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at clinically feasible NP concentrations. Use of small GNPs as a radiation dose enhancer
in the past required very high NP concentration, since the driving force for the uptake
of smaller GNPs is low. We used a novel lipid-based NP of 50 nm diameter system as a
Trojan horse to deliver smaller GNPs of size 5 nm (LNP-GNP) at 0.2 nM concentration.
We investigated the changes in GNP uptake and survival fraction with the LNP delivery
at different cell stages using human breast cancer as our tumor model and choosing
the triple-negative MDA-MB-231 cell line.

Results: Using the LNP-GNP system resulted in a 39- and 73-fold enhancement in
uptake of 5 nm GNPs in unsynchronized and synchronized tumor cell populations,
respectively. The NP uptake per cell increased from 800 to 1200 and from 30,841 to
88,477 for individual 5 nm GNPs and 5 nm GNPs incorporated in LNPs, respectively.
After a radiation dose of 2 Gy with 6 MeV photons, synchronized tumor cell popula-
tions incorporated with LNP-GNPs produced a 27% enhancement in tumor cell
death compared to the control (unsynchronized; no GNPs; 2 Gy). The findings of our
experimental results were supported by modeling predictions based on Monte Carlo
calculations.

Conclusions: This study clearly shows that the cell cycle, GNPs, and radiation therapy
can be combined to improve outcome of cancer therapy. Using the experimental

data, we estimated the predicted improvement for a clinical treatment plan where 30
fractions of 2 Gy radiation dose were given over a period of time. Enhanced uptake and
radiation sensitivity of a synchronous tumor cell population would produce a signifi-
cant improvement in cell killing. For example, synchronizing cells and the addition of
LNP-GNPs into tumor cells produced a 1000-fold enhancement in cell killing. Because
the agents used for cell synchronization are in clinical practice, this approach may be a
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simple and cost-effective way to further enhance local radiation dose. Finally, this study
provides a novel lipid-based NP platform to further improve GNP-mediated radiation
therapy through synchronization of breast cancer cell population.

Keywords: Gold nanoparticles, Radiation therapy, Synchronization, Monte Carlo
simulation, DNA damage, Optical imaging, Lipid nanoparticles

Introduction
According to the World Health Organization, cancer is the second leading cause
of death globally and was responsible for an estimated 9.6 million deaths in 2018.
Globally, about one in six deaths is due to cancer. More than half of the cancer
patients will receive radiation therapy as part of their treatment plan (Chang et al.
2014). Radiotherapy is a good alternative to surgery for long-term control for many
tumors in the head and neck, lung, cervix, bladder, prostate and skin. In the case of
breast cancer, post-operative radiotherapy is frequently delivered to the breast and
regional lymph nodes (Arthur et al. 2016). However, radiation therapy presents the
challenge of delivering a dose to tumor cells, while sparing surrounding normal tis-
sue, through which ionizing radiation must inevitably pass. To help overcome this
limitation, the introduction of high atomic number (Z) materials, such as gold nano-
particles (GNPs) as radiation dose enhancers into current radiation therapy proto-
col is being studied to improve the local therapeutic effects (Cho and Krishnan 2013;
Chithrani et al. 2010; Hainfeld et al. 2004; Butterworth et al. 2013). High-Z metal NPs
such as gold absorb more X-rays, releasing more electrons, which in turn interact
with water molecules present in cells and tissues to produce radicals (O’Neill 1987;
Carter et al. 2007). Although most studies suggest that deoxyribonucleic acid (DNA)
is damaged indirectly by hydroxyl radicals, electrons can also cause damage to DNA
directly (Boudaiffa et al. 2000). Recent in vitro and in vivo studies have shown that
the incorporation of GNPs into current radiotherapy protocols produces better out-
comes at clinically relevant megavoltage energies (Cruje et al. 2015; Wolfe et al. 2015).
Intravenously injected NPs can accumulate within the tumor using its leaky vascula-
ture, penetrate through the tumor tissue and finally enter the individual tumor cells
(Abolfazli et al. 2015; Yang et al. 2018). However, since the GNP accumulation and
radiation enhancement effect can be different based on the particular tumor microen-
vironment, NP-based therapeutics need to be tested in many different tumor models.
Lipid-based NP platforms have been proposed for use in improved cancer chemo-
therapy (Kang and Ko 2015). Incorporation of GNPs into such a lipid-based NP system
would facilitate future chemoradiation therapy initiatives (Yang et al. 2018). Lipid nano-
particles (LNPs) are made up of natural lipids, usually phospholipids and cholesterol,
which can encapsulate molecules in a hydrophilic or hydrophobic core. In this study, we
used an LNP system as a Trojan horse to deliver smaller GNPs (LNP-GNP). A pioneer-
ing study by Hainfeld et al. demonstrated that a very high concentration of small GNPs
(1.9 nm in diameter) was necessary to produce a significant therapeutic effect (Hainfeld
et al. 2004). Small GNPs (1-10 nm) are not internalized well by cells on their own, as
the mechanism of internalization seems to favor larger particles with the highest uptake
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Fig. 1 Triple combination of gold nanoparticles, radiation therapy and synchronization of the tumor cell
population for improved outcomes in cancer therapy. Synchronization of the tumor cell population in the
right phase could enhance the NP uptake (a) and sensitivity to radiation (b), while having GNPs within tumor
cell can enhance the physical radiation dose (c)

