1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Phys Med Biol. Author manuscript; available in PMC 2017 August 21.

-, HHS Public Access
«

Published in final edited form as:
Phys Med Biol. 2016 August 21; 61(16): 5993-6010. doi:10.1088/0031-9155/61/16/5993.

Dose enhancement effects to the nucleus and mitochondria from
gold nanoparticles in the cytosol

AL McNamaral2, WW-Y Kam345 N Scales3, SJ McMahon-6, JW Bennett3, HL Byrne?, J
Schuemann?, H Paganettil, R Banati®#’, and Z Kuncic?

AL McNamara: amcnamara2@mgh.harvard.edu

1Department of Radiation Oncology, Massachusetts General Hospital, Harvard Medical School,
30 Fruit St, Boston, MA 02114, USA 2School of Physics, University of Sydney, NSW, Australia
SAustralian Nuclear Science and Technology Organisation, Lucas Heights, NSW, Australia
“Medical Radiation Sciences, Faculty of Health Sciences, University of Sydney, Cumberland,
Sydney, New South Wales 2141, Australia °Department of Health Technology and Informatics,
Hong Kong Polytechnic University, Hung Hom, Hong Kong, China 8Centre for Cancer Research
and Cell Biology, Queen’s University Belfast, Belfast, Northern Ireland “National Imaging Facility
at Brain and Mind Research Institute (BMRI), University of Sydney, Camperdown, Sydney, New
South Wales 2050, Australia

Abstract

Gold nanoparticles (GNPs) have shown potential as dose enhancers for radiation therapy. Since
damage to the genome affects the viability of a cell, it is generally assumed that GNPs have to
localise within the cell nucleus. In practice, however, GNPs tend to localise in the cytoplasm yet
still appear to have a dose enhancing effect on the cell. Whether this effect can be attributed to
stress-induced biological mechanisms or to physical damage to extra-nuclear cellular targets is still
unclear. There is however growing evidence to suggest that the cellular response to radiation can
also be influenced by indirect processes induced when the nucleus is not directly targeted by
radiation. The mitochondrion in particular may be an effective extra-nuclear radiation target given
its many important functional roles in the cell. To more accurately predict the physical effect of
radiation within different cell organelles, we measured the full chemical composition of a whole
human lymphocytic JURKAT cell as well as two separate organelles; the cell nucleus and the
mitochondrion. The experimental measurements found that all three biological materials had
similar ionisation energies ~ 70 eV, substantially lower than that of liquid water ~ 78 eV. Monte
Carlo simulations for 10 — 50 keV incident photons showed higher energy deposition and
ionisation numbers in the cell and organelle materials compared to liquid water. Adding a 1%
mass fraction of gold to each material increased the energy deposition by a factor of ~ 1.8 when
averaged over all incident photon energies. Simulations of a realistic compartmentalised cell show
that the presence of gold in the cytosol increases the energy deposition in the mitochondrial
volume more than within the nuclear volume. We find this is due to sub-micron delocalisation of
energy by photoelectrons, making the mitochondria a potentially viable indirect radiation target for
GNPs that localise to the cytosol.

PACS numbers: 87.14.Gg, 87.15.Aa, 87.16.-b,87.16.Tb,87.52.-9,87.66.Jj
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1. Introduction

Due to their high energy absorption coefficient, high density and bio-compatibility, gold
nanoparticles (GNPs) have been proposed as radiation dose enhancers in tumour cells
(Hainfeld et al. 2004). X-ray irradiated GNPs can enhance radiation damage on sub-
microscopic scales by producing an abundance of short-range electrons (< 1 gm) through
Auger cascades, without notably altering the dose measured macroscopically (McMahon et
al. 20114, McMahon et al. 20114). The short-range effect of GNPs emphasises the
importance of sub-cellular uptake and localisation. Since cell death from ionising radiation
is generally initiated by damage to the DNA molecule, it is assumed that GNPs need to be
placed within the cell nucleus to destroy cancer cells. Experimental studies, however, have
shown that GNPs tend to uptake in the cytoplasm of the cell (Peckys & de Jonge 2011,
Chithrani et al. 2006) and yet still have a dose enhancing effect (Chithrani et al. 2010).
Whether this can be attributed in part to a stress-induced biological mechanism or to
physical processes such as radiation damage to extra-nuclear targets is still not known
(Taggart et al. 2014) and is the subject of this study.

