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ABSTRACT: The drive to improve the safety and efficacy of radiotherapies celtlull(ar dose low energy
for cancers has prompted the development of nanomaterials that can locally uptake enhancement electrons
amplify the radiation dose at a tumor without damaging the surrounding e
healthy tissue. Gold nanoparticles (Au NPs), in particular, exhibit promising . 2
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radiosensitizing properties under kilovolt X-ray exposure, although the 3 W 15
precise mechanism behind this enhancement is not fully understood. While =
most studies recognize the involvement of factors such as core composition,
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size, shape, and ligand chemistry in the effectiveness of Au NPs for radiation-
induced cancer treatment, there is a scarcity of direct assessments that
connect the photophysical properties of the nanomaterial with the observed cellular or biological outcomes. Despite previous
evidence of low-energy electron (LEE) emission from Au NPs and their potential to initiate biological damage, to our knowledge, no
studies directly correlate the secondary LEE emission with radiation-induced cell death. In this study we assessed Au NPs
functionalized with polyethylene glycol (PEG) ligands of varying molecular weights and lengths (1, S, and 20 kDa PEG) as potential
radiosensitizers of AS49 lung cancer cells using kilovolt X-ray source potentials (33—130 kVp). We assessed NP internalization using
mass cytometry, radiation dose enhancement using clonogenic survival assays, and secondary LEE emission using a retarding field
analyzer. Results reveal a statistically significant difference in cellular uptake and radiation dose enhancement for S kDa PEG-Au NPs
compared to formulations using 1 and 20 kDa PEG, while analysis of secondary LEE emission spectra demonstrated that differences
in the length of the PEG ligand did not cause statistically significant attenuation of secondary LEE flux. Consequently, we inferred
increased cellular uptake of NPs to be the cause for the observed enhancement in radiosensitivity for 5 kDa PEGylated Au NPs. The
approach used in this study establishes a more complete workflow for designing and characterizing the performance of nanomaterial
radiosensitizers, allowing for quantification of secondary LEEs and cellular uptake, and ultimately correlation with localized dose
enhancement that leads to cell death.

1. INTRODUCTION and are not fully representative, which leads to under-
The development of nanomaterials as radiation dose enhancers estimation of damage. Additionally, these studies describe
is a direct result of increasing interest in improving radiation diverse nanomaterial types and sizes that are irradiated by a
therapy for patients. Gold nanoparticles (Au NPs) have wide range of X-ray conditions (e.g, dose, energy, and source),
promising performances as radiosensitizers both in vitro and in provide unique energy spectra, and report various methods of
vivo when exposed to kilovolt X-rays even though the specific assessing cell death, collectively posing challenges for the direct
mechanism of action driving radiation enhancement is complex comparison of results across the literature. While most reports
and has yet to be elucidated fully.'~” The photophysical acknowledge that many factors play a role in the efficacy of Au
properties of bulk materials, as well as their mass attenuation NPs for radiation-induced cancer therapy, direct evaluations of
coefficients, provide some insight into localized effective the relationship between physical inputs and biological outputs
dosing, but the downstream photochemical, biochemical, and are limited.

biological effects that ultimately result in cell death remain Gold nanoparticles have been shown to locally enhance the

poorly understood.”™" Investigations into these mechanisms 14,15
produce varied results, which demonstrates the disparity
between theoretical calculations of radiosensitization based
on the mass attenuation coefficient of bulk gold and the
observed experimental findings in culture or animal mod-
els."' ™" Monte Carlo simulations of energy-dependent, high
atomic weight materials help bridge the gap between
theoretical predictions and experimental observations of
kilovolt X-ray dose enhancement in biological systems;
however, these simulations focus solely on physical effects

absorption of ionizing radiation. Experimental evidence
indicates that when radiation (e.g, X-rays or high energy
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electrons) interacts with matter, including Au NPs, the vast
majority of the primary excitation energy produces secondary
LEEs between 0—10 eV, regardless of the source of primaries
or their energy, with the maximum secondary LEE flux
typically at ~4—5 eV."”>™"® Due to their abundance and their
ability to directly or indirectly cause genotoxic damage, these
secondary LEEs are thought to be the primary driver of
genotoxic damage in radiation-induced cancer therapy.'’™>°
Many studies have investigated and quantified secondary LEE
emission from NPs or planar samples.'®*” Despite evidence of
secondary LEE emission from NPs, and the efficacy of Au NPs
for radiation-induced cancer therapy, relatively few inves-
tigations exist that correlate secondary LEE emission from NPs
with radiation-induced damage to macromolecules or
cells.”* ™" While these reports have provided valuable insight
into the potential for Au NPs to serve as radiosensitizers, to
our knowledge there are no reports where secondary LEE
emission from NP samples is directly correlated to in vitro
radiation dose enhancement. For example, one report
demonstrates that when thiol-terminated ligands are bound
to Au NPs, photoemission was enhanced; however, no claims
were made relating this enhancement to increased death in
cancer cells.*”

