images for 

localising boron and other ions to features in the cell structure. The O2
+ beam is the next best 

at showing boron signals but with the need to use a reflection light microscope to determine 

the location of the cell compartments before the analysis of the sample. The Au+ and Bi+ 

were close in performance, showing the difference in the intensity of the ion signal in general 

without localisation to the cellular compartments.  

In terms of pre-loaded samples with tyrosine, the imaging results for 10B in the B3 sample 

in Figure 4.42 and the quantitative measurement made by normalisation with 12C in Figure 

4.46 -a showed that the 10B ion signals in the cell structure was ~ 20 times lower than the B2 

sample in Figure 4.39 and 4.46 -a. The result of the B3 sample indicates that pre-treatment 

with tyrosine has not improved the uptake of BPA in sample. This result is similar to that 

obtained when analysing the B3 using the NanoSIMS which is already mentioned above. 

Accordingly, the result of B3 contradicts some of the earlier investigations in the literature 

that indicated that pre-treatment with L-tyrosine improves BPA uptake in tumour cells 

[30][62]–[65], while corresponding with other studies that showed that the effect of tyrosine 

varies depending on the type and location of the tumour or that the activity of LAT-1 

expressions in transfer L-amino acids is different among patients [46][47][66]. These 

consistent and conflicting studies were reviewed in greater detail during the summary of the 

B3 sample results with the NanoSIMS above. The D3 sample results (Figure 4.52 and 

Figure 4.56) show a opposite result to those in B3, where the 10B signals in D3 were ~ 10 

times higher than D2 (Figure 4.49 and 4.56).  

In the B4 and D4 samples exposed to the efflux process, the images in Figure 4.45 and 4.55 

as well as quantitative measurements normalised by 12C and in Figure 4.46 and 4.56 showed 
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a similar result. The 10B signal in the cell structure decreased compared with other B and D 

groups samples, but remained higher than the control samples B1 and D1. Results of B4 and 

D4 are compatible with Witting's et.al. results, which was reviewed in the summary of 

NanoSIMS results [30]. 

4.3.3 Conclusions 

In the comparison between the B and D groups, the 10B/12C ratios results using NanoSIMS 

in Figure 4.23 and BioToF-SIMS in Figure 4.57 showed a similar result, which is that the 

accumulation of 10B of BPA in D group samples was higher than the B group samples, except 

that D2 was less than B2 in BioToF-SIMS measurements, while D2 and B2 were close to 

each other in NanoSIMS measurements. Moreover, the results of comparing the 10B/11B 

ratios between the two groups using NanoSIMS in Figure 4.7 -b and BioToF-SIMS in 

Figure 4.58 gave a similar result in that the intensity of 10B of BPA in D2 was higher than 

B2 which in turn reversed the results of 10B/12C ratios. This means that both instruments 

provided a similar performance in quantitative measurement although spatial resolution 

decreased in the BioToF-SIMS images compared to NanoSIMS. 

In addition, measured 10B concentrations (μg/g) in nuclei and cytoplasm using NanoSIMS 

(Tables 4.3 and 4.5) are similar to literature, with a nuclear : cytoplasmic concentration ratio 

which is preferable to the success of BNCT. Analyses with NanoSIMS have demonstrated 

cellular heterogeneity which bulk techniques cannot address. On the other hand, it was not 

possible to calculate the 10B concentrations from the 10B+/12C+ ratios in Tables 4.6 and 4.7 

with BioToF-SIMS due to the absence of a RSF value from a suitable reference to the freeze-

dried cells samples. The use of a calibration curve for different BPA concentrations in 

trehalose (Figure 3.13) was also not useful for determining 10B concentrations with BioToF-

SIMS. 

Thus, the NanoSIMS was able to map and quantify 10B distribution in cells. Together these 

observations represent the first intracellular study of BPA uptake and L-tyrosine pre-

treatment in human cells. Although the sample numbers are small in this proof-of-principle 

study, due to the low throughput of the NanoSIMS and BioToF-SIMS techniques, the results 

are still important for determining the success of BNCT in patients. 
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5 Determining the Uptake and Subcellular Distribution of 10-Boron in 

Glioblastoma Multiform Tumours (GBM) and Brain around Tumour 

(BAT) Tissue Biopsies Treated with 10B Phenylalanine (BPA) 

5.1 Introduction 

In this Chapter, the bio-distribution of boron from BPA treatment at the cellular level in 

tissue imprint samples was explored using SIMS imaging. The instruments used were 

NanoSIMS and BioToF-SIMS with primary ion beams of Cs+ (~ 400 nm diameter) and Au+ 

(approximately 1 – 2 µm diameter) respectively, the instrumentation was described in 

Chapter 1. 

The analysed samples were histological biopsy imprints from the GBM tumour and BAT 

tissues taken from patients with a high degree of brain tumour. Patients were administered 

with the 10BPA drug in vivo. GBM biopsies were harvested from the tumour core where they 

are expected to contain many tumour cells, while BAT biopsies are not completely healthy 

tissue from the surrounding area of the tumour, containing very few infiltrated tumour cells. 

It is important that the 10BPA reaches the infiltrating tumour cells in BAT that are responsible 

for the spread of the disease without accumulating in the adjacent healthy brain cells in order 

to preserve the latter from damage during BNCT radiotherapy.  

The distribution of boron was imaged in samples, then the quantitative measurements of the 

secondary ion signals from the boron were extracted. The pharmacological accumulation 

was quantitatively compared between different tissue types. The results from the two 

instruments were compared in terms of imaging capabilities and quantification. 

Note that the imprint samples were analysed before the cell culture samples presented in 

Chapter 4. There is a difference in the ion species measured between the samples of Chapter 

5 and Chapter 4, as explained in section 5.2.2.1, and it is this difference which makes the 

normalisation method different between Chapters 4 and 5, as will be seen during this chapter. 

The results of Chapter 4 were presented before Chapter 5 as the primary cell cultures treated 

in vitro were used as a model system to help interpret the more heterogeneous tissue biopsy 

samples.  
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5.2 Experimental section  

5.2.1 Sample preparation  

The preparation of the imprint samples of GBM and BAT tissues biopsies which were 

administered with the 10BPA drug in vivo was explained in section 3.2.2.2. Both types of 

imprints were prepared from two patients and summarized in Table 5.1. 

5.2.2 SIMS analysis 

5.2.2.1 NanoSIMS analysis  

The NanoSIMS 50L instrument was explained in Chapter 1. At the beginning of each 

NanoSIMS session, the current of the 16 keV Cs+ beam was measured in FCo with all D1 

aperture sizes, then the samples were analysed in a manner almost identical to the cell culture 

samples in Chapter 4. The position of the seven detectors was tuned to detect the following 

secondary ions: 10Bˉ, 10B12Cˉ, 12C14Nˉ, 29Siˉ, 31Pˉ, 32Sˉ and 10B16O2ˉ. For some samples 

10B14Nˉor 12Cˉ were imaged instead of 10B16O2ˉ. The reason for choosing these species was 

explained previously in section 3.6.1 (the second stage -1st step). The instrument settings 

and HMR scans ensured no mass interferences between ions of interest and are shown in 

sections 3.4.1 and 3.6.2.2 respectively. 

The imprint samples of GBM tumour and BAT tissues biopsies were analysed to determine 

the distribution of 10B from the BPA drug at the cellular level as follows. ROI's of tissues 

were selected using the CCD camera in the NanoSIMS instrument alongside optical images 

of the samples captured before the experiment started using a reflective light microscope 

(see section 3.3). The ROI's were implanted using a dose 1×1017 Cs+ ions/cm2 of 16 keV 

with D1 = 0 (defocused beam) and rastered over an area of 100×100 µm2. The reason for 

choosing implantation dose of 1×1017 ions/cm2 was explained in section 3.6.1. After 

implantation, images were acquired by adding doses which ranged between 1.2×1015 and 

2.7×1017 ions/cm2 to the implanted ROI's with D1= 2, the beam current intensity ranged 

between 1 – 5 pA. The Cs+ ion beam was rastered over an area ranging from 25×25 to 75×75 

with 512 × 512 or 256×256 pixels and the dwell time per pixel was 1000, 2000 or 5000 µs. 

The analysis was stopped when a total of 100 counts of 10Bˉ were measured when summing 

all the images to ensure sufficient signal for analysis of regions of interest. The resulting 

images were processed using the Fiji -ImageJ software, the software details were illustrated 

in section 3.4.2. The quantification and the graphs of results were created using OriginPro 

and Microsoft Excel software as illustrated in section 3.4.2. 
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5.2.2.2 BioToF-SIMS analysis 

Imprint samples of GBM tumour and BAT tissue biopsies were analyzed by following the 

same methodology used in the analysis of cell culture samples in Chapter 4 with the BioToF-

SIMS instrument. Further detail about the instrument was described in Chapter 1. 

 LMIG - Au+ primary ion beam (Ionoptika Ltd., UK) at 20 keV with 5–9 nA current was 

used for analysis in pulsed mode and etching in DC mode. All the experiments were 

performed with 256×256 pixels, positive mode, and 100 ns pulse width of Au+ beam to 

increase measurement sensitivity during image acquisition. The etching process was done 

once with a Au+ beam with an ion dose of 1.9×1016 ions/cm2 over a FoV of 400×400 μm2 

which was three times bigger than the FoV during imaging to avoid crater edge effects. 

During the imaging process secondary ion signals were collected from 21 layers of the 

surface before etching and then collected from 60 layers after etching. The imaging FoV was 

variable between 52×52 μm2 and 150×150 μm2, depending on the size of the area under 

study. The final result of spectrum and images were acquired from summing all 81 layers. 

The analysis took ~ 3 h 45 min with an ion dose accumulation of 2 – 6 × 1014 ions/cm2. The 

signals of 10B+, 11B+, 12C+, 23Na+, 28Si+ and 39K+ were selected from 1–150 Da spectral region 

to create two dimensional images using the BioToF software. All image sizes were calibrated 

using a 300 square copper mesh (3.05 mm − 83 µm pitch − Agar Scientific Ltd, UK). Each 

sample was analyzed 3–8 times with a new area every time. The graphs and quantification 

were made using OriginPro and Microsoft Excel as explained in the section 3.5.2. 

 

5.2.3 NanoSIMS results and discussion 

5.2.3.1 Cellular imaging of 10B distribution from BPA drug in the imprint 

samples of GBM tumour and BAT tissue biopsies 

This step represents the main experiment to achieve the objective of the research in assessing 

the imaging capabilities (spatial resolution and sensitivity) for the NanoSIMS instrument in 

determining the distribution of 10B from the BPA drug at the cellular level in the tissue biopsy 

imprint samples and quantitative measurements of 10B. Table 5.1 summarizes the tissue 

biopsies studied and shows the symbolic abbreviation for each sample. 
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Table 5.1: Summary of the studied samples of the tissue biopsies and the abbreviation for 

each sample. 

The imprints samples from the first patient (pt.1) 

Border around tumour tissue biopsy BAT-pt.1 

First tissue biopsy of GBM tumour GBM-pt.1-1 

First tissue biopsy of GBM tumour coated with Pt GBM-pt.1-1-Pt 

Second tissue biopsy of GBM tumour GBM-pt.1-2 

The imprints samples from the second patient (pt.2) 

Border around tumour tissue biopsy BAT-pt.2 

tissue biopsy of GBM tumour GBM-pt.2 

 

Before discussing the results of the analysis of the samples listed in Table 5.1, it is necessary 

to clarify the morphological differences between the brain tissue infected with GBM tumour 

and BAT tissues. Figure 5.1 shows images of frozen sections of GBM tumour and BAT 

biopsies harvested from both patients and stained with haematoxylin and eosin (H&E), 

provided from the Molecular Neuro-oncology Laboratory in the Queen Elizabeth 

Neuroscience Centre, The University of Birmingham - UK. Tumour cells acquire purple 

colour due to nuclei dysfunction and chromatin condensation while healthy cells appear light 

pink due to protein balance in the cells, red blood cells show a dark pink colour, more detail 

about the H and E dyes in references [1][2]. 

Figure 5.1 -a shows the morphology of one of the sections of the BAT-pt.1 sample, where 

some tumour cells appear in the rim of the large, thick clumps and a few within the thinner 

clumps (purple colour), while the centre of the thick clumps is bloody (dark pink areas). 

Figure 5.1 -b shows one of the sections of the GBM-pt.1-1 sample that showed that all 

clumps have tumour cells (purple colour). Larger and thicker clumps are bloody in the centre 

(dark pink areas) but have tumour cells in the rim. In Figure 5.1 -c a thin imprint of the 

sample GBM-pt.1-2, contained sparsely spread individual tumour cells, and a reasonable 

number of tumour cells in the peripheral clumps (purple colour). Figure 5.1 -d shows one 

of the sections of BAT-pt.2, that appear as a thin imprint containing a few tumour cells 

spread in through the sample, as well as within the large clumps (purple colour). Figure 5.1-

e shows a thin imprint of the GBM-pt.2 sample, containing tumour cells in all clumps, and 

a few tumour cells (purple colour) in the areas around the clumps. 
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Both images 5.1 - a and d show that BAT tissues contain very few tumour cells that are 

difficult to distinguish from a large number of adjacent healthy cells. On the other hand, 5.1 

b, c, and e images show that GBM tumour tissues contain larger number of tumour cells 

compared to the BAT tissues (a and d images). The BAT and GBM tissues of patient-1 (a - 

c images) contain many cracks and necrosis, which are artefacts of the freezing process. 

Whereas the BAT and GBM samples of patient-2 appear to be better in terms of fewer 

cracks. All images in Figure 5.1 show different thicknesses across the sample. The size of 

the tumour cells in tissues is approximately less than 10 μm [3]. 

It should be noted that the sections shown in Figure 5.1 were not those analysed with 

NanoSIMS, which were analysed without H&E staining. Since the samples have different 

thicknesses based on the colour, the dwell time was selected to be 1000 μs/pixel for thin 

areas, 2000 μs/pixel in most sample areas, and 5000 μs/pixel for thick areas. The number of 

pixels used was mostly 512×512, but was changed to 256×256 when using 5000 μs/pixel to 

maintain a reasonable analysis time. 

 

Figure 5.1:  H&E-stained sections of brain tumour biopsies from patient-1 in panels a-c and 

patient-2 in panels d-c, more details about each imprint in the text. 

 

5.2.3.1.1  BAT-pt.1 maps 

The BAT-pt.1 sample is an imprint of border around tumour tissue biopsy harvested from 

the Patient-1. The sample is expected to contain very few infiltrating cells in healthy brain 

tissue in a similar manner to those shown in Figure 5.1 -a. 10BPA treatment was delivered 
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to the patient in vivo during two hours. The concentration of 10BPA in the entire biopsy after 

removal from patient-1 is 27.9 mg/kg measured by ICP-MS [3], this concentration is within 

the lethal BNCT dose of ∼15–30 mg/kg [4]. A comprehensive image of the sample was 

captured on the silicon substrate using a reflective light microscope and presented in Figure 

5.2. The captured image shows 12 different areas analysed within coloured squares. Seven 

areas (black squares) were excluded from the results for various reasons explained in section 

5.2.3.2, results were extracted from only 5 regions (blue squares). Following is a discussion 

of the results of one of the areas, indicated with a red arrow, for illustrative purposes. All 

areas were included in quantitative data analysis in section 5.2.3.3. 

The CCD camera in the NanoSIMS was used side by side with Figure 5.2 to select the 

analysis area. The analysed areas were selected based on the following criteria; they must be 

flat, containing cells, essentially free from cracks and areas were selected from both thin and 

thick parts in an attempt to find tumour cells and obtain a successful analysis. The secondary 

ion maps resulting from NanoSIMS analysis of the selected area are shown in Figure 5.3. 

Maps show contrast in the distribution of ions across the tissue imprint. 