Growing experimental evidence suggests that the mitochondrion may be a particularly
important radiation target outside the nucleus (Murphy et al. 2005, Larsen et al. 2005,
Prithivirajsingh et al. 2004, Kam & Banati 2013, Kam et al. 2013, Zhang et al. 2014, Taggart
et al. 2014). This is perhaps not surprising given the important functional roles attributed to
mitochondria i.e. energy metabolism, apoptosis regulation, reactive oxygen species
production, cell signalling (Joza et al. 2001, Raimundo 2014, McBride et al. 2006).
Furthermore, a particle microbeam studies where only the cytoplasm of the cell is
irradiated, demonstrate that mitochondria are subject to significant radiation damage (Zhang
et al. 2013). More notably, cells with an irradiated cytoplasm show significantly more
damage to the nucleus when the mitochondrial function is switched off (Zhang et al. 2014),
suggesting a complex interplay between mitochondria and the nucleus. A microbeam cell
irradiation /n silico study (Byrne et al. 2015) modelling targeted cytoplasm irradiation
showed that while some stray ions may interact with the nucleus, this effect is negligible.
Interestingly, this simulation study, as well as others (e.g. Kuncic 2015), showed the
importance of dose delocalisation due to Compton scatter and photoelectron ejection (i.e.,
secondary electrons moving from one part of the cell to another).

These Monte Carlo simulation studies did not, however, investigate dose delocalisation
caused by radiosensitive nanoparticles. We address this here using a cell model with small
amounts of gold added to different targets (cytosol, nucleus and mitochondria). To
accurately model the physical interaction processes on sub-cellular scales, we use realistic
chemical compositions for each of the organelles. In this paper, we measured the elemental
composition of a whole JURKAT cell, a human T lymphocyte primarily used in cancer drug
and radiation studies (e.g. Cataldi et al. 2009), as well as the isolated JURKAT cell nucleus
and mitochondrion. Although data on the composition of cells exist, these are generally only
for a small subset of elements (e.g Alard et al. 2009) and for non-human cell lines. Tissue
compositions (Woodard & White 1986), used for organ dose calculations, are not valid for
sub-cellular dose calculations as they only provide averages over the sub-cellular structures
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and would include interstitial fluid. Organelle compositions are similarly limited to a small
subset of elements across different cell lines (e.g Thiers & Vallee 1957, Nicholls &
Chalmers 2004). Having full compositions for cells and their organelles is important for
Monte Carlo dose distribution modelling. Currently, most simulation studies use a liquid
water medium for modelling tissue, cells and even molecules. Water may be a valid
approximation for macro-scale dose calculations in tissue but is not sufficient to capture the
full effect of radiation damage at the sub-cellular level (e.g. Champion et al. 2015). Using
Monte Carlo simulations, we determine the energy deposition and number of ionisations
generated in each different organelle material when irradiated by keV x-rays. We also
investigate potential dose enhancement effects from GNPs in a realistic composition by
adding gold to each different material. Simulations were also performed to investigate the
effect on the nucleus and mitochondrion when gold is present in the cytosol.

2. Methods

The elemental composition of a whole JURKAT cell as well as two separate organelles, the
cell nucleus and mitochondria, were determined using three different experimental analysis
techniques: Carbon Hydrogen Nitrogen Sulphur (CHNS) analysis, inductively coupled
plasma mass spectrometry (ICP-MS) and neutron activation analysis (NAA). The data
extracted from the experimental analyses were used to develop a Monte Carlo simulation of
a cell to investigate the energy deposition and total number of ionisation events occurring in
the different biological compositions, in both the presence and absence of trace amounts of
gold.

2.1. Experimental methodology

Cell culture and organelle extraction—JURKAT cells between passages 6 to 12 were
used in the experiment. Cells were seeded at a density of 5 x 10° cells/ml and maintained at
37°C with 5% CO, in DMEM (Dulbecco’s Modified Eagle Medium) supplemented with
10% FBS (Foetal Bovine Serum), 2 mML glutamine, 100 units/ml penicillin and 100 zg/ml
streptomycin. Confluent culture from 20 flasks (T75 flask) were pooled together, washed by
DPBS (Dulbecco’s phosphate-buffered saline) and pelleted by centrifugation. Supernatant
was removed and the whole cell pellet was either snap frozen in liquid nitrogen or
immediately used for organelle extraction.

The cell nucleus and mitochondria were isolated separately, to reduce the possibility of cross
contamination. The whole cell pellet was used for mitochondrial isolation using the
Mitochondria Isolation Kit for profiling cultured cells (Sigma Aldrich, St. Louis, MO,
USA). A separate whole cell pellet was prepared for nucleus isolation using the Nuclei EZ
prep nuclei isolation kit (Sigma Aldrich, St. Louis, MO, USA). Isolation procedures were
performed according to the manufacturer protocols and the isolated organelles were
immediately snap frozen.