occurring for particles with a diameter of 50 nm (Chithrani et al. 2006). Lipid encapsu-
lation of metallic nanoparticles is a good way to increase their internalization and bio-
compatibility, as the surface chemistry of lipids is similar to structural components of
the cellular membrane (Von White et al. 2012). LNPs are also of interest as a carrier
for gene and drug delivery (Baowan and Thamwattana 2014). Finally, LNPs provide new
opportunities to encapsulate both GNPs and anticancer drugs in one vehicle for future
combined therapeutics (Lee et al. 2012).

Although GNPs are being explored as a radiation dose enhancer in cancer therapy, it
is not yet known how radiation dose enhancement properties vary in a synchronized
vs. an unsynchronized tumor cell population. There are tools available in clinics to syn-
chronize tumor cell populations if necessary. We used thymidine to synchronize tumor
cell populations in S phase in vitro, since it is a clinically available pharmacological agent
(Heinemann et al. 2010). As illustrated in Fig. 1, this study looked at how the combina-
tion of GNPs and synchronization of the tumor cell population affects the final outcome
in radiation therapy for the first time using a novel lipid-based NP platform in human
breast cancer cells. Our final goal was to compare our experimental data with theoreti-
cal predictions based on Monte Carlo simulations using TOPAS-nBio (Schuemann et al.
2019).

Breast cancer (BC) has a high incidence and is the most frequently diagnosed can-
cer, ranking as the second leading cause of cancer death in women. Triple-negative BC
(TNBC) accounts for about 12%-17% of breast cancer cases. TNBC is more aggres-
sive and is associated with a worse prognosis, a higher risk of relapse and metastasis as
well as a shorter survival time (DeSantis et al. 2017). Hence, we chose a TNBC cell line,
MDA-MB-231 as our in vitro cell model for this study. In addition, this study will pro-
vide guidelines to further improve current cancer therapeutics through the inclusion of
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both cell cycle synchronization and GNP delivery into current radiation therapy proto-
cols for the first time as outlined in Fig. 1. Finally, this study unveils a new NP platform
for triple combination of chemotherapy, radiation therapy and GNPs in future cancer
therapy.

Materials and methods

Lipid nanoparticle synthesis and analysis

GNPs of 5 nm diameter were purchased from Ted Pella, Inc. (Redding, CA) and
were entrapped in lipid nanoparticles (LNPs) using a rapid-mixing method (Leung
et al. 2015). Lipids [composition: DLin-MC3-DMA/DSPC/cholesterol/PEG-lipid
(50/10/39/1 mol %)] were first dissolved in ethanol at 20 mM concentration. GNPs
were suspended in 25 mM sodium acetate buffer (pH4) to a ratio of 2.2 x 10'* GNP/uM
lipid for LNP formulation. The organic phase and aqueous phase were mixed through
a T-junction mixer (PEEK 0712) at a flow rate ratio of 1:3 v/v (or 5 mL/min ethanol
and 15 mL/min aqueous). The resulting suspension was then dialyzed into phosphate-
buffered saline (PBS) and concentrated ~ fourfold following dialysis. This process forms
LNPs that no longer have a typical bilayer structure, but rather an electron-dense core,
a significant fraction of the lipids are contained within the particle’s core (Kulkarni et al.
2018). To analyze the formulation, LNPs were passed through a VivaPure D Mini H
spin column (Sartorius, Goettingen, Germany) pre-equilibrated with PBS. GNP entrap-
ment was measured as a function of the gold-to-lipid ratio before and after the anion-
exchange column. Lipid content was measured using the Cholesterol E assay kit (Wako
Chemicals, Richmond, VA) to determine the amount of cholesterol in the formulation
and extrapolate the total lipid content. Particle sizing was performed by dynamic light
scattering with a Malvern Zetasizer NanoZS (Worcestershire, UK).