 

 

Figure 5.2: Image of freeze-dried BAT-pt.1 sample on the 5×7 mm2 Si substrate captured 

using a reflective light microscope, a sequence of snapshots for sample were taken and then 

aligned to form a complete image of the sample. The image showing 12 areas analysed 

within the coloured squares. Results were extracted only from the 5 blue squares. Arrow 

refers to the area presented in the discussion. 
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Figure 5.3: NanoSIMS maps for the imprint sample of BAT-pt.1 biopsy that was 

administered with 10BPA in vivo. SE: secondary electron map shows the general morphology 

of the analysed area. The maps of negative secondary ions: 10B, 10B12C, 12C14N, 29Si, 31P and 

32S respectively show the ion distributions across the sample. 10B16O2ˉ was also mapped but 

not presented due to uncertainty of the peak due to mass interferences. ROI's 1, 2, and 3 

identify cells (red lines). ROI 4 shows the rest of the sample parts (yellow line). The arrows 

in the SE map point to the topography in the cell-2. The arrows in P map indicate some 

unknown features. The stars (*) on the S map distinguish the connective tissue areas. The 

FoV is 60×60 µm2 with 512×512 pixels. Analysis dose in images = 3.23×1015 ions/cm2. 
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The SE map shows the general morphology of the area where the different features can be 

distinguished in the sample and exposed areas of silicon substrate, and also shows that the 

analysis area is almost flat. The Si map shows the areas of the substrate covered by the 

sample, and the locations of the cracks and holes in the sample where the high signal 

intensity of the Si is shown. These cracks and holes are mostly resulted from the freezing 

process, and have also been observed in the stained sections with H&E in Figure 5.1 -a 

Therefore, the Si map is used as an auxiliary guide to avoid open areas of the sample on Si 

substrate during the identification of the ROIs. Furthermore, the silicon map confirms that 

the cells of interest did not sputter away completely during image acquisition by adding a 

dose of 3.23×1015 ions/cm2 of Cs+ in this area. 

The CNˉ, Pˉ and Sˉ are commonly used in biological imaging to locate cells as described 

below. As observed in Figure 5.3, the CNˉ is distributed almost uniformly across the imprint 

with very low contrast compared to other ion maps. The CNˉ signal intensity is higher than 

the rest of the ions signals, as found by comparing the total summed intensities from the 

image for all ions. The high signal of CNˉ from biological samples typically means it can be 

used to show features at the cellular and subcellular level in cell cultures samples, making it 

important and frequently used when imaging biological samples [5]–[7]. The CNˉ 

distribution in the sample BAT-pt.1 is somewhat similar to the pattern of its distribution in 

the fibrosarcoma tumour tissue sections from mice shown in Figure 2.18 that were studied 

by Proetto et al. [8]. CNˉ signals originate mainly from proteins and amino acids existing in 

the cell structure and tissues between cells [9]–[11].    

The Pˉ map shows the localisation of phosphorus-containing molecules such as 

phospholipids, phosphorylated-proteins and nucleic acids rich in phosphate groups [12]–

[14]. Therefore, the high signal intensity of the Pˉ is an indicator of cell location and the 

nuclei at the subcellular level, this is consistent with many imaging studies that used the P 

signal for the same purpose [8][12][15][16]. The size of the tumour cells in the tissue is less 

than approximately 10 µm, as explained in section 5.2.3.1. Accordingly, the P map shows 

three cells (and not just nuclei) in the imprint sample numbered of 1-3 (red lines).  

The sulfur ion map shows a heterogeneous distribution of Sˉ signals across the imprint. In 

most areas of the sample, the intensity of Sˉ signals is higher than Pˉ and less than CNˉ. The 

S signal is usually generated from sulfur-containing amino acids such as methionine and 

glutathione, which in turn are necessary for the protein synthesis [17][18].  
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In both the P and S ion maps, the three highlighted cells appear somewhat different in their 

Pˉ and Sˉ distribution pattern. In Cell-1, Phosphorus ion was more concentrated in the upper 

left inner edge of the cell and extended to the right edge, which may indicate the cell 

membrane or some topography originating from the cracks around the cell or both. The high 

signal intensity of the Pˉ also appears as a bright spot in the centre of cell-1, which may refer 

to the nucleus site (under marker 1). The rest of the cell structure contained less intensity of 

Pˉ and possibly refers to cell cytoplasm. The Sˉ signal also localised within cell-1 with the 

Pˉ signal, but the distribution is reversed, where the Sˉ signals are lower in intensity in sites 

of high Pˉ intensity at the edge surrounding the cell and nucleus, while the Sˉ signal intensity 

is higher than the Pˉ in the cytoplasmic regions. The distribution pattern of the phosphorus-

sulfur ions signals in what appears to be the nucleus and cytoplasm in cell-1 is similar to 

their distribution between cells compartments in the cell culture samples which were 

discussed in Chapter 4, for example Figure 4.9. In addition, Legin's et al. study showed co-

localisation between Pˉ and Sˉ in a human colon cancer cell line, which is somewhat similar 

to the distribution pattern of Pˉ and Sˉ signals in cell-1, Figure 2.16 [15].   

Cell-2 in the Pˉ map appears at first glance to have a large nucleus of high Pˉ signals 

intensity, but this nucleus contains some topography that can be observed on the SE map 

(arrow), the low CNˉ signal and high Sˉ signal were also observed at the site of this 

topography. The differing distribution of Pˉ in cell-2 compared with that in cell-1 makes it 

difficult to identify from the phosphorus in cell-2 weather it was one nucleus or several 

nuclei in the case of the proliferating cell, while the area surrounding the Pˉ signals in cell-

2 maintains a similar appearance to cell-1 in terms of CN and S ions signals intensity which 

in turn refer to the cytoplasm. Moreover, the Pˉ signal in cell-2 may represent a nucleus with 

a distorted membrane and blobby shape, which means that cell-2 may be one of the apoptotic 

cells.     

The characteristics of the apoptotic cells are: an irregular nuclear membrane, DNA 

fragmentation and a condensed nucleus [19], membranes with blobby shape [20], loss of 

nucleus due to DNA degradation of the nucleus and decay to several separated chromatin 

bodies or small nuclear units [19]. Sometimes the cells appear as a fragmented area of the 

nuclear membrane [21], the internal general features become quite unclear as a result of the 

collapse of the proteinaceous cytoskeleton while cells maintain a relatively circular general 

shape [22]. All the BAT and GBM tumour tissues contain a large number of apoptotic cells 

due to very rapid cell growth with hypoxia and nutrient deficiency leading to cell stress and 

then apoptosis [3][23].  
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Cell-3 also looks like an apoptotic cell where a high signal of Pˉ accumulated with a lower 

signal of Sˉ in an irregular form indicating the possibility of a distorted nucleus. 

The CN, S and P ions maps show that the area surrounding the cells (within the yellow line) 

has cracks and holes resulting from the freezing process, also includes two features. The 

first, unknown features are phosphorus ion depleted, but show high signal intensity of CNˉ 

(indicated by arrows in the Pˉ map). The second is a tissue that connects the contents of the 

imprint, showing a weak Pˉ signal in grey and high signals of CNˉ and Sˉ with some contrast 

in intensity from one side to another in the Sˉ map (stars in Sˉ map), this tissue is composed 

mainly of proteins such as collagen [24][25].  

As for the distribution of 10B from BPA in the tumour cells (active and apoptotic) infiltrating 

to the BAT tissue, the 10Bˉ map showed signals of 10Bˉ in the three cells. However, it is 

difficult to determine localisation of 10Bˉ signals due to the small size of cells in FoV 50×50 

μm2, subcellular detail is not sufficiently clear or reliable, and there is a low intensity of 10Bˉ 

signal detected in the sample compared with other ions intensities. The accumulation of 10B 

in the unknown features in the outer region surrounding the cells (within the yellow line) 

was higher than in the tumour cells but it is not clear why this is the case. The 10B12Cˉ signal 

shows a similar distribution pattern to 10Bˉ in the imprint (inside and outside the cells). The 

summed intensities of 10B12Cˉ signal from cells were ~ 2 times higher than summed 

intensities of 10Bˉ as is evident from the analysis of normalised intensities in BAT-pt.1 

sample, this means that the 10B12C fragment has relative stability and/or a higher ionization 

probability than the atomic 10B. Hence the 10B12Cˉ gives a clearer image than Bˉ, more details 

on 10Bˉ/12C14Nˉ and 10B12Cˉ/12C14Nˉ ratios are discussed in 5.2.3.3. The distribution pattern 

of 10B and 10B12C ions was similar in all analysed areas (n = 5) of BAT-pt.1 sample. Most 

of analysed areas contained apoptotic cells only. 

It is clear that the BAT-pt.1 sample morphology is more complicated than the BAT cell 

cultures samples (D group) because of cellular variety in the tissue imprint, the small size of 

the cells, and the small number of infiltrating cells to BAT-pt.1 tissue, makes it difficult to 

find tumour cells and distinguish cell compartments accurately. It was therefore not possible 

to determine any preferential accumulation of 10B and 10B12C ions to subcellular features. 

The preferential accumulation for 10B of BPA in tumour cells, especially in nuclei areas, is 

an important factor for increasing the chances of success of BNCT radiotherapy in the 

elimination of tumour cells with minimizing damage on adjacent healthy cells [4], [26]–[28] 

but this could not be determined in this sample. 
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5.2.3.1.2  GBM-pt.1-1 maps 

The GBM-pt.1-1 sample is an imprint of the tissue biopsy of the glioblastoma multiforme 

tumour core harvested from patient-1, and is expected to contain a large number of tumour 

cells as explained in section 5.2.3.1 and Figure 5.1 -b. This sample was administered with 

BPA by in vivo treatment for 2 hours. The concentration of BPA in the entire biopsy after 

removal from patient-1 is 33.4 mg/kg as measured by ICP-MS [3], which is higher than the 

lethal BNC threshold (∼15–30 mg/kg) [4]. Figure 5.4 shows an overview image of the 

sample on the silicon substrate that was captured using a reflective light microscope, the 

image shows 11 different areas analysed within coloured squares. 10 areas (black squares) 

were excluded from results for different reasons mentioned in section 5.2.3.2, and the result 

was extracted from only one successfully imaged area (within the blue square) and discussed 

below. 

Figure 5.5 shows the secondary ion distribution maps produced by the NanoSIMS analysis 

of the area within the blue square, chosen prior to NanoSIMS analysis using the CCD camera 

in the NanoSIMS alongside with Figure 5.4.  

 

 

Figure 5.4: Image of freeze-dried GBM-pt.1-1 sample on the 5×7 mm2 Si substrate captured 

using a reflective light microscope. A sequence of images were taken and then aligned to 

form a complete image of the sample. The image shows 11 areas analysed within the 

coloured squares. The NanoSIMS result presented for GBM-pt.1-1 was extracted from the 

blue square. The 7 areas highlighted with black circles were analysed after covering the 

sample with a 10 nm layer of Pt, the result extracted from the red circle is presented in the 

GBM-pt.1-1-Pt discussion. 
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Figure 5.5: NanoSIMS maps for the imprint sample of GBM-pt.1-1 biopsy that was 

administered with 10BPA in vivo. SE: secondary electron map showing the general surface 

features of the analysed area. The maps show the cellular distribution of negative ions: 10B, 

10B12C, 12C14N, 29Si, 31P and 32S respectively across the sample. 10B16O2ˉ was also mapped 

but not presented due to uncertainty of the peak due to mass interferences. ROI1-cell (red 

line) and ROI2- the rest of the sample parts (yellow line). The arrows in the P map indicate 

unknown features. The stars (*) on the S map distinguish the connective tissue areas. The 

FoV is 50×50µm2 with 256×256 pixels. Analysis dose in images = 1.23×1015 ions/cm2. 
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The SE map shows the general shape of the analysed area, the different surface features, and 

confirms that the analysis area is almost flat. The Si map shows the substrate area covered 

by the sample where the silicon signal disappears, and shows that the area has holes and 

cracks where the high silicon signals appear, helping to avoid undesirable features during 

selection of ROIs in the imprint and extraction of quantitative measurements. The cracks in 

the imprints of GBM-pt.1-1 sample were also observed in sections stained using H&E in 

Figure 5.1 -b. The silicon map also confirms that the cell of interest was not sputtered away 

during the acquisition of the images by adding a dose of 1.23×1015 ions/cm2 of Cs+ beam to 

this area. 

The ion maps of CN, P and S provide a distribution pattern across the imprint that is almost 

identical to the BAT-pt.1 sample. The CNˉ map shows almost uniform distribution across 

the imprint with higher signal intensity than the rest of the ions signals as is evident from 

comparing the total intensities of ions summed from cells. The source of the high signal 

intensity of CNˉ is the cell structure and tissues between cells rich in proteins and amino 

acids [9]–[11], and the CNˉ signals follow the general features of the imprint at the cellular 

level.   

The P ions were distributed heterogeneously across the sample. The high accumulation of 

Pˉ signal shows the location of cell-1 (red line) at the cellular level because the cell structure 

contains phosphorus-rich molecules such as phospholipids and DNA [12]–[14]. The Sˉ map 

shows higher signal intensity than P in most sample areas, with a heterogeneous distribution 

of Sˉ signals across the sample. The source of S signals is usually the sulfur-containing 

proteins [17][18].      

In cell-1 (red line), Pˉ signals are randomly distributed with high intensity within the cell 

structure. Sˉ signal has a similar overall distribution to Pˉ signal but appears to be less intense 

at high intensity sites of Pˉ which in turn confirms the location of the cell. The unclear 

localisation pattern of Pˉ and Sˉ signals inside the cell does not allow one to distinguish cell 

compartments (nucleus and cytoplasm), indicating a possible fragmentation of the nucleus 

into several separate chromatin units due to DNA degradation, however the cell maintains a 

round shape. The features shown in cell-1 may indicate an apoptotic cell, the characteristics 

of the apoptotic cells were illustrated in section 5.2.3.1.1.  

The area around cell-1 (yellow line) consists of: cracks, holes and unknown features. These 

unknown features have a high signal of CNˉ and low Pˉ signals (the arrows in the P map). 
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There is also extracellular tissue which appears with low signal intensity of Pˉ and high 

signal intensity of the CNˉ followed by the varying signal of Sˉ (stars on the S map). 

In terms of boron localisation, maps show that 10Bˉ and 10B12Cˉ ions are quite homogenously 

distributed within cell-1 as well as in the area surrounding cell from the outside (yellow line) 

similarly to the BAT-pt.1 sample. 10Bˉ and 10B12Cˉ ions do not show any preferential 

accumulation within the cell structure, which may be due to the nucleus fragmentation into 

several chromatin bodies scattered in the cytoplasm. The total signal intensity of 10B12Cˉ is 

~ 3 times more than total 10Bˉ intensity in the cell as is evident from the analysis of 

normalised intensities in GBM-pt.1-1 sample, more details on 10Bˉ/12C14Nˉ and 

10B12Cˉ/12C14Nˉ ratios are discussed in 5.2.3.3. 

In comparison to BAT-pt.1, it was observed that cell-1 in the GBM-pt.1-1 sample in Figure 

5.5 has normalised total intensities of 10Bˉ and 10B12Cˉ signals that are ~ 7 times higher than 

the cells in the BAT-pt.1 sample in Figure 5.3, which indicates that for the studied cells 

BPA uptake in tumour core was higher than the border tissue surrounding the tumour. The 

measured bulk concentrations in both biopsies using ICP-MS was 33.4 mg /kg in GBM-pt.1-

1 sample and  27.9 mg /kg in the BAT-1 sample of the same patient, these bulk values are 

very similar but only give bulk values whereas the NanoSIMS data is specific for tumour 

cells and hence can explain the difference. Despite differences in the detected signals 

intensity of 10Bˉ and 10B12Cˉ between the GBM-pt.1-1 and BAT-pt.1 samples, they were 

similar in not showing a specific accumulation site for boron ion signals within the cell and 

10Bˉ and 10B12Cˉ signals were also detected outside the cells.  

5.2.3.1.3  GBM-pt.1-1-Pt maps 

In an attempt to improve the electrical conductivity of the GBM-pt.1-1 sample and overcome 

the charging that happened in some areas, a thin layer of 10 nm platinum was coated over 

the sample before further SIMS analysis, which may help to better determine sites of ion 

distribution by improving signal intensity. Figure 5.4 shows 7 areas analysed, marked with 

circles that were selected before analysis using the CCD camera. 6 areas (black circles) were 

excluded from the results for various reasons as mentioned in section 5.2.3.2, and the result 

was extracted from only one successful area (red circle) and discussed below. 

In Figure 5.6, the SE map shows a clear image of the general surface features and that the 

sample is almost flat. The Si map shows the locations of the holes and the cracks in the 

imprint sample, as well as the substrate area covered by the sample, which useful in 

identifying the cells of interest while avoiding undesirable features. The silicon map also 
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confirms the integrity of the cell structures of interest during image acquisition with a dose 

of 1.83×1016 ions/cm2 in this area. 