The frozen whole cell or organelle pellet was immediately used for freeze-drying overnight
at 0.011 atm at room temperature using Freeze Dryer Christ Alpha ~ 1-2/LD Plus. A net dry
weight of ~ 3 to 5 mg was obtained for each whole cell or organelle pellet. The freeze-dried
pellets were stored in a desiccator at room temperature until analysis.
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Carbon Hydrogen Nitrogen Sulphur (CHNS) analysis—Freeze-dried whole cell and
organelle pellet from three independent preparations were sent to the Chemical Analysis
Facility at Macquarie University, Australia for CHNS analysis. The samples were analysed
with an Elemental Analyser Model PE2400 CHNS/O (Perkin-Elmer, Shelton, CT, USA) 1,
Oxygen concentrations were not determined since a sample size of 5-10 mg was required.

Inductively coupled plasma mass spectrometry (ICP-MS)—Sample digestion was
conducted by vortexing samples at 3000 rpm with 1 mL of Suprapur concentrated nitric acid
(Merck) for 45 minutes, quantitatively transferring and then making up a total volume of 5
mL with additional Suprapur nitric acid. A blank sample was also carried through this
procedure. Samples were then analysed as a dilution set to account for variability in
concentration of different elements. A set of samples diluted by a factor of 20, 100, 1000
and 5000 was used.

Samples were analysed with a Bruker (formerly Varian) 820-MS ICP-MS instrument fitted
with a Micromist® concentric glass nebuliser and Peltier cooled spray chamber. Analysis
was conducted in normal sensitivity mode with detector attenuation employed for most m/z
< 66 (Houk 1986). An external calibration approach was used. Standards and samples were
all accurately spiked with a mixed internal standard stock solution to give 20 ppb lithium, 10
ppb scandium and 5 ppb yttrium, rhodium, indium, terbium, bismuth and thorium in all
solutions. Internal standardisation was conducted using the instrument software interpolation
function. The final concentrations were calculated from duplicate measurements and using
the appropriate dilution factors, taking into account any variability in sensitivity and with
errors calculated accordingly. The buffers used for the preparation of whole cell or organelle
pellets i.e. DPBS, nuclei and mitochondria extraction buffers, were also analysed by ICP-
MS. All samples were analysed as single samples, but each ICP-MS measurement was
composed of five replicates.

Neutron activation analysis (NAA)—The elemental composition of the samples was
determined by neutron activation analysis using the 20 MW OPAL research reactor (Bennett
2008). The ky-method of standardisation (Ap-NAA) was used to maximise the number of
elements that could be quantified. Certified reference material IRMM-530RC, produced by
the Institute for Reference Materials and Measurements (IRMM), Geel, Belgium and
containing 0.1% gold in aluminium, was used as the neutron flux monitor as well as the
single comparator for Ag-NAA.

Since only a small amount (12-18 mg) of each sample was available for analysis, the usual
method of splitting a sample into two aliquots to enable both a short (up to 15 minutes) and
long (up to 20 hours) irradiation in OPAL could not be used. Instead, the samples were
irradiated first in the long irradiation facility for 9 hours at a thermal neutron flux of 7 x1012
cm~2 571 and, after being allowed to decay for four weeks, were subsequently irradiated in
the short irradiation facility for between 1.5 and 2 minutes at a thermal neutron flux of 2.2 x
1013 cm=2 571, After the long irradiation, multiple gamma-ray spectra were accumulated
after decay periods ranging from 4 to 18 days. Analysis of these spectra using software

iwww.cbms.mq.edu.au
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packages HyperLab and Kayzero for Windows enabled the concentration of sodium,
potassium, iron, zinc, bromine, rubidium and lanthanum to be determined. After the short
irradiation, spectra were accumulated after periods ranging from 2 to 18 minutes, enabling
the concentration of magnesium, chlorine and manganese to be determined.

2.2. Monte Carlo Simulations

The elemental compositions derived from the experimental measurements were used in a
Monte Carlo simulation study to determine the energy deposition and ionisation sensitivity
of each sample. Two different cases were investigated: a homogeneous cell composed of a
single material and a compartmentalised cell including the cell nucleus, cytosol and
mitochondria volumes. The homogeneous cell case was used to isolate the physical effects
resulting from the chemical composition, independent of the organelle geometry. The
compartmentalised cell case was used to assess dose enhancement in the mitochondria
and/or nucleus when gold is present in the cytosol.