Cellular uptake study

MDA-MB-231 cells were purchased from ATCC (2014) and maintained in Dulbec-
co’s modified Eagle’s medium (HyClone) supplemented with 10% fetal bovine serum
(Gibco). Cells were cultivated in 175 cm? flasks in a humidified incubator; once 80-90%
confluency was reached, cells were passed to maintain exponential growth. Cells were
authenticated for MDA-MB-231 human cell line and tested to confirm the absence of
mycoplasma at Charles River research laboratories (MA, USA; May 2016) before ini-
tiation of the experiments discussed in this manuscript. Cells were also tested using a
fluorescence-based technique every 4 months for mycoplasma contamination during the
period of experiments (2017-2018) discussed in this paper (Fischer Scientific; Invitro-
gen" LSM7006).

For quantification and imaging studies, cells were plated in six-well dishes without and
with glass coverslips for quantification and optical imaging studies, respectively. Once
the confluency within the wells reached 70%, cells were incubated with NPs at a concen-
tration of 0.2 nM for 20 h. For determining the NPs within cells, the cells were washed
three times with PBS after incubation with NPs, followed by adding trypsin to remove
cells from the dish for quantification study as described in the next section. For imaging
study, the wells with coverslips were rinsed twice with PBS after NP incubation, followed
by fixation with 4% paraformaldehyde (PFA) in PBS for 10 min at room temperature. The
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coverslips were washed gain two times with PBS to remove fixatives, followed by drying
before mounting onto glass slides for microscopy.

GNP uptake quantification

The cells were collected into a single cell suspension using trypsin 0.25% (HyClone) as
mentioned in the previous section. The concentration of cells was determined using
Beckman Coulter Z2 Particle Counter and Size Analyzer. For the inductively coupled
plasma mass spectroscopy (ICP-MS) analysis, the cells were digested using Aqua Regia
in 3:1 ratio HCl: HNOj, in an oil bath at 200 °C for an hour. The samples were meas-
ured with the Thermo X-Series II (X7) quadrupole ICP-MS instrument to quantify the
amount of gold present. The number of GNPs per cell was calculated as described in our

previous publications (Cruje et al. 2015).

Imaging of GNPs using CytoViva microscopy

This imaging system was designed so that despite NP interaction with cells or tissue,
their spectra may still be confirmed because they are still optically observable. The
microscope is a dark-field imaging system that uses oblique angle lighting. The result
provides high signal-to-noise ratio optimized dark-field-based images. NPs appear
bright due to high scattering cross sections of GNPs. To confirm the spectra of GNPs,
SAM (Spectral Angle Mapping) was conducted with the CytoViva hyperspectral imag-
ing system. SAM determines the presence of GNPs in the input image by comparing
unknown spectra in the acquired hyperspectral image to a user-defined spectrum, which
is that of a GNP in these experiments.

Radiation treatment

After incubation with NPs for 20 h, a 2 Gy radiation with 6 MV photons was given
using a linear accelerator (Elekta Oncology Systems, Stockholm, Sweden). A field size
of 40 cm x 40 cm was used so that all the wells were irradiated with 2 Gy at a dose rate
of 600 MU/min at the same time. The survival fractions of irradiated samples were com-
pared to non-irradiated samples using clonogenic assay and DNA double-stand breaks
(DSBs) assay as discussed later. A radiation dose of 2 Gy was chosen for two reasons:
(a) it is one of the doses used in standard fractionated treatments in the clinic and (b)
a higher radiation dose can saturate the induced DSBs making it difficult to determine
changes in DNA damage due to the differences in treatment.

Survival fractions of irradiated cells (clonogenic assay)

After the radiation treatment, the cells were trypsinized and diluted to form single cell
suspensions. The required volumes of cell suspension solution were calculated for the
control and treatment samples. The calculated volume of cell suspension for each con-
dition was seeded in 60 mm tissue culture dishes in triplicate. 200 cells were plated for
unirradiated conditions and 400 cells for those that received 2 Gy. The cells were left
in a 37 °C humidified incubator with 5% CO, for 14 days for colonies to grow. Then,
the dishes were stained and fixed with 0.1% of methylene blue (BioShop) in 70% ethyl
alcohol for 1 h. The stained dishes were rinsed in lukewarm water and left to air dry
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overnight. The air-dried control dishes were then counted. Colonies were defined as
structures containing > 50 cells.
The plating efficiency (PE) was obtained though the following formula:

PE number of colonies counted

number of cells plated

The colonies of treatment samples were also counted and the survival fraction (SF)
was obtained with the following equation:

number of colonies counted

SF = .
number of cells plated x PE

Immunofluorescence assay

The cells were grown on glass coverslips in six-well dishes and incubated with NPs
at 0.2 nM concentration for about 20 h before treating with a radiation dose of 2 Gy
with 6 MV photons using a linear accelerator setup. After 24 h of the treatment, cells
were fixed with 2% paraformaldehyde/0.2% Triton-X 100 for 20 min at room tempera-
ture (Sigma-Aldrich) and washed with PBS three times after the fixation. The cells
were then treated with 0.1% Triton-X for 20 min at room temperature and washed
three times in PBS for 5 min. Cells were treated with 3% BSA (bovine serum albumin)
for 1 h and coverslips were then placed face down on Para film with a 50 puL drop
of primary antibody 1:800 (gammaH2AX Ser 139. Millipore 05-363 Lot 2276332)
in 3% BSA/PBS and incubated overnight at 4 °C. Coverslips were washed with 0.5%
BSA/0.175% Tween 20/PBS 3 times for 5 min. Secondary antibody was diluted 1:500
(anti-mouse IgG Alexa 647. Life Technologies Ref A31571, Lot423849) in 3% BSA/
PBS and coverslips incubated with secondary antibody for 45 min followed by wash-
ing with 0.5% BSA/0.175% Tween 20/PBS 3 times for 5 min, then with PBS three times
for 5 min. Finally, coverslips were dried and mounted on microscope glass slides for
imaging.

Synchronization of cells

The normal cell cycle can be divided into G1, S, G2, and M phases, and cell popula-
tions can be synchronized in different phases depending on the method. In this study,
we tested two methods for synchronization of a tumor cell population: double thymidine
blocking and serum starvation.

Double thymidine blocking

Thymidine inhibits DNA synthesis and arrests cells in S phase. However, a double thy-
midine block ensures that any cells that were in mid or late S phase during the first block
will be captured in late G1 or early S phase in the second block. MDA-MB-231 cells
were seeded in a six-well plate at 40% confluency (1.3 x 10° cells). Once the cells were
settled and adherent to the dish, they were washed with PBS, followed by adding 3 mL
of 2 mM thymidine in Dulbecco’s modified Eagle medium (DMEM) + 10% fetal bovine
serum (FBS) + 1% penicillin/streptomycin (PS). After 26 h, each well was washed twice
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with PBS and regular DMEM for 16 h. Following the wash, the second thymidine block
was carried out using 2 mM thymidine DMEM + 10% FBS 4 1% PS for 24 h for synchro-
nization of the cell population in S phase.

Serum starvation method for synchronization of cells

Serum starvation arrests most of the cells in the GO phase of the cell cycle after an
appropriate deprivation period. MDA-MB-231 cells were cultivated in six-well dishes at
40% confluency (1.3 x 10° cells) in a mixture of DMEM and 10% FBS. Once the cells had
adhered, the media with 10% FBS was aspirated, cells were washed with PBS and media
with 0.5% FBS (starvation media) was added. The cells were left to incubate in the star-
vation media for 24 h or 48 h. After the incubation period, the cells were released into
cell cycle by replacing 0.5% FBS media with 10% FBS media, and any subsequent experi-
ments were performed.

Preparation of cells for cell cycle analysis

Synchronization of the population was verified using flow cytometry and propidium
iodide staining. At desired time points, cells were harvested and a single cell suspen-
sion was prepared in buffer (PBS + 2%FBS). Cells were washed with PBS and centrifuged
at 300xg for 5 min twice. The cell pellet was then fixed by re-suspension in 1% PFA/
PBS and incubation on ice for 15 min. Cells were again washed in PBS and centrifuged
at 350xg for 5 min. Cells were re-suspended in 0.6 mL PBS and 1.4 mL freezer cold
100% ethanol (overall 70% ethanol). Samples were incubated in the dark at 4 °C for at
least an hour to further fix and dehydrate the cell sample. Samples were then centri-
fuged at 350x g for 10 min at 20 °C. The cell pellet was re-suspended in 1 mL PBS/BSA
(0.5% BSA—Dbovine serum albumin) and centrifuged at 350xg for 5 min at 20 °C. To
permeabilize the cell membrane and degrade RNA, the cell pellet was re-suspended in
PBTB (PBS, 0.5% BSA, 0.1% Triton-X 100) followed by addition of RNaseA (100 ug/mL).
Samples were left to shake at 37 °C for 25 min. For labeling DNA, tubes were covered in
foil, propidium iodide (PI) added (1:100 from 1 mg/mL) and incubated on a shaker at
4 °C for at least 1 h. The cells were then centrifuged at 350¢ for 5 min at 20 °C. Finally,
we re-suspended PI stained cells in 1 mL of PBS/BSA and passed the solution through
a 50 um cell strainer before running on a BD FACScalibur flow cytometer. Propidium
iodide binds to DNA and is highly fluorescent at 488 nm with broad emission centered
around 600 nm. Synchronization was verified by analyzing the amount of DNA content
in cell populations, as this indicates which phase the cell population is in.