 

 

Figure 5.6: NanoSIMS analysis for the imprint sample of GBM-pt.1-1-Pt. SE: secondary 

electron map shows the general shape of the analysed area. SIMS maps reveal the 

distribution of negative ions respectively: 10B, 10B12C, 12C14N, 29Si, 31P and 32S within the 

sample. 10B14Nˉ was also mapped but not presented due to uncertainty of the peak due to 

mass interferences. ROI's 1, 2, 3 and 4-cells (red lines), ROI's 5, 6, and 7 - unknown features 

(red lines). ROI8- the rest of the imprint (yellow line). The arrows in P map point to some 

unknown features. The stars (*) on the S map distinguish the connective tissue areas. The 

FoV is 50×50 µm2 with 512×512 pixels. Analysis dose in images = 1.83×1016 ions/cm2. 
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Ion maps show that CNˉ, Pˉ and Sˉ were distributed across the imprint in a manner similar 

to the maps of the BAT-pt.1-1 and GBM-pt.1-1 samples. The CNˉ map had high ion signal 

intensity compared with other ions and was distributed almost uniformly across the imprint. 

The Pˉ map shows a high accumulation of ions in specific areas of the sample numbered 

from 1-7 (red lines), which in turn may refer to the locations of the cells. Sˉ signals are 

distributed heterogeneously across the imprint. This pattern in the distribution of CNˉ, Pˉ 

and Sˉ was illustrated in further detail during the BAT-pt.1 sample discussion.     

Regarding areas numbered 1-7; area-1 appears to be an apoptotic cell because Pˉ signals are 

distributed irregularly with varying signal intensity throughout the cell structure, and no 

features are shown distinguishing the cell compartments from each other, indicating the loss 

of the nucleus and its degradation to several separate chromatin bodies. Moreover, cell-1 

maintains a round general shape. More detail about the characteristics of the apoptotic cell 

is given in the section 5.2.3.1.1. Areas 2 and 3 may originally have been one cell which has 

divided into two parts under the effect of the freezing process and emergence of cracks, or a 

cell that has been subjected to fragmentation during a proliferation stage for tumour cell or 

a disassembly phase for apoptotic cell to apoptotic bodies. In all cases, it is difficult to 

determine the identity of these cells reliably. In area 4, the cell identity also cannot be 

determined due to the small size of the cell and cracks in its surrounding edges. The high 

signal intensity of Pˉ in area 4 may indicate the site of the nucleus in a tumour cell or nucleus 

with irregular membrane in apoptotic cell. Areas 5-7, although containing high Pˉ signals 

and very low Sˉ signals, do not appear as cellular structures in the CNˉ and SE maps, and 

differ in their form compared with cells1-4, so they were considered as unknown features. 

The quantitative data for the accumulation of 10Bˉ and 10B12Cˉ were obtained from cell 1-4, 

although the cells identity was not strictly defined in 2-4, while the unknown features in 

areas 5-7 were excluded from results.    

The area outside the cells has holes, cracks, and connective tissue showing a high signal of 

CNˉ while Pˉ signals are very low (* on the S map). In addition, unknown features containing 

CNˉ and Sˉ but an absence of Pˉ signals (arrows in the P map) are present.  

Maps of the boron ions showed a semi-homogeneous distribution of 10Bˉ and 10B12Cˉ signals 

within cells 1-4 and also in the surrounding area of the cells (within the yellow line). The 

lack of clear cell compartments does not allow determination of the preferred accumulation 

sites of boron ions in cellular structures. The total intensity of the 10B12Cˉ signals 

accumulated in the cells is ~2 times higher than the total 10Bˉ signal intensity as found from 

the analysis of normalised intensities in GBM-pt.1-1-pt sample, which are discussed in more 
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detail in section 5.2.3.3. Therefore, the 10B12Cˉ could provide a clearer image than 10Bˉ. 

However, the intensity of boron signals in the Figure 5.6 is close to those from the same 

sample before being covered with 10 nm Pt in Figure 5.5, which in turn indicates that coating 

with platinum did not have a significant and clear effect in improving ion yield of boron 

from the sample, nor increase the number of successful areas of analysis. The distribution 

pattern of boron signals at the cellular level in the sample GBM-pt.1-1 before and after 

platinum coverage was similar. By comparing the normalised total intensities of the boron 

signals summed from cells between the GBM-pt.1-1-Pt and the BAT-pt.1 samples in 

Figures 5.6 and 5.3 respectively, it is clear that the intensity of the 10Bˉ and 10B12Cˉ signals 

in GBM-pt.1-1-Pt is ~ 9 times higher than BAT-pt.1, confirming again that the uptake of 

BPA in cells of tumour area is higher than the tumour cells infiltrating to BAT area. 

 

5.2.3.1.4  GBM-pt.1-2 maps 

GBM-pt.1-2 sample is an imprint of a different biopsy taken from another site of the brain 

tumour for the same patient-1 which was administered with BPA in vivo for one hour. The 

concentration of BPA in the bulk biopsy after harvest is 48.1 mg/kg measured by ICP-MS 

[3], which is much higher than the lethal BNC threshold (~ 30 mg/kg) [4] and from those 

measured in GBM-pt.1-1 and BAT-pt.1, indicating that the BPA uptake may vary depending 

to the anatomical location of the biopsy. An image of the sample on the Si substrate in Figure 

5.7, showing the location of 16 analysed areas within the coloured squares, 12 areas (black 

squares) were excluded from the results for reasons explained in the section 5.2.3.2. Results 

were extracted from only 4 areas (blue squares), the following is a discussion of the results 

of one of these areas shown in Figure 5.8, from the blue square marked with a red arrow in 

Figure 5.7. The SE map shows the general morphological features of the imprint and 

confirms that the analysis area is flat, while the Si map shows the area of the substrate 

covered by the imprint, and the cracks locations in the analysis area. These cracks were 

previously observed in another imprint of the same sample stained with H&E in Figure 5.1 

-c. The Si map also showed that the areas of interest (red lines) were not completely sputtered 

away during the acquisition of images by adding a dose of 2.72×1017 ions/cm2 in this area. 

 



285 

 

 

Figure 5.7: Image of freeze-dried GBM-pt.1-2 sample on the 5×7 mm2 Si substrate captured 

using a reflective light microscope. The image shows 16 areas analysed within the squares. 

The results were extracted only from the 4 blue squares. Arrow refers to the area presented 

in the discussion. 

 

Ion distribution maps for CNˉ, Pˉ and Sˉ at the cellular level are similar to that in all previous 

imprint samples. The CNˉ map shows a relatively uniform distribution across the imprint 

with higher signal intensity than the rest of the ions as found by comparing the total 

intensities of ions that summed from cell. Pˉ signals were heterogeneously distributed across 

the imprint and were highly accumulated in areas 1 and 2 (red lines) and indicate the 

structures of cells rich in phosphorus-molecules. Sˉ signal intensity appears higher than Pˉ 

and less CNˉ in most imprint sample areas. Further details on the CNˉ, Pˉ and Sˉ distribution 

pattern are described in section 5.2.3.1.1. 

The cell-1 (red line) appears to have characteristics of an apoptotic cell in that it is not 

possible to distinguish the features of the nucleus within the cell, indicating a possible 

fragmentation of the nucleus into multiple chromatin bodies that then spread in the 

cytoplasm. This is confirmed by phosphorus signals that are distributed unevenly with high 

signal intensity throughout the cell structure. Despite the collapse of the proteinaceous 

cytoskeleton, the overall shape of the cell remains round. Area 2 (red line) shows part of 

another nearby cell where high and varying signals of phosphorus accumulated, but it is not 

possible to determine whether this is a tumour cell or apoptotic cell because the visible part 

of cell in the FoV is too small. 
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Figure 5.8:  NanoSIMS maps for the imprint sample of GBM-pt.1-2 biopsy. SE: secondary 

electron map shows the general surface features of the analysed area. The maps show the 

cellular distribution of negative ions: 10B, 10B12C, 12C14N, 29Si, 31P and 32S respectively 

within the sample. 10B14Nˉ was also mapped but not presented due to uncertainty of the peak 

due to mass interferences. ROI’s 1&2-cells (red line) and ROI3- the rest of the imprint 

(yellow line). The FoV is 25×25 µm2 with 512×512 pixels. Analysis dose in images = 

2.72×1017 ions/cm2. 
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The area surrounding the cells (within yellow line) represents the tissue that binds the 

contents of the sample where high CNˉ, Sˉ and low Pˉ signals are localised. This area 

contains also cracks resulting from the freezing process. In the area around the cells in 

sample GBM-pt.1-2, the holes and unknown features that were present in the previous 

imprint samples were absent, indicating that the sample morphology may be vary depending 

to the anatomical location of the biopsy. 

As for the distribution of boron at the cellular level, both 10Bˉ and 10B12Cˉ ions are distributed 

semi-homogeneously within cells-1 and 2, as well as in the surrounding area of the cells 

(yellow line). The total intensity of 10B12Cˉ signals across the cells is ~ 2 times higher than 

total intensity of 10Bˉ signals as evident from the analysis of normalised intensities from 

GBM-pt.1-2 sample in 5.2.3.3. All areas (n = 4) analysed in the sample GBM-pt.1-2 gave a 

similar distribution of 10Bˉ and 10B12Cˉ. The distribution pattern of boron ions across the 

imprint GBM-pt.1-2 is similar to that obtained from the GBM-pt.1-1 sample before and after 

platinum coverage in Figures 5.5 and 5.6.    

By comparing the normalised total intensities of the boron ions summed from cells in the 

samples GBM-pt.1 as seen in the Figures 5.5, 5.6 and 5.8 with the BAT-pt.1 sample in 

Figure 5.3, It was observed that the signal intensity of 10Bˉ and 10B12Cˉ in GBM-pt.1-2 is 

close to the GBM-pt.1-1 and the GBM-pt.1-1-pt.. All the GBM-pt.1 samples showed signal 

intensities of boron ions higher than BAT-pt.1 by a factor of ~ 8, which confirms that the 

uptake of boron ions from BPA in cells of tumour tissue was higher than tumour cells in 

BAT tissue, these observations in turn follow the same trend as the ICP-MS concentrations 

measured in the biopsies mentioned at the beginning discussion of each sample. More details 

on 10Bˉ/12C14Nˉ and 10B12Cˉ/12C14Nˉ ratios are discussed in 5.2.3.3. 

 

5.2.3.1.5  BAT-pt.2 maps 

The BAT-pt.2 sample is an imprint of border around tumour tissue biopsy obtained from a 

patient-2 receiving the BPA in vivo within an hour. This sample is expected to contain very 

few tumour cells infiltrating healthy tissue in the brain as shown in section 5.2.3.1 and 

Figure 5.1 -d. The concentration of BPA in the entire biopsy was 6 mg/kg measured by ICP-

MS [3], this is much lower than measured in all previous samples and below the lethal BNC 

threshold (∼15–30 mg/kg) [4]. Figure 5.9 presents an overview of the sample on the silicon 

substrate taken using a reflective light microscope. The image displays 20 analysed areas 

within the coloured squares. 18 of 20 areas (black squares) were excluded for multiple 

reasons explained in section 5.2.3.2, and results were extracted from only two areas (blue 
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squares). The results of one area are discussed below, indicate with a red arrow in Figure 

5.9. 

 

 

Figure 5.9: Image of freeze-dried BAT-pt.2 sample on the 5×7 mm2 Si substrate captured 

using a reflective light microscope. The image showing 20 areas analysed within the 

coloured squares. Results were only extracted from the 2 blue squares. Arrow refers to the 

area presented in the discussion.  

 

The selection of the analysis area was performed with the CCD camera in NanoSIMS 

instrument alongside Figure 5.9. The secondary ion maps resulting from the NanoSIMS 

analysis are shown in Figure 5.10 that illustrate the variation in the distribution of ions across 

the imprint. From the SE map, the general shape of the analysed area and the features on the 

surface can be distinguished. The Si map shows that most of the substrate surface is covered 

by the sample which in turn has holes showing high intensity of silicon signals. Therefore, 

the silicon map is used to avoid undesirable areas during identification of the cells of interest. 

Furthermore, the silicon map confirms the integrity of the analysed area after imaging with 

a dose of 3.57×1016 ions /cm2 in this area. 

Distribution maps for CNˉ, Pˉ and Sˉ are almost identical to those of the patient-1 samples. 

The CN map shows a semi uniform distribution of CNˉ signals in the imprint with higher 

signal intensity than the rest of the ions as found by comparing the total intensities of ions 

summed from cells. Both the Pˉ and Sˉ maps show a heterogeneous distribution of signals 

across the imprint. The Pˉ map shows the accumulation of signals with high intensity in 

specific areas of the sample numbered of 1 and 2 (red lines) which may indicate the locations 
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of the cells. Sˉ signal with low intensity is anticorrelated with high intensity signals of Pˉ in 

regions 1 and 2 which in turn confirms the location of the cells. More details on the 

distribution of CNˉ, Sˉ and Pˉ signals has been explained in the section 5.2.3.1.1. 

 

 

Figure 5.10: NanoSIMS maps for the imprint sample of BAT-pt.2 biopsy that was 

administered with 10BPA in vivo. SE: secondary electron map shows the general morphology 

of the analysed area. The maps of negative secondary ions: 10B, 10B12C, 12C14N, 29Si, 31P and 

32S respectively show the ion distribution across the imprint. 10B14Nˉ was also mapped but 

not presented due to uncertainty of the peak due to mass interferences. ROI 1-Cell (red line) 

and ROI 2-Excluded cell. ROI 3 represent the rest of the sample (yellow line). The arrows 

in the CN map and P map point to the hole in the cell-2 and some unknown features 

respectively. The stars (*) on the S map distinguish the connective tissue areas. The FoV is 

50×50 µm2 with 512×512 pixels. Analysis dose in images = 3.57×1016 ions/cm2.   
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In area 1 (red line), no features of the nucleus can be distinguished, indicating possible 

degradation of the nucleus to multiple chromatin units, which may in turn explain the 

presence of Pˉ signals throughout the cell structure with high signal intensity. The absence 

of the nucleus features along with the preservation of the cell in a general round shape are 

traits that indicate an apoptotic cell in area-1. 

Area 2 is predominantly an apoptotic cell. However, to the right of the cell (the arrow in the 

CNˉ map), there is a spot with different CNˉ and Pˉ signal from the rest of the cell structure 

in area-2, and is closer in its nature to the shape of outer tissue, indicating that the cell may 

be in partial demise or the cell is in a phase of fragmentation into smaller units called 

apoptotic bodies. Furthermore, the silicon ion map shows a hole in the bottom edge of cell-

2. Due to the lack of confidence in area-2, it was excluded from quantitative measurements. 

The outer area surrounding cells -1 and 2 (yellow line) is the tissue that binds the contents 

of the sample and has high CNˉ signals and low intensity Pˉ signals (the stars on the S map). 

The outer area contains unknown features with the absence of Pˉ signal (arrows in the 

phosphorus ion map), while these features accumulate high signal intensity of CNˉ and low 

intensity of Sˉ. The imprint also contains holes and cracks, where the CNˉ, Pˉ and Sˉ signals 

are absent, less than those apparent in the patient-1 samples and this is similar to the 

observations on stained sections with H&E from the same sample in Figure 5.1 -d. The SE 

map shows two bright longitudinal features indicated by arrows. The intensity of CNˉ, Pˉ 

and Sˉ signals from these features is not significantly different from the outer area 

surrounding the cells, whereas the Siˉ map confirms that there are no cracks, voids or holes 

in the location of these features. Therefore, these features may have formed from the outer 

tissue or contaminants on the surface. 

With regards to the distribution of boron from BPA, 10Bˉ and 10B12Cˉ signals in the maps 

showed a semi-homogeneous distribution within the cell-1 as well as in the area surrounding 

the cells (yellow line). 10B and 10B12C ions did not show any preferential accumulation within 

cell-1. The total intensity of 10B12Cˉ signals in the cell is ~ 2 times higher than the total signal 

intensity of 10Bˉ as is evident from the analysis of normalised intensities of BAT-pt. 2 sample 

in 5.2.3.3. All areas (n = 2) analysed in the BAT-pt.2 sample showed a similar distribution 

of boron ion in both forms. The behaviour of the distribution of 10Bˉ and 10B12Cˉ signals in 

the BAT-pt.2 sample in Figure 5.10 is similar to the distribution in the samples GBM-pt.1 

in Figures 5.5, 5.6 and 5.8. 
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By comparing the normalised total intensities of the boron signals that are summed from 

cells in BAT-pt.2 with BAT-pt.1 samples, the signal intensity of 10B and 10B12C  ions in 

Figure 5.10 confirms that the BAT-pt.2 cells uptake the BPA ~ 2 times more than the BAT-

pt.1 cells in Figure 5.3., although bulk concentration in the BAT-pt.2 biopsy (6 mg/kg after 

1 hour of BPA infusion) is significantly less than the concentration in BAT-pt.1 biopsy (27.9 

mg/kg after 2 hours of BPA infusion). This difference is due to the fact that ICP-MS 

measurements represent the concentration of BPA in the entire biopsy including the 

remaining blood and connective tissues. While the boron signals intensity measured using 

NanoSIMS represents the level of BPA in specific cellular areas, this in turn shows the 

advantage of SIMS approach in distinguishing differences in localisation within tissue 

sections as the measurements are not affected by tumour cell density. 