Homogeneous cell—Four different spheres each with diameter 11.5 xm were modelled
using the Monte Carlo simulation toolkit Geant4 v.10.01.p01 (Agostinelli et al. 2003,
Allison et al. 2006). The diameter was chosen to match that of a typical T lymphocyte cell
(Rosenbluth et al. 2006) and each spherical cell was submerged in a liquid water medium
(i.e., modelled in suspension, see figure 1). Each cell was composed of a different chemical
composition based on those derived from the experimental analysis for the whole cell,
nucleus or mitochondrion. Since dry samples were required for the experimental chemical
composition analysis, a percentage of liquid water (ranging from 10% to 100%) was added
to each of the modelled dry biological materials. However, it was found that when irradiated
by monoenergetic photons of energy 10 — 50 keV, cells consisting of 50 — 80% liquid water
had approximately the same absorbed dose and total number of ionisation events,
irrespective of the dry material used (whole cell, mitochondrion or nucleus). Since the
average living human cell is estimated to consist of ~ 50 — 70% water, we present results
only for the cellular materials consisting of 50% water and compare it to the 100% liquid
water case. For all four cases, the density of the cell was set to 1 g cm™3, equivalent to that of
liquid water.

To determine the concentration of gold to add to the cell we referred to a recent study of
GNP uptake in a mouse model (Wolfe et al. 2015). That study reported preferential whole
tumour uptake from 10 mg/kg of GNP intravenous dose of 3-5 times the average body dose.
This amounts to approximately 0.001% of gold in a whole tumour cell. However, it was also
reported that the preparation resulted in higher intracellular uptake, with GNP clustering in
the cytoplasm. This suggests that the GNP concentration in the cytoplasm would be
significantly higher than 0.001%. Previous studies have also suggested that GNP
concentrations of 0.05 — 1% can enhance dose in a cell (Cho 2005, Lechtman et al. 2011,
McMahon et al. 2011), thus we consider a mass percentage of 0.001% and 1% gold added
to each of the biological materials.

Physical dose enhancement effects with gold have been shown to be more significant for
keV energies rather than MeV photons (Lin et al. 2014, Cho 2005, Chithrani et al. 2010,
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Lechtman et al. 2011) where the photoelectric effect dominates over Compton scatter. For
this reason, a 12 x 12 zm? beam of incident monoenergetic photons with energies ranging
from 10-50 keV was initiated at a distance of 10 zm from the centre of the cell (see figure
1). Monoenergetic beams were chosen to investigate the underlying physical processes
involved in dose enhancement as a function of the photon energy. Each simulation run was
repeated ten times with a different seed number and the final calculated values were
averaged, with each run consisting of 108 parallel primary photons. The physical interactions
within the cell volume were modelled with the Geant4 Low Energy Electromagnetic (EM)
Package based on the Livermore libraries. The physical processes initialised for the incident
photons included Compton scattering, Rayleigh scattering, the photoelectric effect and pair
production. All secondary electrons were tracked and the physical processes activated for
electrons included ionisation, bremsstrahlung and multiple scattering. The low energy cut-
off for the production of secondary particles was set to 250 eV, the recommended lower limit
of the physics package. Atomic deexcitation was activated including both fluorescence and
the Auger effect. The production threshold of fluorescence and Auger electrons was disabled
(i.e., no lower limit was set).

Compartmentalised Cell—A more realistic compartmentalised cell, containing the cell
nucleus as well as mitochondria, was modelled with the Geant4 Low Energy
Electromagnetic (EM) Package based on the Livermore libraries. The spherical cell had a
diameter of 11.5 xm with a spherical nucleus of diameter 8.5 1m at the cell centre
(Rosenbluth et al. 2006). Ellipsoid mitochondria with semi-axis lengths of 0.5 m, 0.3 zm
and 0.9 ym (Kam et al. 2013) were distributed in the cell volume outside the nucleus (see
figure 2). The total mitochondrial volume was set to 11% of the total cell volume (Kam et al.
2013). The nucleus, cytosol and mitochondria were composed of the dry chemical
compositions determined experimentally, taken with 50% liquid water. Gold (1% by mass)
was added to the cytosol to investigate dose enhancement effects in the mitochondria and
nucleus.

The elemental composition was determined for a whole JURKAT cell as well as the isolated
JURKAT cell nucleus and mitochondrion. These compositions were used in a Monte Carlo
simulation study to investigate the ionisation susceptibility of different cell organelles
relative to liquid water.

