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Abstract

The objective of this study was to assess the anticancer effectiveness of gold nanoparticles (GNPs) and
lipid-encapsulated docetaxel prodrug (LNPprx-p) with radiotherapy (RT). The study utilized a co-cul-
ture spheroid model comprising MIA PaCa-2 cancer cells and patient-derived cancer-associated fibro-
blasts (CAF-98) to mimic pancreatic cancer conditions. The spheroids underwent treatment with GNPs
(7.5 pg/mL), LNPprx-p (99 nM of DTX prodrug), and 2 Gy of RT. Cell viability of the spheroids was
evaluated using the CellTiter-Glo 3D assay At the same time, DNA double-strand breaks. (DSBs) were
assessed by examining the expression of the DNA damage marker 53BP1 through an immunofluores-
cence assay. Although GNPs/RT and RT/LNPprx.r showed a reduction in spheroid size and an apparent
increase in DNA DSB damage, the combination of the two nanoparticles, GNPs, and LNPprx.p, with
RT, significantly enhanced the anticancer efficacy, resulting in a 28% decrease in spheroid size and an
estimated 39% increase in DNA DSB. The combination of GNPs and LNPprx.r with RT showed a
synergetic effect due to their radiosensitizing properties, improving the therapeutic efficacy of each

*Corresponding author: devikac@uvic.ca

Prnano.com, https://doi.org/10.33218/001¢.90447 1 1 5 7 Andover House, Andover, MA USA
The official Journal of CLINAM — ISSN:2639-9431 (online) License: CC BY-NC 4.0



treatment modality alone. This triple modality offers a hopeful strategy to enhance cancer treatment

efficacy while reducing adverse effects.

Keywords:

Gold Nanoparticles, Docetaxel, Lipid Nanoparticles, Radiotherapy, Pancreatic Cancer.

Rationale, Purpose, and Limitations

This study is motivated by the need to im-
prove the efficacy of cancer treatments, partic-
ularly in the context of pancreatic cancer. It fo-
cuses on assessing the anticancer effectiveness
of gold nanoparticles (GNPs), lipid-encapsu-
lated docetaxel prodrug (LNPprx-r), and radio-
therapy (RT), which could potentially offer bet-
ter treatment outcomes with reduced side ef-
fects. The goal is to establish whether the syn-
ergistic combination of these treatments can
significantly enhance anticancer efficacy using
a co-culture spheroid model. The study is lim-
ited by its in vitro nature. Further, in vivo testing
would be necessary to validate these findings
before moving to clinical trials.

Introduction

Pancreatic cancer is associated with one of the
lowest survival rates among all types of cancer.
The five-year survival rate for pancreatic cancer
is less than 10% [1]. This form of cancer is a
significant global health concern, with 458,918
new cases and 432,242 deaths reported world-
wide in 2018, ranking it as the seventh most
common cancer and the fourth deadliest [2].
Current treatment approaches for pancreatic
cancer heavily depend on the cancer stage and
location, typically involving surgery, chemo-
therapy, and radiotherapy (RT), each with its
limitations [3]. Surgical resection followed by
adjuvant chemotherapy using FOLFIRINOX or
gemcitabine/nab-paclitaxel is considered the
most favorable option for early-stage pancreatic
cancer [4]. However, due to its invasive nature
and high tendency for metastasis, the majority
of patients are deemed unsuitable for surgery
[5]- A key challenge in chemotherapy lies in the
limited drug delivery to tumor sites when using
free drugs, resulting in inadequate drug concen-
trations at the tumor compared to healthy or-
gans [6]. This is influenced by factors like sys-
temic distribution, drug clearance, and the tu-
mor microenvironment (TME) presence, which
hold back effective drug delivery to the tumor
site [7].