In addition, the difference in bulk concentrations and the signal intensity in the cells of both 

the BAT-pt.2 and BAT-pt.1 samples may be due to the difference in the activity of the LAT-

1 expression in the tumour cells infiltrated into the BAT tissue before the cells enter the 

apoptosis phase. This reason is consistent with Nawashiro's et al. study, which concluded 

that the activity of LAT-1 expression in the infiltrating cells to the border zone of the tumour 

differed in 10 tissue sections taken from human primary glioma in brain  from 10 different 

patients [29].  Grunewald et al. 's study also summarized a similar result that although pre-

loading of L-amino acids acts as a stimulator for BPA uptake, the accumulation of BPA was 

different in all mice organelles carrying a human hepatocellular carcinoma cells, indicating 

that the activity of the LAT-1 expression in the cells may be different from one patient to 

another or from one tumour to another [30]. Detta and Cruickshank concluded that although 

there were few tumour cells in BAT the level of BPA uptake in vitro in cell infiltrating BAT 

was close to the level of in vitro BPA uptake in the cells of GBM, indicating that LAT-1 

expression activity contributed in the passage of BPA to infiltrating cells [31]. Yang et al. 

also highlighted the difference in the accumulation of amino acids and the BPA according 

to the anatomical site of tumour and the type of histological tumour [32]. Another reason 

behind the difference in the normalised signal intensity of 10B and 10B12C between the cells 

of BAT-pt.2 and BAT-pt.1 samples may be the proliferation phase for the tumour cell before 

it is transformed into the apoptotic cell. Yoshida et al. concluded that the accumulation of 

10B of BPA in several tumour cell lines (in vitro) was high in the G2-M phases compared to 

the G0-G1 phases [33]. Ono et al. showed that 10B of BPA was accumulated in cell colonies 

in peripheral tumour in mice in vitro without any accumulation in the quiescent cells [34]. 

Dahlstrom et al. reported a heterogeneous accumulation of 10B of BPA  in the human glioma 

cell sub-populations, indicating the presence of the cells in different stages [35]. 
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5.2.3.1.6  GBM-pt.2 maps 

GBM-pt.2 sample is an imprint of tissue biopsy of the glioblastoma multiforme tumour core 

harvested from patient-2 and administered with BPA in vivo for an hour. GBM-pt.2 sample 

is expected to contain a larger number of tumour cells compared to sample BAT-pt.2 as 

illustrated in section 5.2.3.1 and Figure 5.1 -e. The bulk concentration of BPA in the entire 

biopsy after harvest is 17.8 mg/kg measured by ICP-MS [3], which is within the lethal BNCT 

dose (~15–30 mg/kg ) [4] and higher than measured in BAT-pt.2 but lower than those in 

GBM-pt.1 samples. The number of analysed areas is 13. The results were extracted from 

only 4 areas - 9 areas were excluded from the results for reasons explained in the section 

5.2.3.2. The following is a discussion of the results of one of the areas for illustrative 

purposes. The CCD camera in the NanoSIMS was used to select area for analysis as shown 

in Figure 5.11. All areas were included in quantitative data analysis in section 5.2.3.3.  

 

 

Figure 5.11: The image of the CCD camera shows the area chosen in GBM-pt.2 sample for 

NanoSIMS imaging. Scale bar =100 µm. 

 

The distribution maps of the secondary ions from the NanoSIMS analysis were shown in 

Figure 5.12. SE and Si maps show the general morphology of the imprint and the substrate 

area covered by the sample, respectively. The Si map also shows the location of holes in the 

imprint and confirms the integrity of the area of interest after implantation and image 

acquisition with a total dose of 2.29×1015 ions/cm2. The Cˉ map shows that the carbon is 

distributed semi-homogenously across most of the imprint but is highly concentrated around 

the edge of the imprint. The distribution of the CN, P and S ions in the imprint are similar to 
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that obtained in BAT-pt.2, as well as for the patient-1 samples. The distribution of CN, P 

and S signals were explained in more detail in section 5.2.3.1.1. The CNˉ has an almost 

uniform distribution across the imprint with higher signal intensity than the rest of the ions, 

while the Pˉ and Sˉ signals are heterogeneously distributed in the sample. The Sˉ signal 

maintains a higher intensity than the P signal and less than the CNˉ signal in most of the 

imprint areas, except for areas marked with red lines numbered 1-2. The Pˉ map shows a 

different accumulation pattern of Pˉ signals in areas-1 and 2 (red line) which may indicate 

the locations of the cells. The localisation of low Sˉ signal intensity with high Pˉ signals in 

areas-1 and 2 confirms the location of the cells. The Pˉ signals appear to accumulate less in 

cell-1 compared to the high signal’s intensity in cell-2, this difference in the intensity of Pˉ 

signals may be due to the sample being not completely flat, which makes the signal intensity 

appear less in the right side of the image in general and for the cell-1 in particular, thus the 

variation in signal intensity is not sufficiently clear. Cell-1 was excluded from quantitative 

measurements due to the lack of confidence in the measured boron signals from it. Cell-2 

shows the characteristics of apoptotic cell due to the absence of nucleus features, and the 

presence of high signal intensity of Pˉ with some contrast throughout the cell structure. In 

addition, cell-2 appears as a fragmented area of the cell membrane with the cell retaining its 

components.  

In terms of the boron distribution of the BPA, both the 10B and 10B12C ions were distributed 

semi-homogenously within cells-1 and 2, as well as in the external tissues surrounding the 

cells (the yellow line). The ions of 10Bˉ and 10B12Cˉ did not show any preferential 

accumulation pattern within cells-1 and 2. The total intensity of signals accumulated from 

the 10B12Cˉ across the cell-1 is close to the total intensity of 10B signals as is evident from 

the analysis of normalised intensities of GBM-pt.2 in 5.2.3.3. All areas (n = 4) analysed in 

the sample GBM-pt.2 showed a similar distribution of 10Bˉ and 10B12Cˉ. The distribution 

pattern of boron ion signals in both forms in the sample GBM-pt.2 is similar to the BAT-

pt.2 sample maps as well as the GBM-pt.1 samples.  

In comparison with the BAT-pt.2 in terms of normalised total intensity of boron signals 

summed from cells, it was observed that the intensity of the 10Bˉ and 10B12Cˉ signals in the 

GBM-pt.2 sample is higher than the BAT-pt.2 by a factor of 4 and 2, respectively, which in 

turn confirms that the absorption of BPA in the tumour area was higher than the BAT area. 

This observation is consistent with the measured concentrations in both biopsies samples 

after one hour of harvesting, which was 17.8 mg/kg in GBM-pt.2 and 6 mg/kg in BAT-pt.2. 

More details on 10Bˉ/12C14Nˉ and 10B12Cˉ/12C14Nˉ ratios are discussed in 5.2.3.3. 
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Figure 5.12: NanoSIMS maps for the imprint sample of GBM-pt.2 biopsy that was 

administered with 10BPA in vivo. SE: secondary electron map shows the general shape of 

the analysed area. The maps show the cellular distribution of negative ions: 10B, 12C, 10B12C, 

12C14N, 29Si, 31P and 32S respectively across the sample. ROI 1-Excluded cell (red line) and 

ROI 2- Cell. ROI 3- the rest of the sample parts (yellow line). The arrow in P map indicates 

an unknown feature. The stars (*) on the S map distinguish the connective tissue areas. The 

FoV is 75×75 µm2 with 512×512 pixels. Analysis dose in images = 2.29×1015 ions/cm2. 
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Relatively high signal intensity of 10B and 10B12C ions were observed at the edges of the 

external tissue, which may be due to accumulations of BPA flowing from inside the tissue 

to the tissue edges as a result of a natural efflux process during preparation of samples in the 

period from harvest, the concentration measurement, division of biopsies, and then the 

freezing process, before reaching the analysis stage in SIMS. Another possibility is that parts 

of tissue have been damaged and removed partially after implantation process using Cs+ 

beam, making ions appear to be accumulated high intensity with a lot of morphology. The 

intensity of the CNˉ and Sˉ signals in the edges did not differ from the nature of the internal 

tissues, whereas the Pˉ signal was higher than the interior of the tissue.  

5.2.3.2 Challenges in biopsy sample analysis by NanoSIMS 

Analysis of the imprint samples from tissue biopsies using NanoSIMS encountered a number 

of obstacles that limited the number of areas where reliable results could be extracted. These 

obstacles are mostly due to the nature of the sample. The thickness of the imprint is different 

across one sample as shown previously in Figure 3.1, which makes the fixed implantation 

dose insufficient to reach steady state for the thick areas, therefore these areas remain dark 

after the implantation process. In several areas the signal intensities for all ions was 

progressively lost from the outer edges of the analysed region. The image area starts with 

high and uniform signal intensity however during analysis one corner gets progressively 

darker and then this loss of intensity spreads over the entire analysis area, this may have been 

a charging effect as shown in CNˉ images in Figure 5.13 - a taken from the GBM-pt.1 and 

GBM-pt.2 samples, respectively. Some areas lack the presence of obvious features, as well 

as the difficulty of finding tumour cells especially those infiltrating the BAT tissues. For 

example, images of CNˉ and Pˉ from one of the sample areas BAT-pt.1 in Figure 5.13 - b 

shows no clear identifiable cellular features. Some parts of the samples are not completely 

flat, and this results in topographical enhancements of signal intensity so the images don’t 

show purely compositional contrast. The tissue morphology was affected by cracks and 

necrosis that in turn destroys the structure of some tumour cells, making it difficult to obtain 

suitable areas for analysis. The tissues contain other cell types along with tumour cells such 

as fibroblast cells, apoptotic cells and necrotic cells that may be deceptive when selecting 

the desired area for analysis. For example, Figure 5.13 - c shows images of CNˉ, Siˉ and  Pˉ 

resulting from the analysis of an area in the GBM-pt.1 sample, this area contains: cracks and 

necrosis as evidenced by Siˉ signals, the presence of unknown cell types from which Pˉ 

signals are absent, and the sample is not completely flat with a variation of contrast. Often 

this situation can only be discovered after analysis and image processing using the Fiji 
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software is completed. When one of these obstacles occurs, the analysed area is excluded 

from the sample results. 

 

 

Figure 5.13: A selection of images from the imprint samples showing the obstacles 

encountered by NanoSIMS analysis. (a) 12C14Nˉ images from the GBM-pt.1 and GBM-pt.2, 

respectively, showing the loss of signal intensity which potentially occurs due to charging. 

The image area starts with high and uniform signal intensity however during analysis one 

corner gets progressively darker and then this loss of intensity spreads over the entire 

analysis area. (b) 12C14Nˉ and 31Pˉ images from BAT-pt.1 showing no identifiable cellular 

features. (c) 12C14Nˉ, 29Siˉ and 31Pˉ images of GBM-pt.1 showing cracks and necrosis where 

a high intensity of 29Siˉ signals appears, unknown cell types where the 31Pˉ signal is absent, 

and the sample is not completely flat with the signal intensity varying across the sample as 

shown from the 12C14Nˉ signals. 
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5.2.3.3 Quantitative comparisons of 10B distribution from BPA drug 

between imprint samples of BAT and GBM tissue biopsies 

Quantitative determination of the boron accumulated from BPA in the cells, whether tumour 

or apoptotic, identified in maps of the BAT and GBM tumour biopsy imprints was 

performed. The measurements of 10Bˉ and 10B12Cˉ were normalised to 12C14Nˉ, which is the 

highest signal intensity and the most uniformly distributed ion across the imprint compared 

to the other signals. 12C14Nˉ is a commonly reported negative ion in NanoSIMS cellular 

imaging and is relatively uniform in distribution [5]–[7]. Normalising two ions acquired 

simultaneously accounts for different image sizes and minimizes the effect of any variations 

in primary ion beam current, total sputter yield and ion transmission, between different ROIs 

and images acquired across different NanoSIMS sessions. The reason for not normalising 

with 12Cˉ was given at the start of this chapter in section 5.1. The negative secondary intensity 

ratios of 10B/12C14N and 10B12C/12C14N, number of analyzed areas (n) and total number of 

cells in each sample were presented in box plot Figure 5.14. The box plot schematic to 

interpret the graphs was previously shown in Figure 4.7 -c. Table 5.2 displays the mean 

values for all the samples in the box plot Figure 5.14 for both 10B/12C14N and 10B12C/12C14N 

ratios where the difference between them can be observed. 

The imprint samples of tissue biopsies of patient-1 and patient-2 showed a similar boron 

distribution pattern in the NanoSIMS images. Quantitative results of NanoSIMS in Figure 

5.14 confirm that the cells in all the samples absorbed the BPA. The data show that the ratio 

of 10B12C/12C14N in the cells is always higher than the 10B/12C14N ratio with some overlaps 

between the data, this means that the 10B12C  fragment has relative stability and/or a higher 

ionization probability than atomic 10B, which in turn is a behavior similar to that observed 

in the results of quantitative measurements in the cell cultures in Figure 4.23.  

In imprint samples of the patient-1 biopsies, 10B/12C14N and 10B12C/12C14N ratios are higher 

in the samples GBM-pt.1-1, GBM-pt.1-1-Pt, and GBM-pt.1-2 than those measured in BAT-

pt.1. This is evident from the 7-9 fold increase in 10B/12C14N and 10B12C/12C14N ratios in 

GBM-pt.1 samples compared with BAT-pt.1 without overlap between them. 

In the sample GBM-pt.1-1-Pt, coated with 10 nm Pt the difference in mean values of the 

10B/12C14N and 10B12C/12C14N ratios were only 9% and 4% respectively of those single 

values obtained of the GBM-pt.1-1 sample as shown in the Table 5.2. This approximation 

between the mean values and the overlap in 10B12C/12C14N ratios between the two samples 

confirms that the Pt coverage did not significantly change the measured ratios.



298 

 

 

Figure 5.14: Comparison between the imprint samples from BAT and GBM tumour tissue biopsies in terms of 10Bˉ/12C14Nˉ and 10B12Cˉ/12C14Nˉ ratios 

accumulated from BPA in cells areas measured by NanoSIMS. 
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Table 5.2: The mean values of the 10B/12C14N and 10B12C/12C14N ratios in the imprint 

samples from BAT and GBM tumour tissue biopsies presented in the box plots Figure 5.14. 

 

Ratios 

Mean (×10-4) ± SD 

Samples of 

first patient (pt.1) 

BAT-pt.1 GBM-pt.1-1 GBM-pt.1-1-Pt GBM-pt.1-2 

10Bˉ/12C14Nˉ 0.025 ± 0.012 0.14 ± 0.00 0.23 ± 0.06 0.19 ± 0.04 

10B12Cˉ/12C14Nˉ 0.05 ± 0.012 0.38 ± 0.00 0.42 ± 0.11 0.38 ± 0.07 

Ratios 

Mean (×10-4) ± SD 

Second patient (pt.2) 

BAT-pt.2 GBM-pt.2  

10Bˉ/12C14Nˉ 0.06 ± 0.06 0.23 ± 0.06 

10B12Cˉ/12C14Nˉ 0.13 ± 0.03 0.25 ± 0.06 

 

In the sample GBM-pt.1-2, the ratios of 10B/12C14N and 10B12C/12C14N were close to those 

ratios in both GBM-pt.1-1 and GBM-pt.1-1-Pt samples as shown in Table 5.2. The 

difference in mean values between the samples of the GBM-pt.1 did not exceed 9%. The 

interquartile range for 10B/12C14N and 10B12C/12C14N for the samples GBM-pt.1-1-Pt and 

GBM-pt.1-2 were almost completely overlapping and therefore the two biopsy samples were 

considered to behave very similarly in terms of their BPA uptake. 

In terms of imprint samples of biopsies from the patient-2, the mean values of the 10B/12C14N 

and 10B12C/12C14N ratios in cells of the GBM-pt.2 were 4-fold and 2-fold respectively, higher 

than the mean values in the BAT-pt.2 sample, which confirms the high accumulation of the 

BPA in the GBM-pt.2 compared to the BAT-pt.2 sample. Furthermore, there is no overlap 

in the box plots between the two samples ratios, while the box plots of 10B/12C14N 

10B12C/12C14N ratios in sample GBM-pt.2 were highly overlapped and the mean values were 

close.  