3.1. Experimental Results

Elemental composition of the JURKAT whole cell and organelles—The organic
and inorganic compositions of the whole dry JURKAT cell are listed in Table 1 and
represented in a bar graph in figure 3. All values are expressed as grams of element per 100
grams of sample. The elements shown are those detectable by each method, relative to the
total mass of the sample. Some elements were undetectable e.g. oxygen and account for the
missing mass in the tables. Carbon was the most abundant element detected in the whole
cell, accounting for ~ 40% of the total mass of the sample. Other major inorganic salts
detected were sodium (~ 3%), phosphorus (~ 2%), chlorine (~ 4%) and potassium (~ 2%).
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Both ICP-MS and NAA quantified sodium, magnesium and rubidium in the whole cell
sample with no significant difference between the values obtained by the two techniques.
Rubidium behaves similarly to potassium in cells and has been found to occur in low
concentrations (Relman 1956, Fieve et al. 1971), while molybdenum is known to play an
important role in biological systems (Mendel & Bittner 2006). Lanthanum has no known
function in cells but together with all other lanthanides was reported as < 0.01 ppm in the
solution. Such low trace concentrations would have a negligible effect on the simulation
results.

The organic and inorganic compositions of the dry JURKAT cell nucleus and mitochondrion
are shown in Tables 2 and 3, respectively. In both organelles, carbon is again the most
abundant element accounting for ~ 40% of the total mass. Due to the technical challenge of
obtaining a sufficient amount of the material (~ 15 — 20 mg of dry organelle pellet) for NAA,
ICP-MS was the only technique used to determine the inorganic component of each of the
organelles. Chromium and nickel were found in both organelles but were not detected in the
whole cell sample. The relative concentration of these two metals was likely too low in the
whole cell sample to be detectable. However in the ”concentrated” organelle samples, these
trace amounts are detectable.

Chlorine, potassium and copper were not found in the organelle samples, most likely due to
the limited sensitivity of ICP-MS in the detection of these particular elements. However, it is
highly likely that these elements would occur in these organelles (e.g. Pressman & Lardy
1955). The detection limits of ICP-MS depends on the analytes ionisation energy, abundance
and background signal (for example, a high background due to polyatomic interfering
species raises the detection limit). For some elements, detection is only possible at part per
quadrillion (ppq) or part per trillion (ppt) levels. Quantitation limits (not only detected but
quantified) are more conservative than detection limits (Houk 1994). Notably, the total
percentage of measured trace metals (i.e., not carbon, hydrogen or nitrogen) in the nucleus
and mitochondria were 3.6% and 4.2%, respectively.

A study investigating the light element composition (C, N and O) of rat hepatocyte cells
found that carbon was the most abundant element in all three compartments, in agreement
with our findings (Zierold et al. 2005). They also found that nitrogen was most abundant in
the nucleus, however they report higher levels of nitrogen in the mitochondria than the
cytoplasm, in disagreement with our findings. Another study investigating the elemental
composition of rat hippocampal cells (Taylor et al. 1999), find higher levels of sodium in the
cytoplasm and the mitochondria than the nucleus as well as similar amounts of calcium in all
three components, in agreement with our findings. They also report on higher levels of
magnesium in the nucleus, again in agreement with our results. With respect to the ICRU
report 44 (ICRU 1989) data on the mass fraction of a cell nucleus, our results agree with the
reported values of hydrogen (within ~ 6%), but disagree with the values obtained for carbon
and nitrogen, which are both significantly lower than our results. Since the above
investigations use different experimental techniques as well as different cell lines from our
study, these deviations are not entirely unexpected.
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3.2. Monte Carlo simulations

Homogeneous spherical cell—Potassium and chlorine were both absent from the
experimental organelle materials due to the difficulty in obtaining a large enough sample for
the chemical analysis. Even though our analysis was unable to detect potassium or chlorine,
it is highly likely that they would occur in both organelles. In a test simulation we found that
by excluding both elements from the whole cell composition, the energy deposition
decreased by a factor of 1.6 and 1.44 for 10 and 35 keV incident photons, respectively. Since
the presence of these elements have an effect on the results, both K and Cl were included in
the organelle compositions with the same concentrations as that measured for the full cell
case. There is evidence that both K and Cl concentrations in the nucleus are approximately
the same as the rest of the cell (Palmer & Civan 1977). The potassium concentration varies
within the mitochondrion depending on the activity of the cell but on average is similar to
the concentration in the rest of the cell (Phillip et al. 2007). In addition, chlorine level in the
mitochondria has also been reported to be approximately the same as the cell concentration
within the reported error (Akar et al. 2003), thus we assume here that the concentrations are
the same in both cellular components.