Theoretical estimation of dose enhancement using Monte Carlo simulations

The local dose enhancement and the expected decrease in cell survival were estimated
using Monte Carlo simulations (Lin et al. 2015; Sung et al. 2017). In short, radial dose
distributions of secondary electrons were calculated for single GNPs irradiated by a 6 MV
photon spectrum from a Varian TrueBeam using a phase space provided on the Varian
website as particle source for simulations in the TOPAS-nBio Monte Carlo system version
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3.0.1 (Schuemann et al. 2019). The radial dose distributions were then used as input to a
modified local effect model approach for GNPs (GNP-LEM), which was used to calcu-
late the number of lethal damages in the cell nucleus for a given GNP distribution inside
and around a cell (Lin et al. 2015). MDA-MB-231 cells were represented by a 2 pm-thick
ellipsoid with minor/major axis diameters of 8.5/18.5 pm (Liu et al. 2015). To calculate
survival fractions, we used the parameters for the linear quadratic model a=0.019 and
B=0.052 (Jain et al. 2011). Our current GNP-LEM approach does not include changes in
the cell shape and radiosensitivity for different cell phases. Instead, we consider the dif-
ference between synchronized vs. unsynchronized cell populations by using the different
number of GNPs in the cells. We accounted for both uncertainties of GNP uptake meas-

urement and statistical uncertainty in the model.

Results

Characterization of LNP-GNP complexes

Transmission electron microscopy (TEM) image of larger LNPs incorporated with
smaller GNPs is displayed in Fig. 2a. Based on TEM images, the diameter of smaller
GNPs and LNP-GNPs were 4.6+£0.5 and 53.3 £ 8.6, respectively. For convenience,
we will refer to the LNP-GNPs as “50 nm LNP-GNPs” and to smaller GNPs as
“5 nm GNPs” A TEM image of 5 nm GNPs used for encapsulation in LNPs is given
in Additional file 1: Fig. S1A. The surface plasmon absorption was measured using
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Fig. 2 Characterization of the lipid-NP complex with incorporated smaller GNPs (LNP-GNP). a TEM images
of LNP-GNPs. b Hydrodynamic diameter, zeta potential and UV peak wavelength of smaller GNPs and LNP-

GNPs. ¢, d Dark-field optical image and spectral analysis of LNP-GNPs, respectively
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ultraviolet—visible (UV-Vis) spectroscopy to further verify the presence of GNPs,
their size, and homogeneity (see Fig. 2b, Additional file 1: Fig. S1B). The LNP-GNP
system had a peak wavelength of 517 nm which coincides with the peak of 5 nm
GNPs. This confirms that 5 nm GNPs were incorporated into the lipid-NP system
and that smaller GNPs did not aggregate during the encapsulation process. The TEM
image of LNP-GNPs (Fig. 2a) further confirms the stability of 5 nm GNPs within
LNPs. NPs were further characterized by measuring their hydrodynamic diameter
and zeta potential as listed in Fig. 2b. Cytoviva’s enhanced dark-field and hyperspec-
tral imaging (HSI) were used to optically observe and achieve spectral mapping of
NPs. Figure 2c¢, d shows the dark-field image and spectra collected from selected
LNP-GNPs in their corresponding HSI image, respectively.

Cellular uptake of NP complexes in MDA-MB-231 breast cancer cells

The endolysosomal pathway of NPs within a tumor cell is shown in Fig. 3a. The uptake of
NPs is dependent on their size. Individual 5 nm GNPs had a lower uptake as compared
to the ones incorporated in the LNP system (see Fig. 3b). In this study, we were able to
use 50 nm-diameter LNPs as a driving force to deliver small GNPs (5 nm) and a 39-fold
increase in uptake was observed. In addition, we were able to increase the biocompatibility
of 5 nm GNPs by incorporating them into LNPs (Additional file 1: Fig. S2). We used Cyto-
viva’s enhanced dark-field and hyperspectral imaging (HSI) to optically observe and spec-
trally map NPs within cells. Dark-field images and reflectance spectra collected from a few
NPs clusters in the corresponding HSI image are shown in Fig. 3¢, d, respectively. Optical
images of cells with and without 5 nm GNPs are shown in Additional file 1: Fig. S3.
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Fig. 3 Cellular uptake of NP complexes. a Endolysosomal pathway of NPs within cells. b Cellular uptake data
for 5 nm GNPs and 50 nm LNP-GNPs. Data are “mean & SD"for n = 3. *Represents a statistically significant
difference (unpaired t test, p < 0.05). ¢, d Dark-field image and a few spectra collected from NP clusters in the
corresponding HSI image, respectively. The bright dot-like structures are GNP clusters localized within cells
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Radiation dose enhancement due to LNP-GNPs