While unfunctionalized Au NPs alone may act as irradiation
enhancers,””* NPs are typically functionalized with ligands to
stabilize against aggregation or lower the potential for
cytotoxicity. While some modifications are passive and done
strictly to protect the Au NP core, other surface modifications
may provide site-specific targeting on or in the cell (e.g., to
surface markers or organelles) to increase and localize
radiosensitivity.”> >’ One such study of Au NP modifications
correlated surface ligand length with DNA damage and in
vacuo secondary LEE emission, revealing a relationship
between secondary LEE attenuation and ligand length,
whereby longer ligands resulted in less DNA damage than
shorter ligands.”” Tt is currently unknown if these results
correlate with the more complex matrices that comprise a
cellular environment, which further reinforces the need for
experiments that link physical and biological processes.

The variable space that must be studied to develop
nanoparticle-based radiosensitizers is vast, inclusive of core
material composition, size, shape, and the chemistry of surface
coatings.””*" With so many possible NPs and modifications,
one must rigorously correlate irradiation conditions (i.e., dose,
dose rate, energy) with cell viability and death (i.e., the desired
emergent property) to design an optimal formulation.
Furthermore, it is valuable to study the relationship between
ligand chemistry and radiation dose enhancement and establish
methods to ensure that Au NP ligand chemistries do not
impact their photophysical properties. To conduct such
studies, we chose to evaluate the impact that polyethylene
glycol (PEG) coatings have on the performance of Au NPs
radiosensitizers. PEG is known to stabilize Au NPs against
aggregation, has excellent biocompatibility, and allows for
ligand shell thickness to be changed while conserving the
chemical composition simply by varying the PEG chain
length.””~*" By altering (i) the X-ray energy, dose rate, and
total dose, (ii) the thickness of the PEG ligand shell, and (iii)
the concentration of PEG-Au NPs added to media, we can
begin to evaluate the conditions that lead to the highest
degrees of radiosensitization. The ability to quantify cellular
uptake, long-term cell death post-irradiation dose, and
secondary LEE emission can provide critical, and currently

lacking, insight into the biological, biochemical, and photo-
physical factors resulting in cell death.

Herein, we examined the performance of 1, 5, and 20 kDa
PEG-Au NPs as radiosensitizers of a lung carcinoma epithelial
cell line (AS49) over a range of X-ray peak energies (kVp),
doses (Gy), and dose rates (Gy/min) to determine the effect
that ligand shell thickness has on radiosensitization. We used
mass cytometry to quantify the internalization of the PEG-Au
NP prior to X-ray exposure. We then determined the kilovolt
X-ray dependent radiation dose enhancement based on the
long-term survival of A549 cells through a standard clonogenic
survival assay and observed a statistically significant radiation
dose enhancement for a single Au NP formulation (5 kDa PEG
Au NPs). Finally, we measured the secondary LEE emission
from each formulation in vacuo utilizing a retarding field
analyzer. Our results provide evidence that secondary LEEs are
not attenuated by a PEG ligand shell, over a range of thickness
from 5—45 nm, as we observed no statistically significant
difference in secondary LEE emission between formulations.
Given these results, we infer that the observed increased
radiation dose enhancement is due to increased cellular uptake
of NPs. Furthermore, our method provides a workflow for
designing and characterizing nanoparticle radiosensitizers
where secondary LEE generation and cellular uptake can be
quantified and then correlated to localized dose enhancement
leading to cell death.

2. EXPERIMENTAL METHODS

2.1. PEG-Au NP Internalization via Mass Cytometry.
Twenty hours after cell incubation with 0.08—4 ug mL™' PEG-
Au NPs, we aspirated culture media, and washed cultures
thrice with sterile PBS. We treated cells with 0.25% trypsin/
EDTA dissociation reagent for S min, then neutralized the
trypsin/EDTA with an equal volume of complete F-12K
media, and recovered cells from wells by serological pipet. We
then stained all samples with Cell-ID cisplatin according to
published manufacture protocol and fixed the samples
according to Maxpar Cytoplastic/Secreted Antigen Staining
with Fresh Fix protocol. This approach agrees with several
previously published resports that quantified intracellular
inorganic nanomaterials.*>*®