Table 4 summarises the material compositions used in the Monte Carlo simulation for the
homogenous cell models. Table 4 also shows the mean ionisation energy for each modelled
material as calculated by the Geant4 G4 Material class. Geant4 is unable to model realistic
molecular bonds and treats all defined materials in terms of the proportion of individual
elements, except for liquid water. Thus the mean ionisation energy of the material is based
on that for individual elements. Table 4 shows that liquid water has the highest ionisation
energy (= 78 eV) while the modelled mitochondrial composition has the lowest (~ 68 eV).
This suggests that the mitochondrial composition is the most ionisable of the materials
modelled. Note that if water is modelled in Geant4 without bonds (i.e., defined as a material
consisting of two hydrogen atoms and one oxygen atom instead of using the G4 Water
material) it has an ionisation energy of ~ 69 eV. The mass attenuation coefficient w/p for the
whole cell composition was calculated to be ~ 6.6 cm2/g from the mixture rule while that for
the nucleus and mitochondria compositions was 6.7 cm2/g and 7.4 cm?2/g, respectively, for
10 keV photons 8. For comparison /o = 5.3 cm?/g for 10 keV photons in water, lower than
all the biological materials.

Figure 4 shows (a) the energy deposition and (b) total number of ionisations in each
modelled material as a function of incident photon energy. Each measured composition is
represented by the solid curves. The dashed curves show the case where a 1% mass fraction
of gold was added to the material. The standard deviation for each point was less than 1%. A
mass fraction of gold of 0.001% was also simulated for each case but the energy deposition
increased by less than 0.2% for low photon energies and is not shown in this plot. At photon
energies 2 45 keV, both the number of ionisations and the energy deposition, irrespective of
the material, is approximately the same as the liquid water case. At lower photon energies,
however, differences between the biological materials and water are evident. This can be
attributed to the photoelectric effect, which is the dominant photon interaction process at

SNIST: X-ray Mass Attenuation Coefficients
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energies below about 30 keV. The biological materials respond differently to irradiation at
low energies than liquid water, displaying both higher energy deposition and ionisation
numbers. This demonstrates that simulations using liquid water as a surrogate for the
cellular composition on small scales and at lower energies might not be realistic. All three
biological materials however have similar properties, with the mitochondrial material
displaying marginally higher energy deposition and ionisation numbers than the nucleus and
whole cell materials.

Figure 4 also shows that adding 1% of gold increases both the energy deposition and the
total number of ionisations for all the materials studied (dashed curves). The energy
deposition in the whole cell material increases by a factor of 1.1, 2.1 and 1.7 for the gold
case for 10, 30 and 50 keV incident photons, respectively. The mitochondria and nucleus
materials both have an increase of ~ 2.0 for 30 keV photons. The increase observed for
liquid water at 30 keV was a factor of 2.6, indicating that the use of liquid water in GNP
simulations might not give an accurate estimate of dose enhancement effects. The trend for
the total number of ionisations is similar to that for energy deposition for all three materials.

To confirm that photoelectrons and subsequent Auger cascades from the addition of gold
contribute to short range electrons in the material, simulations were performed with and
without the Auger processes activated in the whole cell material. We found that these
processes increase the number of ionisations by a factor ~ 2.6. For the incident photon
energies considered here, the L and M shell absorption edges of gold (E = 14.4 keV, 13.7
keV, 11.9 keV, 2.7 keV) are most likely to contribute to secondary Auger electron
production. Furthermore, we investigated the increase in the photoelectric effect in the
presence of gold. For the whole cell material, we find that adding 1% gold increases the
occurrence of the photoelectric effect process by 14%.

Compartmentalised cell—Figure 5(a) shows the energy deposition and (b) total number
of ionisations per unit volume in the cell nucleus and the mitochondria for the
compartmentalised cell model as a function of incident photon energy. Results are shown for
when 1% gold is added to the cytosol (dashed curves), compared to when no gold is added
(solid curves). The presence of gold in the cytosol increases the energy deposited in both the
mitochondria and nucleus volumes, however the overall increase is larger for the
mitochondria (~ 32% averaged over all incident photon energies) than the nucleus (~ 13%).