In comparison between the two types of samples from both patients, the mean values of the 

10B/12C14N and 10B12C/12C14N ratios in the BAT-pt.2 sample were ~ 2-fold higher than those 

in the BAT-pt.1 sample. The first and second quartile range of 10B/12C14N ratios in BAT-

pt.2 overlaps with the third and fourth quartile range of in BAT-pt.1 ratio, while there is no 

overlap in 10B12C/12C14N ratios between the two samples. This difference in the 10B/12C14N 

and 10B12C/12C14N ratios between the samples BAT-pt.1 and BAT-pt.2 may be due to the 

difference in the activity of LAT-1 expression in the tumour cells infiltrating into BAT 

tissue, or that the distribution of boron was affected by the proliferation phase of the cell or 

site of the anatomical tumour and type of histological tumour, these reasons have been 
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discussed in detail in section 5.2.3.1.5. The mean value of 10B/12C14N in the GBM-pt.2 was 

9% higher than the mean in GBM-pt.1-1 and close to means in the GBM-pt.1-1-Pt and GBM-

pt.1-2. 10B/12C14N ratios were overlapping between all samples. In terms of the mean values 

of 10B12C/12C14N in GBM-pt.2 was 2-fold less than the means values  in the samples of 

GBM-pt.1. The third and fourth quartile range of the box plot 10B12C/12C14N ratio in GBM-

pt.2 overlapping with the first and second quartile range of samples GBM-pt.1-1-Pt and 

GBM-pt.1-2. Thus, all tumour samples showed close 10B/12C14N ratios and the difference 

between them was 0.2-9%, while the 10B12C/12C14N ratios in GBM-pt.2 was slightly lower 

than GBM-pt.1 samples at 13-17%. 

The statistical comparison of these results concluded that the level of cellular boron in all 

samples of GBM tumour was higher than the BAT samples. This higher accumulation of 

boron in the tumour sample cells and its accumulation in cells infiltrating into tissues 

surrounding the tumour contributes to the success of the BNCT therapy that is based on 

generating high-energy linear particles from a neutron fission reaction. These particles in 

turn penetrate the cells in short distances leading to the destruction of tumour cells 

[26][27][36]. The high spatial resolution for NanoSIMS imaging allowed the extraction of 

quantitative measurements from cellular areas of interest, comparing them and observing 

simple differences between them. 

Cellular wet-weight concentrations of 10B cannot be determined from the 10Bˉ/12C14Nˉ ratios 

measured with NanoSIMS using the same method as in section 4.2.3.2.5 due to the lack of 

a 12C14Nˉ RSF value from a reference identical or close to the freeze-dried cell samples. 
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5.2.4 BioToF-SIMS results and discussion 

In this section, the imaging capabilities of BioToF-SIMS instrument were assessed to 

determine the 10B distribution at the cellular level in the imprint samples from GBM tumour 

and BAT tissues biopsies administered with BPA in vivo (the same samples that were 

analysed by NanoSIMS). Table 5.1 shows a summary of the studied samples and the 

abbreviation for each sample. All samples were analyzed under the same analytical 

conditions and then were compared quantitatively. 

 

5.2.4.1 Imaging of ion cellular distributions of 10B from BPA drug in the 

imprint samples of GBM tumour and BAT tissue biopsies  
 

In the imprint sample of tissue biopsy BAT-pt.1, 6 areas were selected and analyzed 

(different from those analyzed with NanoSIMS) in Figure 5.2. After completion of the 

analysis, the results were extracted and data was processed as explained in section 3.5.2, 

only one of these areas is discussed below for illustrative purposes. All areas were included 

in quantitative data analysis in section 5.2.4.2. 

Figure 5.15 -a shows the positive ion mass spectrum resulting from one analysis area, which 

shows the high signal intensities of the Na at m/z 23 and the K at m/z 39. In Figure 5.15 -b, 

the signal intensity of the C at m/z 12 is relatively intense. Figure 5.15 -c shows the ion 

yields of the boron isotopes 10B and 11B. 

To verify the distribution of ion signals of interest across the imprint, BioToF-SIMS images 

were generated for the positive ions 10B, 11B, 12C, 23Na, 28Si and 39K and presented in Figure 

5.16. The Si+ image shows that the majority of the substrate is covered with the imprint 

except the upper right corner where high silicon signals are shown. The few Si signals shown 

across the imprint may have resulted from the presence of cracks or holes in the imprint and 

that were previously observed in the NanoSIMS maps in the Figure 5.3.The image of H&E-

stained section of brain tumour biopsy in Figure 5.1 -a confirmed the presence of these 

cracks. 

The pattern of signal intensity in Na+ and K+ images is similar to that obtained from energy-

dispersive X-ray microanalysis of human biopsies of thyroid tumours [37] and invasive 

urogenital cancers [38]. Both studies [37] and [38] show that Na content increases in cancer 

biopsies compared to K due to increased proliferation rate and cell division, which in turn 

stimulates continuous polarization of the cell membrane. Sodium and potassium ions are 
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involved in many interactions and activities within cells such as growth, regulation of protein 

activity, metabolism, transfer of amino acids and nucleotides through cellular membranes 

[39]–[42]. Thus, the Na+ and K+ intensity confirms the identity of the sample and that it 

contains unbalanced cells. 

The C+ image shows a homogeneous distribution of C signals in the imprint with lower 

signal intensity than Na+ and K+ images. Carbon ion signals result from proteins, lipids, 

amino acids, and carbohydrates in the imprint structure [10][11][43]. As for boron isotope 

images, both 10B+ and 11B+ are distributed almost homogeneously in the sample. The signal 

intensity of all ions was low in the upper right corner where the high signal intensity of the 

silicon ion in the exposed area of the substrate was observed. The total ion image represents 

a comprehensive image for all ions apparent in the mass spectrum Figure 5.15.   

None of the images in Figure 5.16 showed the morphology of the imprint and did not 

distinguish the locations of the cells. The images did not show the variation in the distribution 

of signals between the different parts of the imprint as in the NanoSIMS maps of BAT-pt.1 

in Figure 5.3, confirming the relatively low spatial resolution in the resulting images of 

BioToF-SIMS using primary beam Au+ in imaging under the high-current settings to 

maximize sensitivity. Thus, it is not possible to determine the sites of accumulation of 10B 

of BPA accurately in the images. However, the BioToF-SIMS images gave the intensity of 

the ion signals at the level of BAT-pt.1 imprint at a larger scale than was possible with the 

NanoSIMS. By comparing BioToF-SIMS images, the distribution pattern of all ions was 

similar in all areas analyzed (n = 6) in the BAT-pt.1 sample. 
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Figure 5.15: Positive secondary ion mass spectra from the imprint sample from BAT-pt.1, 

obtained after a dose of 2.65×1014 ions/cm2 of the 20 keV Au+ beam. (a) shows the full 

spectrum. (b) and (c) show the magnification of the m/z range from 8-18 and 8-12 

respectively. 
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Figure 5.16: BioToF-SIMS analysis from the imprint sample from BAT-pt.1 treated with 

10BPA in vivo. The FoV is 100×100 µm2. The total ion image represents all the ions visible 

in the mass spectrum presented in Figure 5.15. The positive secondary ion images of 10B, 

11B, 12C, 23Na, 28Si, and 39K respectively show the ion distributions within the sample. The 

analysis dose in the images was 2.65×1014 ions/cm2. The colour gradient from black to 

yellow shows the signal intensity from zero to the maximum values. 

 

 

All other samples of BAT and GBM tumour listed in Table 5.1 generated results very similar 

to images of the sample BAT-pt.1(Figure 5.16) in terms of unclear sample morphology and 

a similar general pattern of the distribution of ions. Since no information on the cellular 

distribution for ions in the images can be obtained on this image scale, only the spectra of 

these samples have been presented below. In the imprint sample of GBM-pt.1-1, 3 different 
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areas were analyzed and Figure 5.17 shows the mass spectrum resulting from one of these 

areas, which in turn shows the signal intensity of 10B+ and 11B+. In comparison to BAT-pt.1, 

the normalised 10B+ signal intensity to 12C+ in sample GBM-pt.1-1 is ~ 3 times higher than 

the BAT-pt.1 sample, confirming that the BPA accumulation in sample GBM-pt.1-1 was 

more than accumulated in BAT-pt.1, more detail is given in the quantification section 

5.2.4.2. 

 

Figure 5.17:  Positive secondary ion mass spectra from the imprint sample from GBM-pt.1-

1, obtained after a dose of 2.98×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the full 

spectrum. (b) and (c) show the magnification of the m/z range from 8-18 and 8-12 

respectively. 
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In the sample GBM-pt.1-1-Pt, which is coated with 10 nm Pt, four different areas were 

analyzed and Figure 5.18 shows the resulting mass spectrum from one of these areas. The 

normalised intensity of 10B+ signal to 12C+ intensity in GBM-pt.1-1-Pt is ~3 times higher 

than those in the samples BAT-pt.1 and close to GBM-pt.1-1, more detail is given in the 

quantification section 5.2.4.2. This finding indicates that coating the sample surface with 

platinum to reduce any sample charging issues did not have a significant effect on increasing 

the signal intensity from the sample GBM-pt.1-1-Pt, a result which agrees with the 

NanoSIMS analysis and did not change the measured ratios. 

 

 

Figure 5.18: Positive secondary ion mass spectra from the imprint sample from GBM-pt.1-

1-Pt, obtained after a dose of 2.75×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the 

full spectrum. (b) and (c) show the magnification of the m/z range from 8-18 and 8-12 

respectively. 
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Figure 5.19 shows the mass spectrum resulting from one of the seven areas analyzed in the 

GBM-pt.1-2 sample. From the spectrum it is clear that the intensities of the K+ signal at m/z 

39 and the Na+ signal at m/z 23 are opposite to what was observed in the samples above. 

This may be because the area is free of cancer cells or contains a large number of other, non-

tumour, cells with high potassium content, which in turn may affect the K+ and Na+ signal 

intensities.  

 

Figure 5.19: Positive secondary ion mass spectra from the imprint sample from GBM-pt.1-

2, obtained after a dose of 2.65×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the full 

spectrum. (b) and (c) show the magnification of the m/z range from 8-18 and 8-12 

respectively. 
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The resulting images of NanoSIMS of the same sample GBM-pt.1-2 in Figure 5.8 show the 

presence of unknown cells in the phosphor map (arrows). The different harvest site of this 

sample may have a role in the difference in signal intensity (K+ and Na+). This difference in 

the intensity of K+ and Na+ signals was observed in all analyzed areas (n =7) of this sample 

GBM-pt.1-2. The normalised intensity of the 10B+ signal to 12C+ intensity in the sample 

GBM-pt.1-2 is ~ 2 times lower than the GBM-pt.1-1-Pt and GBM-pt.1-1 samples.   

In terms of distribution and quantitative information for boron from BPA in the imprints of 

BAT and GBM tumour biopsies from the patient-2, the samples provided similar results to 

biopsy imprints of patient-1. 

 Figure 5.20 shows the mass spectrum that resulted from one of the 6 areas analyzed in the 

BAT-pt.2 sample, which shows the intensity pattern of signals similar to BAT-pt.1, GBM-

pt.1-1, and GBM-pt.1-1-Pt. Compared to BAT-1, the normalised intensity of 10B+ to 12C+ 

intensity in BAT-pt.2 is ~ 2 times higher than the BAT-pt.1 sample. This difference in 10B+ 

intensity between BAT-pt.1 and BAT-pt.2 may be due to several reasons and have been 

discussed the section 5.2.3.1.5. In the sample GBM-pt.2, the mass spectrum in Figure 5.21 

shows an intensity pattern for the ions similar to that in the previous samples. The spectrum 

also shows that the intensity of 10B+ signal is higher than the 10B+ signals in other samples 

by a factor of 2-4 when comparing normalised intensities, indicating a very high 

accumulation of BPA in sample GBM-pt.2 compared to all the imprint samples of BAT and 

GBM tumour, more detail is given in the quantification section 5.2.4.2. 

The 10B+/11B+ ratios were calculated of the boron isotopes in all the spectra shown in the 

Figures 5.15-5.21 and discussed in section 5.2.4.2. 
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Figure 5.20: Positive secondary ion mass spectra of imprint sample from BAT-pt.2, 

obtained after a dose of 2.65×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the full 

spectrum. (b) and (c) show the magnification of the m/z range from 8-18 and 8-12 

respectively. 
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Figure 5.21: Positive secondary ion mass spectra of imprint sample from GBM-pt.2, 

obtained after a dose of 2.00×1014 ions/cm2 from the 20 keV Au+ beam. (a) shows the full 

spectrum. (b) and (c) show the magnification of the m/z range from 8-18 and 8-12 

respectively. 
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5.2.4.2 Comparison of the quantitative measurement of the 10B uptake 

between imprint samples of BAT and GBM tissue biopsies using 

BioToF-SIMS 

Quantitative measurements of 10B accumulated from BPA at the imprint level from biopsy 

samples of BAT and GBM tumour were calculated from the BioToF-SIMS results. The 

measurements of 10B+ intensities were normalised to 12C+ intensities in Figure 5.22 -a.12C+ 

signal was selected for normalisation due to its relatively uniform distribution across the 

imprints. Moreover, 10B+ signals were normalised to 11B+ signals in Figure 5.22 -b for 

further verification of 10B accumulation in samples. The box plot schematic to interpret the 

graphs was shown in Figure 4.7 -c. The number of analyzed areas (n) in each sample is 

shown on Figure 5.22. Table 5.3 shows the mean values of all BAT and GBM tumour 

samples in Figure 5.22 for both 10B/12C and 10B/11B, where the difference between them can 

be observed. 

The BioToF-SIMS results in the box plot of Figure 5.22 -a and the mean values in Table 

5.3 show that the 10B+/12C+ ratio in the sample GBM-pt.1-1 is  ~ 3 times higher than the 

sample BAT-pt.1 without any overlap between them. The GBM-pt.1-1-Pt sample gave a 

10B+/12C+ ratio at the imprint level very close to that of the uncoated GBM-pt.1-1 and 

therefore coating had a negligible effect in improving the signal intensity from 10B+ and did 

not change the normalisation. The sample GBM-pt.1-2 is ~ 2 times less than GBM-pt.1-1-

Pt and GBM-pt.1-1 samples, while is still ~ 2 times higher than the BAT-pt.1 sample, the 

overlap between GBM-pt.1-2 and BAT-pt.1 is simple and confined in the upper whisker of 

the BAT-pt.1. The differences in the 10B+/12C+ ratios between the GBM tumour samples of 

the patient-1 did not exceed 2%. Thus, all the imprint samples of GBM tumour biopsies from 

patient-1 gave 10B+/12C+ ratios higher than the BAT-pt.1 sample. 

A similar result was also obtained from the samples of patient-2. The ratio of 10B+/12C+ in 

the sample GBM-pt.2 was 3 times higher than the BAT-pt.2 without overlap between 

samples. 

By comparing the results of the samples from patient-1 and patient-2 the results confirm the 

higher accumulation of BPA in the tissue biopsies of GBM tumour compared with BAT 

biopsies. In addition, the accumulation of 10B of BPA in the samples of patient-2 was higher 

by a factor of 2-3 than the samples of the patient-1. The results of the 10B+/12C+ ratios using 

BioToF-SIMS is generally similar to that resulting from the quantitative measurement using 

NanoSIMS in Figure 5.14, while the lower imaging resolution in BioToF-SIMS analysis 

means conclusions regarding cellular accumulations cannot be made. 
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Figure 5.22: Comparison between the imprint samples from BAT and GBM tumour tissue 

biopsies in terms of (a) 10B+/12C+ and (b) 10B+/11B+ ratios showing accumulation of BPA 

measured by BioToF-SIMS. (a) showed that 10B+/12C+ ratios were higher in GBM tumour 

imprints than BAT imprints samples and the accumulation of 10B in patient-2 samples were 

more than the patient-1 samples. The only similarity between the 10B+/11B+ ratios and the 

10B+/12C+ ratios is that the GBM-pt.2 sample contains more 10B than the other samples. n: 

represents the number of areas analyzed for each sample.  
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Table 5.3: The mean values of 10B/12C and 10B/11B ratios in the imprint samples from GBM 

tumour and BAT tissue biopsies presented in the box plots Figure 5.22. 