Briefly, we recovered all cells by pelleting at 200 X g for 5
min and then washed the cells with 2 mL of warm serum free
F12—K media. We determined initial cell counts using
Countess II Automated Cell Counter (Thermo Fisher
Scientific) before performing a final wash and resuspending
cells in an appropriate volume of serum free F-12K media to
achieve a final count of 2.0 X 10 cells mL™". We next made a 6
UM stock solution of Cell-ID cisplatin in prewarmed (37 °C),
serum free, F-12K media and added an equal volume of this
staining solution to samples of cells to create final
concentrations of 1.0 X 10" cell mL™" in 3 uM cisplatin-
containing complete media, with volumes ranging from 30—60
uL based on harvest cell count. We incubated samples for 5
min at 37 °C with 5% CO,, and then we added 500 uL of
complete F-12K media to each sample to sequester unbound
cisplatin. We then pelleted and washed the cells with an
additional 500 uL of complete F-12K media. After pelleting,
we aspirated the supernatant, resuspended the cell pellets in
residual volume of supernatant, and added 1 mL of 1.6%
paraformaldehyde prepared in 1x Maxpar PBS. We gently
vortexed the cells and incubated them at 22 °C for 10 min.
After fixation, we pelleted the cells and stained them with 42
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nM Cell-ID Intercalator-Ir, prepared in Maxpar Fix/Perm
Buffer. Immediately prior to sample acquisition, we washed all
cells once with 2 mL of Maxpar Cell Staining Buffer and twice
with Cell Acquisition Solution Plus (CAS+) and submitted
these samples as pellets for analysis on a Standard Biotools
CyTOF XT mass cytometer at the Longwood Medical Area
mass cytometry core facility.

2.2. Long-Term Proliferation by Percent Area Image
Analysis of A549 Cells. The variable morphology of A549
colonies after exposure to ionizing radiation made qualifying
long-term survival by conventional colony scoring highly
subjective. This challenge has been addressed previously by
quantifying long-term growth through comparisons of the area
of cellular growth relative to the total culture surface area.*’~*’
This automated image analysis eliminates the subjectivity of
manual colony counting. We split all RGB composite images of
colonies into individual color channels. We analyzed the green
channel image (i.e., the channel with the highest contrast ratio
for the Crystal Violet stain) using an Image] ColonyArea
plugin.*’ In the few instances when the automated thresh-
olding overestimated colony area, we performed a manual
thresholding to accommodate for low signal-to-noise ratio.
Prior to implementing %Area analysis as a surrogate for
counting individual colonies, we confirmed there was strong
agreement between seeding density and resultant %Area
(Figure S5).

2.3. Energy Dependent Dose Enhancement. We
incubated AS49 cultures with 0.4 yug mL™" § kDa PEG-Au
NP 20 hours prior to irradiation with 5 Gy of 33, 45, 90, and
130 kVp X-rays. We also prepared control populations of
cultures without nanoparticle treatment to account for native
plating efficiency and plating efficiency of A549 cells after X-
ray exposure. We held the dose rate for all irradiations at 0.1
Gy min~' by modulating the current used to generate X-rays of
different incident energy. Then, we subjected all cultures to
clonogenic survival assay to determine which incident energy
induces the highest degree of radiosensitization given
otherwise constant culturing and irradiation conditions.

2.4. Ligand Shell Effect in keV X-ray DE. We
determined formulation-specific RER measurements, using X-
rays generated by an electrode potential of 90 kVp, using a
constant nanoparticle concentration of 0.8 yg mL™". We added
all PEG-Au NP formulations to cultures as described above,
and then exposed each culture to 4 Gy of 90 kVp X-rays at 0.1
Gy min~". We then harvested and plated A549 cells for long-
term growth assessment. After 8 days of growth, we processed
resulting colonies and determined the RER,g, as described
above.

2.5. Secondary LEE Emission Spectra. We performed
secondary LEE emission measurements in an ultrahigh vacuum
(UHV) chamber with a base pressure <1.0 X 10~° mbar. The
UHV chamber comprises an OCI Vacuum Engineering low
energy electron diffraction (LEED)/Auger electron spectros-
copy (AES) system model LPS-D series, which contained a
retarding field analyzer (RFA) model RFA-I-USB (Figure S6).
We used a freshly cleaved, highly ordered pyrolytic graphite
(HOPG) mounted on a Ta sample plate from Omicron
NanoTechnology as the support for the NPs in the Auger
characterization and secondary LEE emission measurements.
We drop cast 20 uL of samples containing 2.0 X 10'* NPs of
each formulation onto the HOPG substrate. Assuming
spherical Au NPs and the drop cast spot being 0.25 cm in
radius, we conservatively estimate a film thickness of ~7 nm.