On the other hand, Radiotherapy (RT) plays a
crucial role in the curative treatment of various
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locally advanced non-metastatic cancers, such
as breast, prostate, cervix, head and neck, lung,
and brain. Approximately 50% of cancer pa-
tients currently receive RT as part of their treat-
ment [8]. However, targeting pancreatic cancer
with RT is challenging due to its proximity to
multiple organs, which limits the desired radia-
tion dose required for local control and may
lead to toxicity in nearby healthy tissues [9].
Urgent action is necessary to address the chal-
lenges associated with pancreatic cancer and
improve outcomes for affected patients.

The field of nanotechnology has emerged as a
promising avenue for tackling the obstacles
posed by conventional cancer treatments. Na-
noparticles (NPs) can be designed for drug de-
livery using either passive or active targeting
mechanisms. Passive targeting relies on the nat-
ural properties of tumors to accumulate NPs,
while active targeting involves specific interac-
tions between the NPs and molecular targets on
tumor cells. NPs have exhibited considerable
potential as radiosensitizers in RT and as carri-
ers for precision drug delivery in chemotherapy
[10-12]. Among these NPs, gold nanoparticles
(GNPs) have emerged as a particularly effec-
tive tool for maximizing radiation doses to tar-
geted tumors while minimizing radiation expo-
sure to surrounding healthy tissues [13-16].
GNPs as radiosensitizers can be improved by
modifying the surface of NPs with ligands that
can specifically bind to receptors overexpressed
on the surface of cells in the TME. This active
targeting was achieved by functionalizing
GNPs with polyethylene glycol (PEG) to de-
crease immune system recognition and RGD
due to its highly selective targeting of cancer
cells [15].

On the other hand, lipid nanoparticles (LNPs)
are nanoscale structures made up of lipids such
as phospholipids and cholesterol that can effec-
tively encapsulate and deliver various types of
drugs [17]. In cancer therapy, LNPs have been
combined with the chemotherapy drug docet-
axel (DTX) to improve treatment efficacy [18].
DTX is an FDA-approved chemotherapy drug
that is used to treat various types of cancers, in-
cluding breast, lung, and prostate cancer [19].
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However, it has poor solubility in water, mak-
ing its delivery to the tumor site difficult [20].
Passive entrapment of DTX with LNPs results
in low entrapment because DTX does not have
sufficient hydrophobicity to stay associated
with the nanoparticle. This leads to dissociated
pharmacokinetics of nanoparticles and drugs
[21]. This solubility issue can be resolved by
encapsulating DTX prodrugs within LNPs.
This can improve its accumulation in the tumor
passively via the enhanced retention and per-
meability effect (EPR), increase its effective-
ness, and reduce its side effects [21]. Additional
advantages of using LNPs with prodrugs of
DTX (LNPprx-p) in cancer therapy include in-
creased drug stability, which allows for longer
circulation periods, thus improving overall tu-
mor efficacy [22].

Furthermore, although not done in this exper-

iment, these LNPs can be engineered to selec-
tively target cancer cells, similar to what was
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done with GNPs, thus enhancing the delivery of
DTX directly into cancer cells [23]. This tar-
geted delivery reduces the risk of toxicity to
healthy tissues, reducing side effects. The use
of LNPs with DTX prodrugs has been shown to
reduce the systemic toxicity associated with
DTX [24]. Studies have also shown that using
LNPs with DTX prodrugs can increase the
drug’s effectiveness in killing cancer cells, im-
proving overall treatment outcomes [25]. Alt-
hough DTX is not currently being used to treat
pancreatic cancer, given that the mechanism of
action of DTX is like that of nab-paclitaxel,
combined with its radiosensitizing effects and
its tolerable usage with RT, we believe that
DTX is a good candidate for this experiment.
To comprehensively investigate the combined
effects of GNPs, RT, and LNPprx.p, we used an
in vitro 3D spheroid model of MIA PaCa-2 cells
and pancreatic patient-derived CAFs.
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Figure 1. Schematic showing the combined modality of nanotechnology, chemotherapy, and radiotherapy (RT)

for treating pancreatic cancer.