 

Ratios - Mean ± SD 

values of whole area 

Samples of 

first patient (pt.1) 

BAT-pt.1 GBM-pt.1-1 GBM-pt.1-1-Pt GBM-pt.1-2 

10B+/12C+ 0.011 ± 0.002 0.029 ± 0.003 0.033 ± 0.004 0.018 ± 0.004 

10B+/11B+ 0.34 ± 0.02 0.36 ± 0.03  0.4 ± 0.04 0.4 ± 0.02 

Ratios - Mean ± SD 

values of whole area 

Second patient (pt.2) 

BAT-pt.2 GBM-pt.2     

10B+/12C+ 0.017 ± 0.005 0.046 ± 0.009 

10B+/11B+ 0.34 ± 0.02 1.4 ± 0.3 

 

 

In terms of quantitative measurements in Figure 5.22 -b and the mean values in Table 5.3, 

the results show that 10B+/11B+ ratio  in the samples of patient-1 were very close to each other 

with overlap with GBM-pt.1-1 in the upper-whisker from the BAT-pt.1, and with the lower-

whisker for the GBM-pt.1-1-Pt and GBM-pt.1-2. The sample GBM-pt.1-1-Pt was fully 

overlapped with the IQR of sample GBM-pt.1-2. The latter in turn overlap in the upper 

whisker area of BAT-pt.1. The difference in mean values between the samples of the patient-

1 did not exceed 4%. The samples of the patient-2 show that 10B+/11B+ ratio in GBM-pt.2 

was 4 times higher than the BAT-pt. 2 sample without any overlap between the samples.  

The differences in 10B+/11B+ ratios were small and carried a large uncertainty given the small 

number of data points. The Pt coating did not improve the signal intensity of the ion signals. 

Both ratios 10B+/12C+ and 10B+/11B+ showed that the GBM-pt.2 absorbed more BPA than 

samples from GBM-pt.1. 

The wet-weight concentrations of 10B at the imprint level cannot be determined from the 

10B+/12C+ ratios from BioToF-SIMS for the same reasons as previously mentioned in section 

4.2.4.2.4. 
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5.3 Summary of the results of the analysis of imprint samples of BAT 

and GBM tumour biopsies using NanoSIMS and BioToF-SIMS 

instruments 

This chapter includes an assessment of the imaging capabilities of the NanoSIMS and 

BioToF-SIMS instruments in determination of the drug distribution of BPA in the imprint 

samples of BAT and GBM tumour biopsies, which were removed from two different 

patients. 

The resulting ion maps from NanoSIMS analysis using a ~ 400 nm Cs+ beam showed the 

general morphology of the samples, the contrast in the distribution of different ions across 

the imprint, and identified the site of the cells and the surrounding area. The morphology of 

all imprint samples from BAT and GBM tumour tissue biopsies was more complex than cell 

cultures samples in Chapter 4 due to cellular diversity in tissue imprints, small cell size (~ 

<10 μm), the few numbers of tumour cells in imprints and the difficulty in finding them, and 

the existence of cracks and holes in the imprints.  

From the NanoSIMS maps, it is clear that the boron distribution in all samples in Figures 

5.5- 5.12, with the exception of BAT-pt.1 in Figure 5.3, was similar where 10Bˉ and 10B12Cˉ 

were distributed almost homogenously within the tumour cells. The distribution of 10Bˉ and 

10B12Cˉ in BAT-pt.1 sample were not sufficiently clear due to the low level of signal 

accumulated in the cells. In addition, the higher accumulation of boron inside the cells of 

GBM tumour samples compared to cells of BAT samples of the same patient confirms that 

the uptake of BPA in the GBM tumour areas is higher than the areas surrounding the tumour 

BAT and this is also evident from the quantitative measurement in Figure 5.14. The 

distribution pattern of Pˉ and Sˉ in the cells showed absence of cell compartments features 

in all cells, except cell-1 in the BAT-pt.1 sample, indicating possibly the degradation of the 

nuclei into chromatin units scattered in the cytoplasm and collapse of proteinaceous 

cytoskeleton inside cells. However, the cells remain in a general round shape and reveal 

accumulations of 10Bˉ and 10B12Cˉ signals inside cells. These features of the cells often 

indicate that tumour cells have undergone apoptosis as a result of the rapid growth of the 

cells under hypoxia and lack of nutrients, leading to cell stress and then apoptosis [23][3] 

The characteristics of the apoptotic cells were explained in more detail in section 5.2.3.1.1 

[19]–[22]. In the light of the nature of the complex samples studied and the type of cells 

observed, it was not possible to distinguish the preferential accumulation of 10B from BPA 

between cell compartments, which in turn is an important factor for the success of BNCT 
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therapy in the elimination of tumour cells with minimal damage to neighbouring health cells 

[4], [26]–[28]. 

On the other hand, the images resulting from BioToF-SIMS analysis using ~ 1-2 µm Au+ 

beam in all imprint samples of the BAT and GBM tumour biopsies showed only general 

information about the ion signal intensity and the semi-homogeneous distribution of 10B+ at 

the imprint level. Under the conditions used, the images did not show the morphology of the 

sample surface nor the contrast in the distribution of different ions across the imprint parts 

compared to the maps from the NanoSIMS. The Au+ beam can be focussed to ~200 nm but 

with a significant loss in primary ion current. Given that the levels of 10B+ were already 

approaching the limit of detection it was not expected that using a more focused primary 

beam would result in improved data quality. This is part of the challenge when working with 

drug treatments at therapeutic dose-levels. Therefore, it is impossible to distinguish the cell 

sites of imprints and to determine the preferential accumulation of 10B from BPA at the 

cellular level in the BioToF-SIMS images. The difference between the BAT and GBM 

tumour samples was in the level of normalised ion intensities of 10B+ measured from the 

signals in the mass spectra presented in Figures 5.15 and 5.17-5.21. 

The homogenous distribution of 10B within cells and in the surrounding areas of cells 

apparent in NanoSIMS maps as well as at the imprint level in BioToF-SIMS images is 

similar to the distribution of 11B from cis- and trans-isomers of ABCPC and 10B+ of BPA in 

the tissue sections of B16 melanoma tumour cells in vivo of mice that are referred to by 

Kabalka et al. as shown in Figure 2.15 [44]. Fartmann et al. also conducted a study on cell 

cultures of human malignant melanoma in vitro and showed that 10B+ from BSH in Figure 

2.14 is distributed in a pattern similar to all samples of GBM tumour and BAT-pt.2 sample 

[45] . Although the detected boron signal intensity was different between BAT and GBM 

tumour samples, all samples did not show specific accumulation sites for the 10B signals 

within the cells structures or across the imprint. This observation is similar to the result of 

Alkins et al. in the study of the distribution of BPA-f in the 9L gliosarcoma tumour sections 

of rat’s brain (Fisher 344) in vivo which indicated high localisation in the tumour regions of 

the BPA-f without an appreciable distribution pattern of 10B+ in cells, Figure 2.12-f  [26]. 

In contrast, Yokoyama et al. presented a study on tissue sections of C6 glioma cells of rat’s 

brains in vitro showed that 10B of the BPA accumulated heterogeneously in tumour regions, 

while accumulation was limited in infiltrating tumour cells to the area surrounding the 

tumour as in Figure 2.11 [46]. In addition, in a study of kidney tissue sections of rats 

implanted with five types of tumours and treated with BPA in vivo, Arlinghaus et al. 



316 

 

illustrated that 10B accumulated inside and outside of cells with varying signal intensity and 

high localisation of signals in nuclei areas as in Figure 2.9 [9].  

The difference in the distribution pattern of 10B signals, whether at the cellular level in 

NanoSIMS maps or at the imprint level in the BioToF-SIMS images, between BAT and 

GBM tumour samples in this thesis and the different tissue sections mentioned above from 

the literature maybe due to several reasons. One reason might be differences in BPA dose 

and its delivery method to the tissue sections whether in vitro or in vivo. Secondly, the 

presence in tissue sections of various cell types such as tumour cells, apoptotic cell and other 

unknown cells may also affect the distribution pattern of BPA at the single cell level. Thirdly, 

differences in tumour type and the anatomic location of the tumour, this is a similar 

explanation to what Yang et al. have conclude during the study of the effect of pre-loading 

of amino acids on the BPA uptake [32]. Furthermore, LAT-1 expression activity in cells may 

differ from one tumour to another, which may play a role in differences in the accumulation 

pattern- this was concluded by Grunewald et al. during his study of the effect of pre-loading 

of tyrosine on the uptake of BPA in different organelles of mice preinjected with a human 

hepatocellular carcinoma cell line [30]. The third and fourth reasoning are given because 

BPA is transferred to the cells using the same transfer mechanism as L-amino acids, and thus 

uptake and accumulation of BPA and L-amino acids are likely to be affected by the same 

factors [47][48]. 

The results from BioToF images in this thesis, Kabalka et al. [44], and Yokoyama et al. [46] 

showed the distribution of 10B at the level of the tissue sections without showing the 

distribution at the level of the single cell, whereas the results of NanoSIMS maps, Fartmann 

et al. [45] and Arlinghaus et al. [9] showed the distribution of 10B at the cellular level, while 

Alkins et al. [26] did not distinguish any specific accumulation pattern in the cells. The 

difference in the ability to distinguish the 10B accumulation sites is often due to the difference 

in the primary ion beam type used to image the ion distributions in the samples, as explained 

below, as well as the transmission of the system. 

By comparing the quality of the images, it is clear that the intensity of 10B signals and the 

sample morphology when using ~ 400 nm Cs+ beam in the analysis of BAT and GBM 

tumour samples as example GBM-pt.1-1 in Figure 5.5, and also when using 200 nm Ga+ 

beam in the analysis of cell cultures of human malignant melanoma cancer in Figure 2.14 

[45] and rat kidney tissues sections in Figure 2.9 [9] were better than the Bi+ beam (probe 

size not mentioned) used by Alkins et al. to analyse the 9L gliosarcoma tumour sections of 

rat brain in Figure 2.12 [26]. Alkins et al. used H & E dye to locate cells in the gliosarcoma 
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sections before starting to study the distribution of BPA-f. The resulting ion images using 

Bi+ beam did not clearly show the internal or surface characteristics of the cells. On the other 

hand, the high spatial resolution of Cs+ and Ga+ beams in imaging the samples presented in 

this thesis, human malignant melanoma cancer [45], and kidney tissues sections [9] 

respectively led to the appearance of the general features of cells and the contrast in the 

secondary ions distribution at cellular levels without the need for staining with H&E dyes. 

Furthermore, NanoSIMS analysis with a Cs+ beam shows more accurate details across the 

cells in the images compared to the Ga+ beam used in a ToF-SIMS system. Signals in the 

NanoSIMS were enhanced as the Cs+ enhances ionization during implantation and analysis, 

this demonstrates that NanoSIMS has high imaging capabilities at the cellular level.   

As for the 300 and 500 nm spatial resolution in the ion microscope analysis of C6 glioma 

cells of rat brains in Figure 2.11 [46]  and tissue sections of B16 melanoma tumour cells in 

Figure 2.15 [44] respectively, the low spatial resolution using O2
+ beam compared with Cs+ 

and Ga+ did not allow determination of sample morphology accurately nor localisation at the 

cellular level. The O2
+ beam performance was limited to showing the intensity of the ion 

signals at the tissue section level. However, the ability of the O2
+ beam to show the locations 

of ion accumulations in general in the samples was better than the 1-2 µm Au+ beam used in 

imaging of BAT and GBM tumour samples as evident from the BAT-pt.1 images in Figure 

5.16.  

In addition, boron concentration in the sample plays an important role in determining the 

primary ion beam current (probe size) required to obtain a measurable signal. 10B 

concentrations in the samples of the above studies were as follows: 480 ppm in human 

malignant melanoma cell cultures [45] and ~ 33 ppm in kidney tissues sections with five 

types of tumours [9], both samples were analysed with 200 nm Ga+. While the 10B 

concentration was 25 ppm in tissue sections of C6 glioma cells [46] and 20 ppm in tissue 

sections of B16 melanoma tumour cells [44] and its analysis required 300 ‒ 500 nm of O2
+ 

respectively.  The bulk levels of 10B measured by ICP-MS in thesis samples were 48.1 ppm 

as a maximum to 6 ppm as a minimum, which in turn required the use of 1 - 2 µm Au+ beam 

to increase the sensitivity in the measurement of low signals. 

The results of the quantitative measurement by NanoSIMS in Figure 5.14 confirmed BPA 

uptake in all GBM tumour samples is higher than BAT samples, and that the 10B12Cˉ/12C14Nˉ 

ratios are always  2-3 times higher than 10Bˉ/12C14Nˉ ratios in all samples, indicating that the 

10B12C fragment has relative stability and/or a higher ionization probability than the atomic 

10B. Therefore, 10B12Cˉ could provide clearer images than 10Bˉ. 10Bˉ/12C14Nˉ and 
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10B12Cˉ/12C14Nˉ ratios in cells of GBM tumour samples of the patient-1 were 7 - 9 times 

higher than those measured in BAT-pt.1 sample, while those ratios were 2 - 4 times higher 

in the sample GBM-pt.2 of the patient-2 compared to the BAT-pt.2 sample. In addition, the 

quantitative measurement of the BioToF-SIMS in Figure 5.22 -a & b confirms that 10B of 

BPA was accumulated in the GBM tumour samples more than the BAT samples. The 

10B+/12C+ ratios measured in the GBM tumour samples of the patient-1 were ~3 times higher 

than the BAT-pt.1 sample, and these also were 3 times higher in the sample GBM-pt.2 of 

the patient-2 compared with the BAT-pt.2 sample. Moreover, the samples of BAT and GBM 

tumour of the patient-2 showed 2 - 3 times higher BPA uptake than the samples of the 

patient-1. The quantitative results of 10B+/12C+ using BioToF-SIMS are similar to those of 

10B/12C14N resulting from the measurement of NanoSIMS. 

The quantitative results of NanoSIMS and BioToF-SIMS were consistent with Smith's 

findings showing that the 10B accumulated  in cells of tumour core was twice as high as those 

accumulated in tumour cells infiltrating normal brain tissue, in a study conducted on two 

tissue sections of 9L gliosarcoma and F98 glioma tumours of rats which were administered 

with BPA in vivo [49].  In addition, Oyedepo et al. provided similar results showed that the 

10B ratio of BPA accumulated in the tumour areas of the GS9L gliosarcoma tissue to the 

border areas surrounding tumour to the normal tissues of the brain was 10: 5: 1 respectively, 

which means that the accumulation of 10B in the tumour parts was twice that of the border 

area , these samples of mouse were treated with the BPA in vivo [36]. Alkins et al. reported 

a similar trend during study of BPA uptake in 9L gliosarcoma tumour sections of rat brain 

(Fisher 344), where infiltrating cells contained 10B equal 106 ± 25  (signal intensity level ± 

SD) compared with that  in tumour cells, which was 123 ± 25 [26]. 

In addition, the results of NanoSIMS and BioToF-SIMS illustrated further detail  as follows. 

The 10Bˉ/12C14Nˉ and 10B12Cˉ/12C14Nˉ ratios in NanoSIMS, as well as 10B+/12C+ ratios in 

BioToF-SIMS, were convergent in all GBM tumour samples of the patient-1, and that 

coating the sample surface with Pt did not significantly improve boron signals. The 

comparison of the two types of samples in the Figure 5.14 and Figure 5.22 revealed that 

10Bˉ/12C14Nˉ and 10B12Cˉ/12C14Nˉ ratios, as well as 10B+/12C+ ratios, in the sample BAT-pt.2 

were 2-fold higher than those obtained in the sample BAT-pt.1. In NanoSIMS, the 

10Bˉ/12C14Nˉ ratio in the GBM-pt.2 sample was close to that measured in GBM-pt.1 samples 

of the patient-1, whereas 10B12Cˉ/12C14Nˉ ratio in the GBM-pt.2 sample was ~2-fold lower 

than GBM-pt.1 samples of the patient-1. It is probable that differences in the uptake of boron 

are influenced by the location of the anatomical tumour and the histologic tumour type as 
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reported by Yang et al. [32], or may be affected by the proliferation state for cells, according 

to studies by Yoshida et al. [33], Ono et al. [34], and Dahlstrom et al. [35]. Furthermore, the 

difference in the boron ratios between BAT-pt.1 and BAT-pt.2 may be due to the difference 

in the activity of the LAT-1 expression in the tumour cells infiltrated to BAT tissue, as 

indicated by Nawashiro et al. [29], Grunewald et al. [30] and Detta and Cruickshank [31] in 

their studies. All these studies were discussed in detail in the section 5.2.3.1.5 and also in 

Chapter 2.   

It was not possible to determine the wet-weight concentrations of 10B at the cellular level 

with NanoSIMS and at imprint level with BioToF-SIMS using 10Bˉ/12C14Nˉ and 10B+/12C+ 

ratios respectively as previously explained in the sections 5.2.3.3 and 5.2.4.2. 
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6 Conclusion and Future Work 

6.1 Conclusion 

The NanoSIMS and BioToF-SIMS results in this thesis are a new and novel addition to the 

literature, as this is the first time that BPA uptake in primary human cell cultures (Chapter 

4) and imprints of human brain tumour biopsies (Chapter 5) have been studied using SIMS 

imaging. Additionally, this is the first study to investigate the effect of pre-treatment with 

tyrosine and the efflux process on BPA uptake in primary glioblastoma cells cultures. 10B 

distribution and quantification of the BPA were determined in different treatment regimes. 