This film thickness is sufficiently thick to ensure that secondary
LEE emission comes from the NP film and not the HOPG
substrate. To acquire secondary LEE emission spectra, we
excited the NP samples with a 200 eV electron beam while the
RFA was used to measure electron emission as a function of
retarding potential, which was then plotted as a secondary LEE
emission spectrum (Figure S7). We applied a —S0 V bias to
each sample to increase the number of secondary LEEs
reaching the analyzer. For each NP formulation, we recorded
secondary LEE emission with an electron beam current of 0.5
HA, 1.0 A, 2.0 uA, and 3.0 uA. At each beam current, we
recorded five consecutive spectra to ensure reproducibility and
then averaged the spectra. Furthermore, we measured three
separate drop cast samples of each formulation to account for
differences in NP sample drying. It is important to note that
our measurements quantify the energy and flux of all emitted
electrons including those that have undergone both elastic and
inelastic scattering.

2.6. NP Characterization in Vacuum with Auger
Electron Spectroscopy. To characterize the NP formula-
tions in vacuum and ensure that the recorded secondary LEE
emission was from the NPs, we utilized AES. While secondary
LEE emission measurements were excited with a 200 eV
electron beam, during Auger characterization we excited the
samples with a 2000 eV electron beam having a beam current
of ~70 uA, a focus of 1600 V, a Wehnelt of 30 V, and a
modulation voltage of S V. We recorded secondary LEE
emission spectra before performing AES measurements and
the same area of the sample was studied in AES and secondary
LEE emission experiments. Additionally, no evidence of beam
damage was found as spectra were reproducible between
separate Auger experiments.

3. RESULTS AND DISCUSSION

3.1. PEG-Au NP Characterization. PEG-Au NPs are used
commonly in NP formulations intended for cellular
uptake.”’ >’ We chose to use 5 nm Au NP as the core
particle due evidence that this core size supports Au NP size-
dependent X-ray dose enhancement.”* We avoided highly
polydisperse NP suspensions by conjugating thiol-terminated
PEGs to the Au NP surface.”” UV—vis measurements of PEG-
Au NPs formulations retained the characteristic 520 nm
surface plasmon resonance peak of the starting 5 nm citrate-
capped Au NP after ligand conjugation (Figure S1A). The
retention of this peak indicates that ligand conjugation did not
induce aggregation. We used dynamic light scattering to show
that the hydrodynamic diameter of all PEG-Au NPs increased
as a function of PEG molecular weight from 1 kDa to 20 kDa
(Figure 1A, Figure S1C) and that all formulations were
monodisperse. While the hydrodynamic diameter increased as
the PEG molecular weight increased, the zeta potentials
became more neutral. (Table S1). This approach afforded us
control for size-dependent X-ray dose enhancement associated
with Au NPs with a common core composition to examine
specifically the impact of ligand chemistry on radiation dose
enhancement and generation of secondary LEE.

3.2. PEG-Au NP Internalization via Mass Cytometry.
Quantifying intracellular Au NP content at the time of X-ray
exposure is a critical aspect of characterizing X-ray dose
enhancement and comparing different particle formulations.
Prior to mass cytometry analysis, we ensured there were no
background cytotoxic effects via a metabolic (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetra-
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Figure 1. Experimental workflow. (A) We modified S nm citrate-
capped Au NPs with 1, 5, or 20 kDa thiol-terminated PEG. The
resulting particles were monodisperse and had hydrodynamic
diameters proportional to molecular weight as shown in the right
panel. (B) We determined dose enhancement from AS49 lung cancer
cells incubated with PEGylated Au NPs and irradiated with kilovolt X-
rays. (C) We measured low energy electron emission from each

particle type.