The addition of 1% gold in the cytosol also increases the number of ionisations per unit
volume for both organelles, with a larger effect observed for the mitochondria. The
enhancement in energy deposition and number of ionisations in the organelles when 1%
gold is added to the cytosol can be attributed to the delocalisation of energy on sub-micron
scales by photoelectrons. The mean kinetic energy of photoelectrons created through a
primary 10 keV photon interaction is ~ 3.8 keV, 4.1 keV and 4.3 keV for the whole cell,
mitochondrion and nucleus materials, respectively. This corresponds to an average
photoelectron range ~ 0.4 — 1 um (also see Meesungnoen et al. 2002), implying that
secondary electrons produced in the cytosol are capable of travelling to nearby organelles.
Figure 6 shows a visualisation of a simulated photon track where the photoelectron produced
in the cytosol delocalises to the mitochondrial volume. These results suggest that GNPs up-

Phys Med Biol. Author manuscript; available in PMC 2017 August 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McNamara et al.

Page 10

taken into the cytosol can have a detrimental effect on the cell as a result of photoelectrons
entering into nearby organelles, where they can cause damage that impairs important
biological functions.

These results indicate that photoelectron delocalisation has a larger effect on mitochondria
than the nucleus. The mitochondria occupy a smaller volume of the cell (11%) than the
nucleus (40%) but are dispersed into many smaller volumes throughout the cell cytosol
resulting in a larger surface area to volume ratio, 6.9 zm=1 compared to 0.7 zm™1 for the
nucleus. The mitochondria thus have more surface area in direct contact with the cytosol
than the nucleus and have more exposure to secondary electrons produced in the cytosol.

3.3. Discussion

To date the quantification of radiation damage has been largely focused on the DNA
molecule but there may be other targets in a cell (Kuncic et al. 2012). Biological damage
from the interaction of ionising radiation within biological tissue occurs when molecules are
ionised and/or excited. In particular, low energy secondary electrons with energies less than
~ 1 keV typically produce more than ~ 50% of all ionisations, which may cause direct or
indirect biological damage (Nikjoo & Goodhead 1991). All the simulations presented here
were however restricted to a secondary electron cutoff of 250 eV and thus may
underestimate the true number of ionisations generated in the materials. The Geant4-DNA
(\Very Low Energy) models (Incerti, Ivanchenko, Karamitros et al. 2010, Incerti,
Baldacchino, Bernal et al. 2010, Karamitros et al. 2012) or other track structure algorithms
(e.g. Friedland et al. 2011) are capable of modelling the discrete interactions of electrons
down to the eV scale, a regime where a significant amount of excitation and ionisation
processes occur (Munoz et al. 2012, Chauvie et al. 2006), but the Geant4-DNA package is
currently restricted to a liquid water medium.

The simulations presented here assume an unrealistic uniform distribution of the elements,
including gold, in the biological materials. Experimental studies have shown that GNPs
cluster together in different regions of the cell (cytosol, lysosomes) and are unlikely to be
uniformly distributed within cell or even within individual organelles (e.g. Chithrani et al.
2006, Peckys & de Jonge 2011). This could effect the distribution of energy deposition in
the cell. 1t has however been demonstrated that GNPs may be attracted to the outer
membrane of the mitochondrion (Karatas et al. 2009) or could be tagged to be up-taken by
mitochondrion (Mkandawire et al. 2015). A recent Monte Carlo study showed that GNPs
modelled on the membrane of mitochondria do indeed increase the overall dose received by
the organelle (Kirkby & Ghasroddashti 2015). That study however did not consider realistic
material compositions. Our results suggest that even if GNPs do not accumulate within the
mitochondria, nanoparticles in close proximity to the organelle could still enhance damage
due to the delocalisation of photoelectrons from the cytosol. Furthermore, a model that fully
encapsulates the effects of radiation on the whole cell, not just the nuclear DNA, is essential
for advancing our current understanding of the biological outcomes of irradiated cells
(Waldren 2004, Baverstock & Belyakov 2005, Prise et al. 2005, McMahon et al. 2013,
Byrne et al. 2013, Kuncic et al. 2012).
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In practice therapeutic beams are polyenergetic, and even a high-energy spectra has a low-
energy component which may trigger photoelectric effects. Furthermore, medium or high-
energy radiation beams will interact with biological matter through the Compton effect,
releasing lower energy photons which in turn can trigger photoelectric effects. Thus we can
expect GNPs to enhance dose even for higher energy beams.

4. Conclusion

Our measurements of the chemical compositions for a whole human JURKAT cell, as well
as its nucleus and mitochondrion revealed that the mitochondrial material had the highest
mass attenuation coefficient (at < 30 keV) and lowest mean ionisation energy of all the
materials studied. This suggests that mitochondria may be readily ionised when a cell is
irradiated.