The importance of the study of the 10B distribution lies in understanding the differential BPA 

uptake in the brain-around-tumour cells (BAT) compared to the main tumour mass (GBM) 

depending on the duration and formulation of drug dosing as reported in previous studies 

[1]–[3]. These factors affect the success of BNCT treatment as success depends on the 

preferential accumulation of 10B within tumour cells, especially in nuclei due to the limited 

lethal range of the 10B(n,α) 7Li reaction [4]–[6]. 

Bulk analytical methods can provide quantitative information of the level of boron in blood 

and tissue to determine if the required levels of 10B have been achieved [7]–[11], however 

they are not able to determine the distribution of 10B in the cells, in particular to determine 

if the BPA is located intracellularly or extracellularly. Cellular and sub-cellular level 

chemical imaging is necessary to support dosimetry studies and clinical efficacy in BNCT 

[9] and more generally novel drug delivery research. Clinically approved imaging modalities 

including magnetic resonance [12] and positron emission tomography [13] lack the spatial 

resolution to determine in vivo BPA distributions on a cellular scale, hence, it is essential to 

develop alternative methods capable of determining the distribution of 10B of BPA at the 

cellular level in tumour cells. Secondary ion mass spectrometry (SIMS) imaging is one such 

technique. A number of SIMS studies of the uptake and distribution of BPA have previously 

been reported in the literature (for example ref. [1]). SIMS studies have mostly focused on 

the application of the ion microscope technique with spatial resolution limited to ~ 0.5 μm 

by the ion optics of the instrument. Microprobe methods have also been applied, and 

combined with laser post-ionization techniques to increase sensitivity and quantification 

levels [14]. Most of the previous studies have been conducted on established glioma model 

cell lines, animal tissues or glioblastoma xenografts grown in nude mice, whereas primary 

GBM tissues biopsies, as investigated in this thesis, show tumour heterogeneity which can 

influence 10B uptake in cell subpopulations [8][15]. 



324 

 

The literature has shown that the effect of pre-treatment with tyrosine is not always 

successful in increasing the BPA uptake, where it has enhanced uptake in some studies 

[7][16]–[19], while it did not have an effect in other samples [8][20]. It is therefore important 

to measure the outcome of BPA exposure and treatment regimes on primary human glioma 

cells and ultimately imprints of human tumour biopsies to best inform clinical practice. 

The results in this thesis present the most detailed and quantified BPA distribution study to-

date and further demonstrate the capability of the dynamic SIMS technique to support 

clinical research and personalized therapy. The results are also important for research into 

improving the uses of SIMS for applications of biological imaging. 

The following is a summary of the thesis results from Chapters 4 and 5 in terms of spatial 

resolution, sensitivity, and quantification in different treatment regimes which were the aims 

of thesis. 

In terms of spatial resolution, the use of NanoSIMS with a ~ 400 nm Cs+ beam provided 

greater imaging resolution at the sub-cellular level than BioToF-SIMS with ~ 1-2 µm Au+ 

beam during analysis of the cell culture samples. The Cs+ beam has the ability to chemically 

enhance the ionization efficiency of the samples, while there is no such effect of the Au+ 

beam. The high spatial resolution of NanoSIMS in cell cultures samples enabled it to 

distinguish cell compartments (nucleus and cytoplasm), showing variation in the distribution 

of different ions between cellular parts, and determination of cell morphology and other 

features on the surface as well as the outer region surrounding the cell, for example, as shown 

in Figure 4.9. Again, NanoSIMS demonstrated high imaging capabilities when analysing 

the imprints of GBM tumour and BAT tissue biopsies, showing the variation in the 

distribution of ions across the imprint and distinguishing the cells from other features in the 

area surrounding the cells, despite the more complex morphology of the imprints than the 

cell cultures in terms of holes, cracks and cellular diversity  (tumour, apoptotic,  and unknown 

cells). The small size of the cells (less than 10 µm), and their low number, led to difficulty 

in finding cells for analysis in both instruments (see Figure 5.3). Regions of interest within 

analysis areas were selected post-acquisition based on defined criteria in order to avoid 

features for instance holes, cracks, and surface contamination which could affect the 

measurement accuracy. Whilst bias in selecting the regions of interest could not be ruled out 

completely, using defined criteria to avoid damaged areas helped to minimise it. The 

NanoSIMS revealed a heterogeneous distribution of 10B from BPA in cell cultures samples 

(in vitro), with a higher accumulation in the nuclei compared with the cytoplasmic regions, 

as well as an almost homogeneous distribution within cells of the imprint samples of tissue 
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biopsies (in vivo). Thus, the results of NanoSIMS imaging at the cellular and sub-cellular 

levels allowed determination of the preferential accumulation of 10B, which is an important 

parameter in the success of BNCT therapy [4][21][22]. 

On the other hand, BioToF-SIMS with an Au+ primary beam was unable to achieve the 

above level of detail necessary to determine the subcellular distribution of 10B. In both 

Chapters 4 and 5, the optical camera in the BioToF-SIMS instrument was used to identify 

cells, whether with cell cultures or biopsy imprints samples. Cell location was confirmed 

using the resulting SIMS images after analysis, where high sodium and potassium levels and 

low silicon levels showed the presence of the biological material. The BioToF-SIMS 

imaging performance in cell cultures was however limited to only showing the distribution 

and intensity of ion signals at the cellular level, without distinguishing the cell compartments 

or morphological features on the surface, or revealing details of the external area around the 

cell accurately (see Figure 4.39). The lack of spatial resolution was also very clear in the 

BioToF-SIMS images of the imprint samples. Thus, the results of BioToF-SIMS imaging 

revealed only a semi-homogeneous distribution of 10B in all the samples without determining 

the preferred accumulation of BPA (Figure 5.16). 

In terms of sensitivity, NanoSIMS was able to determine the distribution sites of low-

abundance ions in the sample’s images. This was evident during the detection of boron 

isotopes in the control samples for the two types of cell cultures (GBM tumour and BAT), 

as seen in Figures 4.1 and 4.3. This sensitivity of NanoSIMS led to more accurate 

quantitative measurements of boron isotopes that corresponded to the level of the natural 

ratio [23][24]. Whereas, the BioToF-SIMS images of the control samples showed only very 

weak signals, without any clear pattern of distribution, as in Figure 4.26. The boron isotope 

signals for the control samples in the BioToF spectrum, as in Figure 4.25, overlapped with 

the background noise signals, which led to a reduction in the accuracy of the quantitative 

measurement of signals that were very low in abundance. Moreover, the NanoSIMS images 

showed small accumulations of low signal intensity in the imprint samples, as in Figure 

5.12, which were not shown in the BioToF-SIMS images (Figure 5.16). 

In terms of the quantitative data interpretation presented in Chapters 4 and 5, both SIMS 

instruments presented similar performance in measuring relative boron levels. These 

measurements support the imaging results of the SIMS systems. In the cell culture 

experiments, the following conclusions were reached when normalising the data from the 

NanoSIMS (Figure 4.23, Tables 4.2 & 4.4) and BioToF-SIMS (Figure 4.57, Tables 4.6 & 

4.7) to 12C intensity. The data indicated higher uptake of BPA in the GBM tumour and BAT 
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cells compared with the control samples. Accumulation of 10B was greater in B2 treated with 

BPA only, followed by that preloaded with tyrosine B3 and then that exposed to an efflux 

process B4. An inconsistent outcome was found for the BAT samples, for which NanoSIMS 

analysis indicated that there is no significant difference in 10B levels accumulated of BPA 

between D2-treated with BPA only and D3-preloaded with tyrosine, whereas BioToF 

analysis indicated a high level of 10B in D3 compared with other BAT samples. This 

difference in 10B accumulation levels in D3 was attributed to factors influencing the 

distribution pattern and uptake as mentioned below. In addition, the comparison between 

BAT and GBM tumour cells in the different treatment methods yielded a similar result from 

both SIMS instruments, which was that D3 cells pre-treated with tyrosine and D4 cells 

exposed to efflux from BAT had a higher accumulation of BPA compared with B3 and B4 

from the GBM tumour. Subcellular concentrations of 10B (in nucleus and cytoplasm) were 

determined using 10Bˉ/12Cˉ ratios measured by NanoSIMS and an appropriate RSF as shown 

in Tables 4.3 and 4.5, results showed there is no significant difference in mean 10B 

concentrations between the B2 and D2 samples. Pre-loading of tyrosine reduced the 

concentration of 10B in the B3 sample but not in the D3 sample. Concentrations of 10B in B4 

and D4 samples decreased as a result of the efflux process but did not reach the 

concentrations calculated in the control samples B1 and D1, indicating that the efflux process 

is slower than the uptake process. The BioToF-SIMS results on the normalisation with 11B+ 

(Figure 4.58) were not very accurate due to low intensities of 11B+, so 12C+ was used to give 

greater confidence in the normalisation due to the high and constant signal intensity of 12C+.  

 For the imprint samples from the GBM tumour and BAT tissue biopsies derived from two 

different patients, the quantitative measurements of both SIMS instruments, whether 

normalised to 12C14Nˉ for NanoSIMS data or normalised to 12C+ for BioToF-SIMS data, 

showed one consistent result: the accumulation of BPA was higher in GBM tumour cells 

than BAT cells. It was not possible to calculate the 10B concentrations using the 10B12Cˉ/12Cˉ 

ratios from cell cultures or 10Bˉ/12C14Nˉ ratios from imprint samples measured with 

NanoSIMS, nor the 10B+/12C+ ratios measured with BioToF-SIMS in both type of samples 

because no appropriate RSF values were available from a reference identical or close to the 

freeze-dried cell sample. Coating the surface of one of the GBM tumour imprint samples 

with 10 nm Pt did not significantly improve ion yields, particularly 10Bˉ and 10B+ ions, or 

help with potential charging effects. 

Comparing the results of the analysis of samples using NanoSIMS and BioToF-SIMS with 

the literature, the following conclusions can be drawn: 
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• The NanoSIMS image quality (spatial resolution) for all the samples in the thesis when 

using a Cs+ beam was better due to the coaxial ion optics compared to other SIMS 

instruments in the literature. Conversely the quality of the BioToF-SIMS images with a 

Au+ beam had the lowest spatial resolution, this was due to the sensitivity requirement 

of this experiment. 

• The distribution pattern and accumulation levels for 10B from BPA in cells at the sub-

cellular, cellular, and imprint levels may be affected by several factors, such as drug 

dose, method of receiving the samples for treatment (in vivo – in vitro), histological 

tumour type and anatomical location of the tumour, type and size of the observed cells, 

activity of LAT-1 expression, particularly in cells infiltrating to BAT, and the cell's 

proliferation status. All these effects would require further work with clearly defined 

samples. 

• Pre-loading of tyrosine prior to pharmacotherapy in the samples did not enhance the 

BPA uptake in the cell cultures of BAT and GBM tumours. This result corresponded 

with studies that indicated that the effect of pre-loading with tyrosine varies from one 

patient to another according to the location and histological type of the tumour and the 

activity of LAT-1 expression in the transfer of L-amino acids. However, this result 

contrasted with other studies, most of which were conducted on animal cell lines (in 

vivo - in vitro), which differed in their nature from the heterogeneous and complex 

human cells used in the research reported in this thesis. 

• The exposure of primary cell cultures of BAT and GBM tumours to the efflux process 

resulted in decreased levels of BPA accumulating in the cells. However, after the 4h 

efflux process the cells retained the lethal concentration level of 10B and the levels of 

10B remained higher than for the control samples. This result is consistent with the 

literature, confirming that the efflux process is an exchange between the inside and 

outside the cell and is slower than the uptake process. 

• The wet weight concentrations of 10B measured using NanoSIMS in cell cultures of 

GBM tumour and BAT confirms an increased BPA concentration in cellular nuclei 

compared to the cytoplasm. This result is important in achieving higher efficacy of the 

BNCT treatment. The nuclear concentration of 10B in cell cultures of GBM and BAT 

samples treated only with BPA (∼200 μg per g wet wt) was similar to that reported in 

the literature on cell lines or in animal models using different SIMS instruments, 

whereas the concentrations in the cytoplasm were ∼ 50% of those measured in previous 

studies. The concentrations calculated in the treatments with pre-loading of tyrosine and 

efflux process confirm the observations summarized above in this regard. 



328 

 

• The quantitative results of NanoSIMS and BioToF-SIMS in imprint samples were 

consistent with literature in that the 10B accumulated in GBM tumour cells was twice as 

high as that accumulated in tumour cells infiltrating normal brain tissue BAT. The 

homogeneous distribution of 10B at the imprint level as imaged by BioToF-SIMS, and 

cell level in NanoSIMS is similar to some studies presented in the literature conducted 

on animal tissue sections (in vivo - in vitro), but other studies show a heterogeneous 

distribution. 

Thus, the use of human-derived materials further demonstrated the ability of SIMS to image 

heterogeneous and complex samples, particularly the imprint samples that contain other cell 

types alongside tumour cells: fibroblast, apoptotic, and necrotic cells [25]. It may seem that 

the imprint method is not the optimum sample preparation method for the biopsy samples, 

but the analysis with high-resolution NanoSIMS imaging gave confidence in determining 

the localisation of selected species and the possibility of obtaining valid data as shown in the 

Chapter 5 results. It is also clear, the extent to which NanoSIMS imaging was superior to 

BioToF-SIMS for this type of experiment, in terms of spatial resolution and sensitivity, 

whereas the quantitative measurement ability remained similar between the SIMS 

instruments. Thus, the results of the BioToF-SIMS in this thesis play a supportive role to the 

NanoSIMS outcomes. One advantage of the BioToF-SIMS is the ability to measure all m/z 

values in parallel.  This can help confirm quantitative conclusions e.g. by measuring multiple 

ion ratios such as 10B+/11B+ and 10B+/12C+, and can also provide additional signals which 

could help to characterise the sample. The real power of ToF-SIMS comes in molecular 

characterisation, but that was not the focus of this study. 

Thus, the novelty of this research is imaging and quantifying the 10B distribution of BPA in 

primary human cells cultures and the imprints of tissue biopsies. Furthermore, the study of 

the effect of pre-treatment with tyrosine and the efflux process on the BPA uptake has not 

been previously reported in the literature. 

 

6.2 Future work 

The following are the future studies and suggestions to improve and support the outputs of 

the thesis which could not have been performed within the timescale of this project: 

• Analyse more samples to improve the reliability of the data, this would help to determine 

the differences between the types of samples and treatments regimes more accurately. 
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• Sample preparation of primary biopsies should be optimised using better freezing 

methods such as high pressure freezing, but there are limitations on what can be achieved 

due to restrictions on the procedures in the operating theatre. The preparation method for 

primary cellular cultures described in the thesis could be improved by using CellatticeTM 

plastic cover slips coated with 10 nm Pt to the substrate prior to cell culture. This type of 

grid is numbered, which helps locate cells and makes it easy to analyse the same cells 

with multiple instruments. This approach would be useful in saving experiment time and 

the lifetime of the primary ion beam. This grid was previously used by Lau et al. during 

the analysis of HeLa cells [26]. It is also possible to use the sandwich-fractured-freeze-

dried method in the preparation of cultures from primary human cells, as this method was 

proven successful in maintaining ion distribution and analysis with SIMS systems in the 

Chandra et al. studies [27]–[29]. It would then be possible to compare the effect of 

different preparation methods on BPA uptake in primary human cells cultures with the 

thesis results as well as with the findings of Chandra’s studies. 

• A cell cycle synchronization process could be used for the primary human cell cultures 

to bring cells in different phases of the cell cycle into a specific phase. This would reduce 

the uncertainty in the data by allowing the collection of data from a sufficient number of 

cells within one phase hence giving more confidence in the quantitative SIMS analysis as 

well as allowing an assessment of the BPA uptake in different phases. A number of 

references illustrate methods of cell synchronization in cell cultures depending on the 

type of phase to be studied [30]–[33]. A number of studies were reviewed in Chapter 2 

that addressed the BPA uptake in specific phases of cell lines, for example references 

[34]–[36]. 