zolium (MTT) reduction assay (Figure S2). Our results show
that cell populations retain >80% of their metabolic activity
after exposure to all three PEG-Au NP formulations for
concentrations up to 8 ug mL™'. We used mass cytometry to
measure the internalization of 1 kDa, 5 kDa, and 20 kDa PEG-
Au NP. We chose low concentrations (ca. ug mL™") to align
our experiments with a more drug-like regime even though
other reports of radiation dose enhancement use much higher
doses (mg mL™").*>**” Under all experimental conditions,
CellID-Cisplatin  staining indicated that cell populations
retained greater than 90% viability based on exclusion of
cisplatin by intact cell membranes. We performed mass
cytometry data cleanup, viability gating, and singlet gating
prior to reporting mean intracellular Au content (Figure S3).
We chose a range of 0.4, 0.8, and 4.0 ug mL™! based on the
agreement of the MTT and CellID-Cisplatin viability assays.
We demonstrate a relationship between the concentration of
PEG-Au NP in cell culture media and internalization over the
tested concentration range (Figure 2). The 5 kDa PEG-Au NP
internalized better than either the 1 kDa PEG-Au NP or 20
kDa PEG-Au NP at all concentrations tested (Table S2).
Preferential internalization of the intermediate PEG-Au NP
size is likely due to optimal ligand protein corona formation.’®
This preferential uptake motivated us to use the S kDa PEG-
Au NP formulation to examine variables related to energy
dependent dose enhancement.

3.3. Defining and Quantifying Radiation Dose
Enhancement. Clonogenic survival assays are the most
widely used technique to monitor colony formation of
irradiated cells. This in vitro technique assesses radiation
cytotoxicity by evaluating the ability of a cell to proliferate
post-irradiation and form a colony. Cells unable to form a

using mass cytometry. Cells were incubated with 1 kDa, 5 kDa, and 20
kDa PEG-Au NP at 0.4, 0.8, and 4.0 ug mL™" for 20 h (N = 3). The
reported Au Counts are the average Au mass counts greater than 5000
single cell events obtained during mass cytometry runs. Internalization
is reported as mean mass spectroscopic count following data
processing as described in Figure S3. The error bars indicate the
standard deviation of Au mass counts for each cell population
analyzed. All data was fit to linear regressions (R* = 0.9977, 0.9998,
and 0.9873 for 1 kDa, S kDa, and 20 kDa PEG-Au NPs, respectively).

colony have lost reproductive abilities and are considered
nonviable. To assess and quantify post-irradiation viability, we
first assigned a plating efficiency (PE) to each sample (eq 1).
In most cases, cells form irregular colony shapes, so we
calibrated PE based on the percent total area of the plate
occupied by cells and not absolute counts as previously
demonstrated.”® We then calculated survival fractions (SF),
which relate the PE of an irradiated sample (e.g,, at 5 Gy) to
the PE of a nonirradiated (i.e., at 0 Gy) sample (eq 2). Reports
of radiation dose enhancement lack a common scale to
quantify radiation effects.”” In some cases, “iso-effect” values
are reported, where different doses of radiation are compared
using a dose modifying ratio, whereas others report “iso-dose”
values, where different effects are monitored at a single dose.
We chose an iso-dose approach to quantify different degrees of
in vitro radio enhancement. We quantified the radiosensitiza-
tion of cells using different formulations of Au NPs at a given
radiation dose using the radiation dose enhancement ratio
(RER), which normalizes the survival fraction of culture
growth to the SF of cultures not irradiated but still in the
presence of NPs for a specific dose (eq 3).

PE — Area(%)
Seeding Density (1)
| PEyg,
SE{Gy PE
0Gy ()
SEycy
RERyg, = —
SKey 3)

The RER value encompasses multiple variables of interest,
including plating efficiency, radiation dose enhancement, and
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cyto- and radiotoxicity. These values can also be stated as a
percent, relative to non-irradiated samples, allowing for
comparison across literature. Experimentally calculated RER
values typically afford a higher enhancement than those
calculated using Monte Carlo simulations, as this value also
reflects any additional biological dose enhancement due to the
cellular response to radiation.” We report all radiation dose
enhancement values as RER, affording a more comprehensive
understanding of iso-dose radiosensitization effects due to
PEG-Au NPs.

3.4. Irradiation of PEG-Au NPs in Human Lung
Carcinoma Cell Line. The X-ray dose rate is a critical
parameter in Au NP radiation enhancement, with higher dose
rates inducing greater RER;*' however, when determining
energy dependent radiosensitization, it is critical to control for
dose rate-dependent enhancement. We chose to modulate the
filament current used to generate X-rays to dose cultures at a
rate of 0.1 Gy min™" for all incident X-ray energies. We
determined RER due to 5 kDa PEG-Au NP based on the %
Area of long-term culture growth (Figure S4) relative to initial
seeding densities, which normalizes the survival fraction of
culture growth relative to survival fractions of cultures not
irradiated in the presence of S kDa PEG-Au NPs (Figure SS).
Given a constant X-ray dose, dose rate, and concentration of §
kDa PEG-Au NP (0.4 ug mL™"), we found that 90 kVp X-rays
induced 44% RER (Figure 3), which is much higher than
would be expected relative to reports of RER at comparable
dose rates.*""" Very modest degrees of RER were observed for
45 and 130 kVp X-rays (i.e, < 10%), with insignificant RER
observed for 33 kVp X-rays.
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Figure 3. Radiation enhancement ratios (RER) for AS49 cells as a
function of X-ray source potential. Cells were irradiated at a single
dose (5 Gy) and treated with a single formulation of PEG-Au NP (0.4
ug mL™" of 5 kDa PEG-Au NP) to investigate the role of X-ray source
potential on RER. (A) RER values at each potential compared by one-
way ANOVA: *#% (p < 0.001), **** (p < 0.0001). Error bars
represent n = 6 replicates. (B) Table of applied X-ray source
potentials (kVp) and calculated effective incident X-ray energy (keV)
according the SpekCalc relative to RER values.