One of the mechanisms of increase in cell death is illustrated in Fig. 4a, where the
presence of GNPs could produce more free radicals leading to more damage in
DNA. The survival fraction was lower for cells treated with LNP—GNPs (see Fig. 4b).
We also probed the DNA DSBs to measure the radiation-induced damage as seen in
Fig. 4c. However, there was no significant difference in DNA damage in cells treated
with LNP-GNPs after treatment with radiation. This is consistent with the results
from the clonogenic assay. The linear accelerator setup used for the radiation experi-
ment is shown in Additional file 1: Fig. S4. To further increase the NP uptake and
improve the therapeutic outcome, we synchronized the tumor cell population as dis-
cussed in the next few sections.

Cellular uptake of GNPs in synchronized vs. control (unsynchronized) cell population

To synchronize cell populations, we tested both the double thymidine block method
and the serum starvation method. We discovered that the double thymidine block
method was more effective in synchronizing a cell population as compared to the
serum starvation method (see Additional file 1: Fig. S5). We checked the progres-
sion of synchronized cell population as a function of time (see Fig. 5a). Three hours
after cell synchronization, cells were incubated with NPs for 20 h at a concentration
of 0.2 nM. As illustrated in Fig. 5b, using the LNP-GNP system resulted in a 73-fold
enhancement in uptake of 5 nm GNPs for synchronized tumor cell populations. The
NP uptake per cell increased from 800 to 1200 and from 30,841 to 88,477 for indi-
vidual 5 nm GNPs and 5 nm GNPs incorporated in LNPs, respectively. Based on this
information, we used a double thymidine block method to evaluate the change in the
radiation dose enhancement in a synchronized vs. unsynchronized cell population.
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GNP-mediated radiation dose enhancement in synchronized vs. unsynchronized cell
populations

We noticed an improvement in radiation dose enhancement in synchronized
cell populations treated with LNP-GNPs (see Fig. 6a). After a radiation dose of
2 Gy with 6 MeV photons, the synchronized tumor cell population incorporated
with LNP-GNPs produced a 27% enhancement in tumor cell death compared to
the control (unsynchronized; no GNPs; 2 Gy). It is also evident that synchroniza-
tion improved the radiation sensitization even in control cells with no NPs. This
therefore clearly shows that a combination of LNP-GNPs and synchronization
of the cell cycle could play a critical role in optimizing GNP-mediated radiation
sensitization.

A small improvement in survival fraction after a single dose fraction could lead to a
significant improvement in the overall treatment when many fractions are used over a
period of time. Based on the experimental survival fractions for a single fraction of 2 Gy
radiation dose (Fig. 6a), we estimated the improvement in GNP-mediated radiation dose
enhancement for a typical treatment where 30 fractions were given over a period of time
(see the table in Fig. 6b). For example, the addition of LNPs into synchronized tumor
cells produced a 1000-fold enhancement in cell killing.

Monte Carlo (MC) simulations were performed to estimate the reduction in cell sur-
vival based on the experimental uptake data in Fig. 5b. As explained in the schematic
diagram in Fig. 7a, the 5 nm GNPs were distributed uniformly in vesicles of diameter
50 nm (with an average of 8 GNPs per vesicle) within the cell cytoplasm. Our current
GNP-LEM approach does not include changes in the cell shape and radiosensitivity
for different cell phases. Instead, we consider the difference between synchronous and
asynchronous cell populations by using the different number of GNPs in the cells. We
accounted for both uncertainties of GNP uptake measurement and statistical uncertainty
in the model. The results of the MC simulations (Fig. 7b) support the general trends of
the experimental survival fraction data shown in Fig. 6a, but at a highly reduced rate.
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~ ] Radiated (Unsynchronized)
[T Radiated (Synchronized)

V)

Survival fraction

LNP-GNP
Experimental Survival fraction Number of cells
survival fraction post 30 (n) survive (population of
(X) treatment (X") 109)
Unsynchronized (control;  0.44 2E-11 0.2
no LNP-GNPs)
Unsynchronized (LNP- 0.40 1E-12 0.01
GNP)
Synchronized (control, no  0.35 2E-14 0.0002
LNP-GNPs)
Synchronized (LNP-GNP)  0.32 1E-15 0.00001