• To obtain quantitative information from the imprints of tissue biopsies (Chapter 5), it is 

necessary to extend the work with NanoSIMS on these samples to measure 10Bˉ/12Cˉ 

ratios instead of 10Bˉ/12C14Nˉ and then apply the same method used to quantify data the 

cell cultures in Chapter 4. Furthermore, instead of using the RSF of PMMA standards, 

the quantification method could be optimised by establishing appropriate calibration 

standards for the research samples. One method would be to add BPA to a homogeneous 

cellular or tissue material and measure the concentration by a quantitative technique such 

as ICP-MS. The RSF for 10B, considering C or CN as the matrix element, could then be 

determined by the correlation of each individual instrument and the ICP-MS analysis of 

homogeneous cellular materials. A number of references provide an explanation of how 

to find the RSF [37][38]. 
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• Better methods for cell identification in the imprint samples need to be found. 

Histological staining prior to NanoSIMS or BioToF-SIMS analysis is not compatible but 

a histologist may be able to identify particular cells from the optical or SIMS images 

alone. Unknown cells showing an accumulation of 10B from BPA that appeared in the 

imprint samples from BAT and GBM tumour biopsies with high signal intensities of CN 

and S, but low P signals would be interesting to investigate further as they may create a 

competitive environment with tumour cells to absorb the BPA. SEM imaging of high 

pressure frozen and microtomed samples may be a way to achieve a higher rate of cell 

identification.  

• Ascertaining the effect of morphological changes on the surface of the cultured cells, such 

as the branch-like features and groups of small bright dots, which may be salt crystals 

originating from the buffer solution used in sample washing or ice crystals from a freezing 

artefact. It might help to use scanning electron microscopy (SEM) to determine the shape 

of features and energy-dispersive X-ray microanalysis (EDX) to identify the component 

elements of the features prior to SIMS analysis. SEM and EDX were used by Oyedepo et 

al. to verify a similar issue [39]. It would be interesting to link any changes in surface 

morphology to the results of BPA uptake. 

• The nature of the outer edge of the cells needs further investigation. This could be 

achieved by studying the localisation of Na+ and K+ using NanoSIMS and determining 

the localisation of phospholipid and lipid molecules using BioToF-SIMS, and then 

determining the thickness of the edge. Again, SEM could be useful to provide high-

resolution morphological images. 

• Verifying the effectiveness of using laser post-ionization experiments with BioToF-SIMS 

analysis using an Au+ beam to study the accumulation of BPA in human cells in order to 

increase the measurement sensitivity and enhance the ion yields from low-abundance 

boron isotopes, which may improve the quality of the images and reveal accumulations 

of 10B in cellular structures more precisely. Fartmann et al. have shown the promise of 

this approach, although it comes with added experimental complexity [14]. 

• To increase the sensitivity of the measurement and improve the secondary ion yields with 

BioToF-SIMS, metal-assisted SIMS could be tested by adding a thin layer of silver on 

the sample surface and then conducting the static-SIMS analysis. The use of silver-

coating with ToF-SIMS analysis has previously proved effective in increasing the 

intensity of secondary signals resulting from organic [40][41], polymer [40][42], and 

biological [43][44] materials. With dynamic NanoSIMS technique, adding a thick layer 

of silver may be required on the samples surface, then the effectiveness of this is verified. 
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In addition, platinum-coating has been tested once with imprint sample of tissue biopsies, 

but it can be tested again on cell culture samples to verify the possibility of increased 

sensitivity with both SIMS instruments. 

• The interpretation of NanoSIMS-imaging results encountered some difficulties, 

especially the interpretation of ion distributions in the imprint samples from BAT and 

GBM tumour tissue biopsies. This highlights the need to also study the localisation of 

positive ions of importance in cellular structures on the same samples used in this project. 

This can be performed using Oˉ beam from a duoplasmatron ion source but the 

measurement sensitivity of the BPA was too low with this source (see Chapter 3), and 

provides lower spatial resolution compared to the Cs+ source [45]. Instead, this aim could 

now be achieved using the Manchester NanoSIMS 50L, which was upgraded in 2018 

with a new Oˉ HyperionTM source which has the unique advantages reviewed in section 

3.6.2.1. It would be interesting to operate a HyperionTM source with an oxygen beam (Oˉ) 

and resolution of 50 nm in studying the localisation of Na+ and K+, in order to confirm 

the nuclei sites of the cytoplasm and to investigate the nature of the outer edge of the 

cells, the observed cell type, cell size, and the integrity of the preparation method. It would 

also be interesting to track the increase in Mg+ accumulation and the decrease in Ca+, 

which are important markers in the differentiation of tumour cells from other cells, along 

with the monitoring of 10B+ distribution. Comparing that study with the existing work 

would add further confirmation of the results of this thesis and allow further interpretation 

of the patterns of boron accumulation. It would also be instructive to compare the spatial 

resolution and sensitivity of Oˉ beam imaging with the results of the Cs+ imaging 

presented in the thesis in the area of detecting the distribution and localisation of BPA 

molecules in biological samples.  

 

6.3 References 

[1] D. R. Smith, S. Chandra, R. F. Barth, W. Yang, D. D. Joel, and J. A. Coderre, 

“Quantitative imaging and microlocalization of boron-10 in brain tumors and 

infiltrating tumor cells by SIMS ion microscopy: Relevance to neutron capture 

therapy,” Cancer Res., vol. 61, no. 22, pp. 8179–8187, 2001. 

[2] K. Yokoyama et al., “Analysis of boron distribution in vivo for boron neutron capture 

therapy using two different boron compounds by secondary ion mass spectrometry.,” 

Radiat. Res., vol. 167, no. 1, pp. 102–109, 2007. 

[3] R. D. Alkins, P. M. Brodersen, R. N. S. Sodhi, and K. Hynynen, “Enhancing drug 

delivery for boron neutron Capture Therapy of Brain Tumors With Focused 

Ultrasound,” Neuro. Oncol., vol. 15, no. 9, pp. 1225–1235, 2013. 



332 

 

[4] M. J. Luderer, P. De La Puente, and A. K. Azab, “Advancements in Tumor Targeting 

Strategies for Boron Neutron Capture Therapy,” Pharm. Res., vol. 32, no. 9, pp. 

2824–2836, 2015. 

[5] S. Chandra, “SIMS ion microscopy as a novel, practical tool for subcellular chemical 

imaging in cancer research,” Appl. Surf. Sci., vol. 203–204, pp. 679–683, 2003. 

[6] A. Portu et al., “Inter-comparison of boron concentration measurements at INFN-

University of Pavia (Italy) and CNEA (Argentina),” Appl. Radiat. Isot., vol. 106, pp. 

171–175, 2015. 

[7] A. Wittig, W. A. Sauerwein, and J. A. Coderre, “Mechanisms of Transport of p-

Borono-Phenylalanine through the Cell Membrane In Vitro,” Radiat. Res., vol. 153, 

pp. 173–180, 2000. 

[8] A. Detta and G. S. Cruickshank, “L-Amino Acid Transporter-1 and 

Boronophenylalanine-Based Boron Neutron Capture Therapy of Human Brain 

Tumors,” Cancer Res., vol. 69, no. 5, pp. 2126–2132, 2009. 

[9] A. Wittig et al., “Laser postionization secondary neutral mass spectrometry in tissue : 

a powerful tool for elemental and molecular imaging in the development of targeted 

drugs,” Am. Assoc. Cancer Res., vol. 7, pp. 1763–1772, 2008. 

[10] C. L. Schütz et al., “Intercomparison of inductively coupled plasma mass 

spectrometry, quantitative neutron capture radiography, and prompt gamma 

activation analysis for the determination of boron in biological samples,” Anal. 

Bioanal. Chem., vol. 404, pp. 1887–1895, 2012. 

[11] F. Basilico, W. Sauerwein, F. Pozzi, A. Wattig, R. Moss, and P. L. Mauri, “Analysis 

of 10B antitumoral compounds by means of flow-injection into ESI-MS/MS,” J. Mass 

Spectrom, vol. 40, pp. 1546–1549, 2005. 

[12] K. Ishiwata, “4-Borono-2-18F-fluoro-l-phenylalanine PET for boron neutron capture 

therapy-oriented diagnosis: overview of a quarter century of research,” Ann. Nucl. 

Med., vol. 33, pp. 223–236, 2019. 

[13] P. Bendel, R. Margalit, N. Koudinova, and Y. Salomon, “Noninvasive Quantitative 

In Vivo Mapping and Metabolism of Boronophenylalanine (BPA) by Nuclear 

Magnetic Resonance (NMR) Spectroscopy and Imaging,” Radiat. Res., vol. 164, pp. 

680–687, 2005. 

[14] M. Fartmann, C. Kriegeskotte, S. Dambach, A. Wittig, W. Sauerwein, and H. F. 

Arlinghaus, “Quantitative imaging of atomic and molecular species in cancer cell 

cultures with TOF-SIMS and Laser-SNMS,” Appl. Surf. Sci., vol. 231, no. 232, pp. 

428–431, 2004. 

[15] M. Dahlstrom, J. Capala, P. Lindstrom, A. Wasteson, and A. Lindstrom, 

“Accumulation of boron in human malignant glioma cells in vitro is cell type 

dependent,” J. Neurooncol., vol. 68, pp. 199–205, 2004. 

[16] M. Papaspyrou, L. E. Feinendegen, and H.-W. Muller-Gartner, “Preloading with L-

Tyrosine Increases the Uptake of Boronophenylalanine in Mouse Melanoma Cells1,” 

Cancer Res., vol. 54, pp. 6311–6315, 1994. 

[17] B. Wingelhofer et al., “Preloading with L-BPA, L-tyrosine and L-DOPA enhances 

the uptake of [18F]FBPA in human and mouse tumour cell lines,” Appl. Radiat. Isot., 



333 

 

vol. 118, pp. 67–72, 2016. 

[18] S. Capuani et al., “L-DOPA Preloading Increases the Uptake of Borophenylalanine 

in C6 Glioma Rat Model: A New Strategy to Improve BNCT Efficacy,” Int. J. Radiat. 

Oncol. Biol. Phys., vol. 72, no. 2, pp. 562–567, 2008. 

[19] S. Capuani et al., “Boronophenylalanine uptake in C6 glioma model is dramatically 

increased by L-DOPA preloading,” Appl. Radiat. Isot., vol. 67, pp. S34–S36, 2009. 

[20] C. Grunewald et al., “On the applicability of [18F]FBPA to predict L-BPA 

concentration after amino acid preloading in HuH-7 liver tumor model and the 

implication for liver boron neutron capture therapy,” Nucl. Med. Biol., vol. 44, pp. 

83–89, 2017. 

[21] R. F. Barth, P. Mi, and W. Yang, “Boron delivery agents for neutron capture therapy 

of cancer,” Cancer Commun., vol. 38, no. 35, pp. 1–15, 2018. 

[22] R. D. Alkins, P. M. Brodersen, R. N. S. Sodhi, and K. Hynynen, “Enhancing drug 

delivery for boron neutron capture therapy of brain tumors with focused ultrasound,” 

Neuro. Oncol., pp. 1–11, 2013. 

[23] R. N. Sah and P. H. Brown, “Isotope ratio determination in boron analysis.,” Biol. 

Trace Elem. Res., vol. 66, no. 1–3, pp. 39–53, 1998. 

[24] M. F. L’Annunziata, Handbook of Radioactivity Analysis, 3rd ed. Elsevier Inc., 2012. 

[25] A. Detta, “personal communication,” 2018. 

[26] K. H. Lau, M. Christlieb, M. Schröder, H. Sheldon, A. L. Harris, and C. R. M. 

Grovenor, “Development of a new bimodal imaging methodology : a combination of 

fluorescence microscopy and high-resolution secondary ion mass spectrometry,” J. 

Microsc., vol. 240, pp. 21–31, 2010. 

[27] S. Chandra and D. R. Lorey II, “SIMS ion microscopy imaging of 

boronophenylalanine ( BPA ) and 13C15N-labeled phenylalanine in human 

glioblastoma cells : Relevance of subcellular scale observations to BPA-mediated 

boron neutron capture therapy of cancer,” Int. J. Mass Spectrom., vol. 260, pp. 90–

101, 2007. 

[28] S. Chandra, T. Ahmad, R. F. Barth, and G. W. Kabalkab, “Quantitative evaluation of 

boron neutron capture therapy (BNCT) drugs for boron delivery and retention at 

subcellular-scale resolution in human glioblastoma cells with imaging secondary ion 

mass spectrometry (SIMS),” J. Microsc., vol. 254, no. 3, pp. 146–156, 2014. 

[29] D. R. Lorey, G. H. Morrison, and S. Chandra, “Dynamic secondary ion mass 

spectrometry analysis of boron from boron neutron capture therapy drugs in co-

cultures: Single-cell imaging of two different cell types within the same ion 

microscopy field of imaging,” Anal. Chem., vol. 73, no. 16, pp. 3947–3953, 2001. 

[30] G. Banfalvi, “Overview of cell synchronization,” in Methods in Molecular Biology, 

vol. 1524, 2016, pp. 3–27. 

[31] J. V. Harper, “Synchronization of Cell Populations in G1/S and G2/M Phases of the 

Cell Cycle,” in Cell cycle control: Mechanisms and Protocols, T. Humphrey and G. 

Brooks, Eds. New Jersey: Humana Press Inc., 2005, pp. 157–166. 

[32] C. K. Osborne, D. H. Boldt, and P. Estrada, “Human Breast Cancer Cell Cycle 



334 

 

Synchronization by Estrogens and Antiestrogens in Culture,” Cancer Res., vol. 44, 

no. 4, pp. 1433–1439, 1984. 

[33] P. K. Davis, A. Ho, and S. F. Dowdy, “Cell-Cycle Synchronization of Mammalian 

Cells,” Biol. Methods, vol. 30, no. 6, pp. 1322–1330, 2001. 

[34] S. Chandra, W. Tjarks, D. R. Lorey, and R. F. Barth, “Quantitative subcellular 

imaging of boron compounds in individual mitotic and interphase human 

glioblastoma cells with imaging secondary ion mass spectrometry (SIMS),” J. 

Microsc., vol. 229, no. 1, pp. 92–103, 2008. 

[35] T. Sasajima, T. Miyagawa, T. Oku, J. G. Gelovani, R. Finn, and R. Blasberg, 

“Proliferation-dependent changes in amino acid transport and glucose metabolism in 

glioma cell lines,” Eur. J. Nucl. Med. Mol. Imaging, vol. 31, no. 9, pp. 1244–1256, 

2004. 

[36] F. Yoshida et al., “Cell cycle dependence of boron uptake from two boron compounds 

used for clinical neutron capture therapy,” Cancer Lett., vol. 187, no. 1–2, pp. 135–

141, 2002. 

[37] W. A. Ausserer, Y. Ling, S. Chandra, and G. H. Morrison, “Quantitative Imaging of 

Boron, Calcium, Magnesium, Potassium, and Sodium Distributions in Cultured Cells 

with Ion Microscopy,” Anal. Chem., vol. 61, pp. 2690–2695, 1989. 

[38] R. G. Wilson, G. E. Lux, and C. L. Kirschbaum, “Depth profiling and secondary ion 

mass spectrometry relative sensitivity factors and systematics for polymers/organics,” 

J. Appl. Phys., vol. 73, no. 5, p. 2524, 1993. 

[39] A. C. Oyedepo, S. L. Brooke, P. J. Heard, J. C. C. Day, G. C. Allen, and H. Patel, 

“Analysis of boron-10 in soft tissue by dynamic secondary ion mass spectrometry,” 

J. Microsc., vol. 213, no. August 2003, pp. 39–45, 2004. 

[40] L. Adriaensen, F. Vangaever, and R. Gijbels, “Metal-assisted secondary ion mass 

spectrometry: Influence of Ag and Au deposition on molecular ion yields,” Anal. 

Chem., vol. 76, no. 22, pp. 6777–6785, 2004. 

[41] A. Delcorte and P. Bertrand, “Interest of silver and gold metallization for molecular 

SIMS and SIMS imaging,” Appl. Surf. Sci., vol. 231–232, pp. 250–255, 2004. 

[42] P. A. Zimmerman and D. M. Hercules, “Time-of-Flight Secondary Ion Mass 

Spectrometry of Poly(alkyl methacrylates),” Anal. Chem., vol. 65, pp. 983–991, 1993. 

[43] J. W. Park et al., “Multi-dimensional TOF-SIMS analysis for effective profiling of 

disease-related ions from the tissue surface,” Sci. Rep., vol. 5, no. June, pp. 1–9, 2015. 

[44] H. NYGREN, “Bioimaging TOF-SIMS: localization of cholesterol in rat kidney 

sections,” FEBS Lett., vol. 566, no. 1–3, pp. 291–293, 2004. 

[45] J.-L. Guerquin-Kern, T. Wu, C. Quintana, and A. Croisy, “Progress in analytical 

imaging of the cell by dynamic secondary ion mass spectrometry (SIMS 

microscopy),” Biochim. Biophys. Acta, vol. 1724, pp. 228–238, 2005. 

 