Additionally, we found that at low incident photon energies (< 40 keV) both the absorbed
dose and total number of ionisations generated in all the biological compositions differed
significantly from that in liquid water. This suggests that using liquid water instead of
realistic elemental compositions may produce less accurate results in Monte Carlo
calculations of dose distributions and simulations of the physical mechanisms of radiation
interactions of sub-cellular scales.

Using a more realistic compartmentalised cell model, we found that adding a 1% mass
fraction of gold in the cytosol to represent nanoparticle uptake caused dose enhancement
effects in both the nuclear and mitochondrial volumes. The physical mechanism responsible
for this is photoelectron delocalisation from the cytosol to the organelles. This effect was
found to be more prominent for the mitochondrial volume than the nuclear volume due to
the larger surface area to volume ratio of the mitochondrion compared to the nucleus. From
this we can conclude that even though gold nanoparticles tend to localise to the cytosol,
physical dose enhancement effects are not restricted to the vicinity of the nanoparticles, but
can extend to the nucleus and even more so to neighbouring mitochondria, thereby
contributing to nanoparticle dose enhancement effects observed experimentally.
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Figure 1.

Schematic illustration of the homogeneous spherical cell model of diameter 11.5 gm,

suspended in liquid water. A broad beam of monoenergetic incident photons emitted at a
distance of 10 zm from the cell centre is shown in green. Secondary electron tracks are

shown in red.

Phys Med Biol. Author manuscript; available in PMC 2017 August 21.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

McNamara et al.

Page 16

Figure2.
Schematic illustration of the compartmentalised cell model. The model included a centrally

located spherical nucleus (red) and ellipsoid mitochondria (blue) distributed throughout the
cytosol. The cell was suspended in liquid water and irradiated with a broad beam of incident
photons, emitted at a distance of 10 x/m from the cell centre. Gold was added to the cytosol
to investigate possible dose enhancement effects in the organelle volumes.
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Figure 3.
Bar graph showing the relative chemical concentrations determined experimentally for the

JURKAT whole cell (grey), cell nucleus (red) and mitochondrion (green) dry samples. Cl, K,
Br and La were detected using NAA, a technique only available for the whole cell material
due to sample size constraints.
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Figure 4.
(a) Monte Carlo calculated energy deposition and (b) total number of ionisations as a

function of photon energy, in a homogeneous cell of diameter 11.5 zm consisting of
different biological materials. In each case, the chemical composition consisted of 50% of
the dried measured sample composition and 50% liquid water. The solid curves represent the
material without gold, while the dashed lines represent the material with 1% mass fraction of
gold.
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Figure5.
(a) The energy deposition per unit volume in the nucleus (red) and the mitochondria (blue)

in a modelled compartmentalised cell when the cytosol contains 1% gold (dashed curves)
compared to the case where the cytosol does not contain gold (solid curves) as a function of
incident photon energy. (b) The total number of ionisations per unit volume in the nucleus
and the mitochondria in a modelled compartmentalised cell when the cytosol contains 1%
gold compared to the case where the cytosol does not contain gold as a function of incident
photon energy.
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Figure 6.
Iustration of the simulated 10 keV incident photons (green) interacting with mitochondria

in the compartmentalised cell model. A secondary photoelectron (red) is produced in the
cytosol but delocalises to the mitochondrial volume.
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Table 4

Elemental mass fraction (%) of the compositions used in the Monte Carlo homogeneous cell simulation for the
whole cell, nucleus and mitochondrion materials. Elements with mass fractions less than 0.01% have
negligible effects on the simulations and is thus not included. All material densities were assumed to be 1 g/

cm3. For comparison, the elemental composition of liquid water is included.

Element Liquid water”  Wholecell Nucleus Mitochondria

H 11.19 10.34 9.96 11.65
Cc 29.08 29.22 33.19
N 7.94 9.62 1.98
0} 88.81 44.41 44.41 44.41
Na 1.86 0.14 0.66
Mg 0.08 0.34 0.02

P 1.37 1.59 0.41

S 0.23 0.31 2.25
Cl 3.08 291 3.58

K 1.55 1.46 1.80
Ca 0.05 0.01 0.01
Fe 0.00 0.02 0.03
Zn 0.01 0.01 0.00
Br 0.01 - -

Mean lonisation Energy 78.00 eV 69.76 eV 69.91 eV 67.97 eV

*
Defined from the Geant4 NIST database
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