After identifying optimal irradiation conditions for kVp X-
ray radiation enhancement, we applied them to examine RER
induced by three PEG-Au NP with incrementally thicker
ligand shells. We found that sub ug mL™" treatments of 1 kDa,
S kDa and 20 kDa PEG-Au NPs all induced some degree of 90
kVp X-ray RER (Figure 4). Predictably, S kDa PEG-Au NPs
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Figure 4. Radiation enhancement ratios (RER) as a function of single
irradiation condition (4 Gy, 90 kVp X-rays) and nanoparticle
concentration (0.8 ug mL™") to investigate the role of PEG molecular
weight on functionalized Au NPs. A one-way ANOVA was performed
for each RER value: ** (p < 0.01). Error bars represent n = 6
replicates.

induced a higher RER when incubated with cells at a higher
concentration: 55% at 0.8 ug mL ™! versus 44% at 0.4 Hg mL™",
As a result of these experiments, given equal X-ray and NP
exposure conditions, we demonstrated that the ligand
formulation can significantly impact RER. We found that
despite substantial internalization, 1 kDa and 20 kDa Au NPs
only induced 19% and 16% dose enhancement, respectively.
However, these differences may not be due to variable
photophysical radiation enhancement. The preferential inter-
nalization of 5 kDa PEG-Au NP is the most likely reason for its
higher relative RER to 1 kDa and 20 kDa PEG-Au NPs. To
further explain these data, we investigated the NP formulations
in vacuo to quantify secondary LEE emission from each sample.

3.5. Nanoparticle Characterization in Ultra-High
Vacuum. We hypothesized that the observed increase in
RER for S kDa PEG-Au NPs compared to 1 kDa and 20k Da
PEG-Au NPs was due to a combination of secondary LEE
emission and NP cellular uptake. To determine the elemental
composition of the surface and characterize the NPs in ultra-
high vacuum (UHV), we performed Auger electron spectros-
copy (AES) (Figure SA) in which Auger transitions of
elements in the sample were excited with 2000 eV electrons
their intensities correlated with the amount of each element
present. We found that the various NP formulations can be
distinguished from one another based upon the intensity of the
Au Auger peak. Specifically, the 1 kDa PEG-Au NPs had the
highest intensity of Au Auger signal (demonstrated by an
Auger peak at 69 eV), followed by S kDa PEG-Au NPs, while
20 kDa PEG-Au NPs showed no Auger signal for Au.
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Figure S. In vacuo secondary LEE emission and NP characterization.
(A) Auger electron spectroscopy data for the various NP
formulations. An electron beam energy of 2000 eV was used to
excite the sample. The Auger peak at 69 eV is attributed to Au, 152
€V S, and 272 eV C. (B) Qualitative secondary LEE emission at beam
currents of 0.5, 1.0, 2.0, and 3.0 uA (bottom to top, respectively). A
bias of —50 V was applied to the sample and a 200 eV beam energy
was used to excite the sample. (C) Quantitative secondary LEE
emission in the 0—50 eV kinetic energy range (acquired by integrating
from 0—50 eV) at various beam currents. Error bars are the standard
deviation of the average emission for the three different drop cast
samples.

Qualitatively, these data are consistent with the ligand lengths
since the inelastic mean free path (IMFP) is ~0.5 nm for a 69
eV electron and the longer ligands attenuate the Auger signal
from the Au core.”” Furthermore, as the molecular weight of
the PEG ligands increased, the Auger peak signal for carbon
(C) at 272 eV increased, which is consistent with the increase
in number of carbon atoms in the PEG chain as molecular
weight increases from 1 kDa to 20 kDa. The Auger peak at 152
eV is attributed to sulfur (S), which was observed for 1 kDa
and S kDa PEG-Au NPs, consistent with the PEG ligands

being thiolate terminated. However, the S Auger peak was not
found for the 20 kDa PEG-Au NPs which can also be
attributed to the longer ligand attenuating the S Auger peak
signal from the thiolate-Au interface.