Fig. 6 GNP-mediated radiation therapy in a synchronized vs. unsynchronized (control) tumor cell population.
a Experimental survival fractions of cells treated with 2 Gy radiation dose. Data are “mean £ SD"for n=3.
*Represents a statistically significant difference (unpaired t test, p <0.05). b Estimation of the improvement

in tumor cell killing for a hypothetical treatment plan based on the experimental survival fractions. A

tumor population was given 30 fractions of 2 Gy dose over a period of time under different conditions:
unsynchronized (no GNPs), unsynchronized (with LNP-GNPs), synchronized (no GNPs), and synchronized
(with LNP-GNPs)

Unsynchronized
(2229 Synchronized

0.781922
0.7819214
0.7819204
0.781919+
0.781918+
0.781917 4
0.781916 4

11.5 um
Survival fraction

5 nm GNPs 50 nm LNP-GNPs
Fig. 7 Monte Carlo simulations of the experimental data. a Schematic diagram explaining the distribution
of NPs used for the calculation. 5 nm GNPs were trapped in vesicles of diameter 50 nm. b Calculated survival
fractions based on the experimental NP uptake data for the two GNP distributions. Uncertainties of GNP
uptake measurement and statistical uncertainty in the model were taken into consideration in calculating
the error

Discussion

The introduction of high-Z material systems such as GNPs into current radiation therapy
protocols is being tested worldwide to enhance the local dose while reducing damage to
nearby healthy tissue. This involves designing GNP complexes for optimized delivery in
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all three interfaces: monolayer, multilayer (tissue-like), and in vivo. Our LNP-GNP sys-
tem has the following characteristics: (a) PEGylated for future in vivo studies, (b) can
target low-density lipoprotein (LDL) receptors on tumor cells, (c) optimal size (50 nm)
for uptake at the individual cell level, and d) improved residence time of smaller NPs for
in vivo application. Using this LNP—GNP system, we could overcome some of the dif-
ficulties faced in the pioneering study by Hainfeld et al. where 1.9 nm GNPs were used
to treat tumors in mice (Hainfeld et al. 2004). For example, the two major drawbacks of
that study were as follows: (a) a very high concentration of NPs was necessary since very
small NPs could not enter cells efficiently and (b) radiation treatment had to be carried
out right after injection of NPs since the residence time of smaller NPs in the blood was
limited by fast clearance through the renal system (Hainfeld et al. 2004).

It is essential for NPs to internalize within cells to reduce the concentration of GNPs
necessary for radiosensitization. Studies have shown that the size of the NPs plays a
critical role in their cellular internalization process (Chithrani 2010; Zhang et al. 2009;
Akinc et al. 2010). Among the size range of 1-100 nm, the optimum size for uptake at
the monolayer level is 50 nm (Chithrani 2010). Hence, in this study, we designed our
LNP system to be 50 nm in diameter and used it as a Trojan horse to deliver small NPs
of 5 nm diameter into tumor cells. We were able to improve the uptake of small 5 nm
GNPs 39-fold through encapsulation in an LNP system (see Fig. 3b). In addition, the
LNP system was functionalized to target LDL receptors. For example, PEG-lipids with
short fatty acid chains (C14) were able to form a complex which could interact with the
LDL receptor on the cell surface once ApoE in the tissue culture media adsorbs onto the
LNP surface (Akinc et al. 2010; Kulkarni et al. 2017; Mui et al. 2013; Chen et al. 2016). It
should be noted that the LDL receptor is almost ubiquitously expressed, albeit to differ-
ent levels. For example, compared with another breast cancer cell line, MCF7 cells, LDL
receptor is three- to fivefold higher in MDA-MB-231 cells (TNBC), and MDA-MB-231
cells exhibit high capacity and high affinity binding of LDL in comparison to MCF7 cells
(Ye et al. 2016).