More quantitative evidence that the NP formulations are
distinguishable in Auger spectra can be found in Table 1.

Table 1. Auger Peak Intensities and Ratios, Secondary LEE
Emission Relative to Au(111), and RER Values for Au NP
Formulations

Au AES  Carbon AES
to Au Peak
(111) Intensi
Sample Ratio (x 107°)
Au(111) 100 0.0
1 kDa 0.39 2.6
S kDa 0.13 4.1
20 kDa 0.00 54

Ratio of LEE
Emission to RER

Au (111) + SEM* (4 Gy) + SD”
1.00 = 0.00
0.73 + 0.03
0.75§ + 0.03
0.7§ + 0.03

1.19 = 0.15
1.55 £ 0.17
1.16 + 0.16

“n = 4 replicates. bh=6 replicates.

There, we took the ratio of the Au Auger peak intensity for
each sample to the Au Auger peak signal for a Au(111) single
crystal, and also compared the C Auger peak intensity between
samples. We expect that as the ligand shell increases, so would
the attenuation of the Au Auger signal and the C Auger peak
would increase. The data reflect this hypothesis as 1 kDa PEG
had the highest NP sample Au to Au(111) Auger peak ratio
and the lowest C Auger peak intensity, while 20 kDa PEG had
the lowest Au to Au(111) Auger peak ratio and highest C
Auger peak intensity.

3.6. Low Energy Electron Emission. As previously
mentioned, when high energy radiation interacts with matter,
secondary LEEs are the predominant species generated and are
thought to be the primary driver of genotoxic damage in
radiation induced cancer therapy. Therefore, we anticipated
that measuring the secondary LEE emission from the Au NPs
could shed light on the observed increase in RER
demonstrated by the Sk PEG-Au NPs in comparison to the
other formulations. We hypothesized that as the length of the
ligand increased (1 kDa < § kDa < 20 kDa), the longer PEG
ligands would lead to more attenuation of secondary LEEs.
Surprisingly, however, this was not the case upon measuring
the secondary LEE emission from the various PEG-Au NP
formulations. Qualitatively, there was no obvious difference
between secondary LEE emissions from the NP samples at the
four different beam currents (Figure SB). Also, as observed in
previous studies, most of the electron emission is within the
kinetic energy range of 0—10 eV, and therefore are low-energy
secondry electrons and not, for instance, low energy Auger
electrons. Additionally, our electron emission is peaked at ~4
eV where electrons have an IMFP of ~20 nm, and is also
consistent with previous reports.’” Integrating the areas under
the curves from 0—50 eV for each secondary LEE spectrum
facilitates quantitative comparisons of the total electron
emission in this kinetic energy range between NP samples
(Figure SC). After the secondary LEE measurements, we
verified that the secondary LEE emission originated from the
NPs and not the graphite substrate by the aforementioned AES
of the Au Auger signal which is only observed when NPs are
present. One-way ANOVA tests indicate there is no statisti-
cally significant difference in secondary LEE emission from any
of the different NP samples tested with beam currents 0.5—3.0
uA (p > 0.34 for all samples, @ = 0.05). To further strengthen
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this interpretation, we normalized secondary LEE emission
from PEGylated Au NPs to secondary LEE emission from a
Au(111) single crystal (Table 1). The calculated ratio of LEE
emission is the average ratio of sample secondary LEE
emission to Au(111) secondary LEE emission at each beam
current. These data also suggested there was no statistically
significant difference (p 0.86, a 0.05) between
formulations, which supports previously reported MC
simulations that concluded that various ligand compositions
attached to Au NPs should not affect the flux of secondary
LEEs.”

When comparing the secondary LEE emission with the RER
values, it would be expected that if the emission from the
various NP formulations was the same, then the RER would
also be the same, assuming the different formulations have the
same uptake. Instead, we found that Sk PEG-Au NPs had the
highest RER at 55% and 1 kDa and 20 kDa PEG-Au NPs had
similar RERs at 19% and 16%, respectively. This increase in the
RER for 5 kDa PEG-Au NPs can be attributed to the greater
internalization of the 5 kDa PEG-Au NPs than either the 1 kDa
or 20 kDa PEG-Au NPs. Comparing results from 1 kDa and 20
kDa PEG-Au NPs further support these claims: their secondary
LEE emission and cellular uptake are equal, as are their
experimental RER values. Furthermore, while secondary LEEs
are capable of inducing both direct and indirect genotoxic
damage, our method is unable to distinguish between the two.
The effective attenuation length (EAL), which is the distance
at which the flux of electrons preserving their initial kinetic
energy diminishes by 1/e, of 4 eV electrons in water is ~3
nm.*" Therefore, secondary LEEs must be generated within
nm of DNA to directly induce genotoxic damage. However,
secondary LEEs can indirectly cause genotoxic damage, for
example via generation of reactive oxygen species (ROS),
which effectively increases the distance over which LEEs can
have an effect. Our combined approach of in vitro RER
measurements and in vacuo secondary LEE measurements
enables us to correlate the two, demonstrate that the secondary
LEE emission from the three different PEG-Au NPs yield is
similar, and conclude that differences in cellular uptake explain
radiobiological effects.

4. CONCLUSIONS

In this manuscript, we evaluated the performance of PEGylated
Au NPs as radiosensitizers of a lung carcinoma epithelial cell
line (AS49) by varying the thickness of the particle ligand shell
using PEGs with different molecular weights (1, S, and 20
kDa) and irradiating cultures using a range of X-ray peak
energies (kVp), doses (Gy), and dose rates (Gy/min). We
observed that there existed an optimum set of conditions—in
peak X-ray source potential (90 kVp) and molecular weight of
PEG (S kDa) used to functionalize the Au NPs—that lead to a
statistically significance dose enhancement, which we deter-
mined based on the long-term survival of irradiated cells using
a clonogenic survival assay. We initially expected to see a trend
in diminishing dose enhancement as a function of increasing
the length of the PEG chains bound to the Au NP core: as the
ligand shell thickness increased, the secondary LEE emission
would decrease as emission from the Au core would be
hindered.”” However, our results provide evidence that
secondary LEEs are not attenuated by a PEG ligand shell, at
least over a range of thickness from 5—45 nm, as we observed
no statistically significant difference in secondary LEE emission
between particle formulations. Previous experiments by Xie et.

36853

al have shown that when thiol terminated ligands are
functionalized to Au NPs, as in the chemistry we used here,
secondary LEEs generated from the Au core can be
transmitted to and ejected through the thiol terminated
ligands.32 Additionally, previous Monte Carlo simulations have
shown that various ligand coatings do not affect secondary LEE
emission from the Au core.”” Taken together, these two
observations potentially explain why we observed equal
secondary LEE emission for 1 kDa, 5 kDa, and 20 kDa
PEG-Au NPs.

Instead of chemistry-induced photophysics as an explanation
for differences in radiosensitization for particles under
common irradiation conditions, measurements by mass
cytometry suggest that particle uptake is the driving force for
radiation enhancement in this system: particles functionalized
with § kDa PEG were internalized approximately 2-fold more
than those with 1 or 20 kDa PEGs, which resulted in 1.44-fold
(44%) more enhancement of cell death for particles introduced
to cultures at a final concentration of 0.8 ug mL™". Previous
accounts of keV dose enhancement based on clonogenic
survival of AS49 cells have reported dose enhancement factor
as high as 2.9-fold (190%);°° however, this result was achieved
at 500 times higher Au NP dosing, which supports in vitro
research but is unlikely to translate to clinical applications.
Investigation into the biocompatibility of Au NP have shown
that even relatively low doses of Au NP (i.e., <10 ug mL™" in
vitro and 10 mg kg™ in vivo) can significantly impact cellular
growth, intracellular ROS, and expression of critical pro-
apoptotic genes in the absence of radiation.””*° While
evaluating additional cell lines and particle types would expand
on and validate these observations, our combined results, and
the workflow used to generate them, suggest a method for
designing and characterizing nanomaterial-based radiosensi-
tizers, whereby the system photophysics (e.g.,, secondary LEE
generation, peak X-ray source voltage) and pharmacokinetics
(i.e., dose-dependent cellular uptake) can be used to predict an
emergent property: radiation enhancement. In fact, a recent
review called for the need to investigate secondary LEE
radiation damage in more realistic models.”> Our approach
enables the LEE spectrum of biocompatible Au nanopartilcles
to be quantifed, compared between NP formulations and then
related to the RER of three different PEG-Au NP formulations.
This approach indicated that in this system, differences in
cellular uptake was the drivng force behind different RER
values. Translating nanomaterials into clinical practice requires
substantial effort beyond what is required for in vitro testing,
and, ultimately, we expect the ability to use this workflow to
screen potential candidates will accelerate the research efforts
needed to navigate this expansive space of particle types and
formulations.
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