After the initial uptake studies, we used 6 MeV photons for delivering the radiation
treatment since they are the most commonly used radiation modality in cancer treat-
ment. However, photons of energy in the keV range could produce higher sensitization
in the presence of GNPs, mainly through the photoelectric effect. For example, MC
simulation studies have shown that microscopic dose enhancement for keV photons can
be increased by a factor of 3000 as compared to doses originating from a hypothetical
water NP at distances of approximately 10 um (Lin et al. 2014; Jones et al. 2010). The
dominant interaction with GNPs for MeV photon beams is through Compton scatter-
ing with a cross section three orders of magnitude lower than the photoelectric cross
section for keV photons. However, MeV photons contain an increasing percent of keV
photons and electrons with treatment depth which could lead to enhanced cell death in
the presence of GNPs within cells, as illustrated in this study (Figs. 4, 6). In spite of the
improvement in uptake of GNPs, it was not possible to generate a statistically significant
radiation dose enhancement in tumor cells as illustrated in Fig. 4b. Therefore, we inves-
tigated whether the uptake and radiation dose enhancement due to GNPs can be further
improved by synchronizing the tumor cell population.
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Synchronization of the tumor cell population resulted in a 73-fold enhancement in the
uptake of 5 nm GNPs encapsulated within LNPs (Fig. 5). For example, 5 nm GNP uptake
per cell increased from 1200 to 88,477 using the LNP—GNP system. We tested both the
double thymidine block method and the serum starvation method as methods of cell
synchronization. It was found that the double thymidine block method (DTBM) was
more effective in cell cycle synchronization, as seen in Additional file 1: Fig. S5. After
cell cycle synchronization, we introduced new media to cells for 3 h and then incubated
them with NPs. Most of the cell population was in the G2/M phase at the time of NP
incubation (see Fig. 5a). Previous research has shown that NP uptake can vary depend-
ing on the phase of the cell cycle chosen for synchronization and the NP uptake was
ranked according to the different phases: G2/M > S >G0/G1 (Kim et al. 2011). Hence, the
improved uptake of GNPs can be correlated with the previously published work related
to silica NPs. This method is also clinically feasible since thymidine is an approved phar-
macological agent which synchronizes cells in S phase (Heinemann et al. 2010). Based
on our results, we pursued the GNP-mediated radiation therapy work with cells syn-
chronized with DTBM (see Fig. 6).

The phase of the tumor cell population can play a big role in radiation therapy as well.
A recent study has shown higher radiosensitivity during the S/G2/M phase (Otani et al.
2016). Based on the data in Fig. 5a, a higher percent of the cell population was still in S/
G2/M at the time of radiation treatment as compared to the unsynchronized popula-
tion. The incorporation of 5 nm GNPs into LNPs resulted in 27% enhancement in tumor
cell death in a synchronized tumor cell population after being irradiated with a single
dose fraction of 2 Gy with 6 MeV photons (see Fig. 6). The larger therapeutic effect due
to LNP-GNPs is likely due to a combination of the cell cycle synchronization effect
and the presence of GNPs during the radiation treatment. Experimental results were in
agreement with the trends of MC-based modeling, but to a lesser extent (Fig. 7b). This
could be due to the fact that some biological mechanisms were not yet incorporated into
MC simulations. In addition, the simulations were purely based on localized physical
dose enhancement, ignoring the potentially dominant effects GNPs have in the genera-
tion of reactive oxygen species and other cell stressors. In addition, we found no sig-
nificant enhancement in DNA DSBs after administering a 2 Gy dose in the synchronized
vs. unsynchronized population (see Additional file 1: Fig. S6). This indicates the poten-
tial importance of other mechanisms of cell damage including damage to other cellular
organelles, such as mitochondria.

Furthermore, small differences in cell survival fractions after a single treatment can
translate into significant differences in cell survival fractions after multiple treatments
(Fig. 6b). This concept has been introduced by Hill and Bristow (Hill and Robert 2008).
Using the experimental data shown in Fig. 6a, we estimated that the incorporation of
LNP-GNPs into a synchronized tumor cell population would improve cell killing 1000-
fold for a clinical treatment plan where 30 fractions of 2 Gy radiation dose were given
over a period of time. In addition, it is important to mention that our NP experiments
were carried out using a clinically feasible 0.2 nM concentration.
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Conclusions

A triple combination of the cell cycle synchronization, GNPs administration and radiation
therapy has the potential to greatly improve outcomes in breast cancer therapy. Enhanced
uptake and radiation sensitivity of a synchronized MDA-MB-231 triple-negative breast cell
population produced a significant improvement in cell killing. For example, synchroniz-
ing cells and the addition of LNPs into tumor cells produced a 27% enhancement in tumor
cell death compared to the control (unsynchronized; no GNPs; 2 Gy). As estimated in this
study, even a smaller improvement in cell death with a single dose fraction can lead to a
significant improvement when multiple dosages are used over the course of treatment. Our
ultimate goal is to incorporate anticancer drugs in addition to GNPs into the current LNP
system for investigating GNP-mediated combined chemotherapy with radiation therapy
(chemoradiation) (Yang et al. 2018). Hence, the design and development of lipid—NP-based
GNP delivery systems was motivated by the goal to create new materials and devices with
superior properties, functions, efficiencies and safety in future cancer nanomedicine. We
believe that a combination of cell cycle synchronization, GNPs, radiation therapy and anti-
cancer drugs would provide further synergistic effects in optimizing GNP-mediated cancer
treatment in the near future.

Additional file

[ Additional file 1. Additional figures. }
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