The GNPs/RT/LNPprx.p combined modality
is expected to yield an enhanced therapeutic ef-
fect, allowing us to significantly reduce both the
RT and chemotherapy doses to spare normal
tissues. Subsequently, we evaluated the effi-
cacy of combining clinically relevant doses of
GNPs/RT/LNPprx-p (Fig. 1) to address the fol-
lowing questions:

How much does the proposed triple combina-
tion (GNPs/RT/LNPDTX-P) increase the effi-
cacy of RT alone?
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Did LNPprx.p show efficacy improvement
over free DTX?

How does the effectiveness of the combined
treatment compare to the individual effects of
each component?

How would our triple combinations of
GNPs/RT/DTX and GNPs/RT/LNPprx-p com-
pare to high RT doses?
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Experimental

Materials and Methods

Gold Nanoparticle Synthesis, Functionaliza-
tion & Characterization

The citrate reduction method synthesized
GNPs measuring approximately 13 nm in size
[26]. To visualize the GNPs, images were cap-
tured using transmission electron microscopy
with an Ultra-high-Resolution Scanning Elec-
tron  Microscope SU9000 by Hitachi
(Pleasanton, CA, United States) as shown in
Fig. S1.A. GNPs were functionalized with pol-
yethylene glycol (PEG) and arginine-glycine-
aspartic acid (RGD); one PEG molecule per
nm?® of the nanoparticle surface area and one
RGD molecule for every two PEG molecules.
The attachment of PEG (2000 Da) molecules to
GNPs decreases aggregation and minimizes
capture by the immune system [27]. On the
other hand, RGD with a molecular weight of
1600 Da was used to bind to the avfB3 integrin
receptor, which is overexpressed in pancreatic
cancer cells, thus increasing their targeting
specificity towards cancer cells [28]. The Per-
kin Elmer A 365 UV-Vis spectrophotometer
(Waltham, MA, United States) was used to de-
termine the size of the nanoparticles. The size
of the nanoparticles with and without PEG,
RGD, and LNPs is summarized in Fig. S1.C
and shown in Fig. S1.D-E. LiteSizer 500 parti-
cle size analyzer (Anton Paar, Graz, Austria)
was used to determine the { potential and the
particle size distribution of our functionalized
and non-functionalized nanoparticles (summa-
rized in Fig. S1.C and shown in Fig. S1.F-I), to
show their stability.

Lipid Nanoparticle Synthesis

LNPs were made using the methods described
in our previous paper [29]. In brief, the LNPs
were created using a rapid mixing method.
DSPC, PEG-DSPE, cholesterol, and DTX pro-
drug were dissolved in ethanol to a final lipid
concentration of 10 mM and a final molar ratio
of 49:1:40:10, respectively. The mixture was
then combined with phosphate-buffered saline
(PBS) at a flow ratio of 1:4 (v:v) and a 40
mL/min flow rate. After dialysis and sterile fil-
tration, particle size was determined by dy-
namic light scattering using a Malvern
Zetasizer NanoZS (Malvern Instruments,
Worcestershire, United Kingdom). Cholesterol
and phospholipid content of the LNPs were

Prnano.com, https://doi.org/10.33218/001¢.90447
The official Journal of CLINAM — ISSN:2639-9431 (online)

1160

measured and used to determine the lipid con-
centration (Cholesterol E Assay, Phospholipids
C Assay, Wako Chemicals, Richmond, VA,
United States). DTX prodrug quantity was
measured using ultra-performance liquid chro-
matography. Its entrapment in the LNPs was
calculated by comparing prodrug cholesterol
ratios in the final formulation to the initial lipid
mixture. The High-Resolution Macromolecular
Cryo-Electron Microscopy Facility at The Uni-
versity of British Columbia performed cryo-
genic transmission microscopy of the LNPprx.p
(Fig. S1.B). More information about DTX pro-
drug synthesis is available in the supplementary
section, along with a diagram Fig. S2. DSPC
and PEG-DSPE were obtained from Avanti Po-
lar Lipids (Alabaster, AL, United States). The
cholesterol used was purchased from Sigma-
Aldrich (St. Louis, MO, United States), and
DTX was purchased from eNovation Chemi-
cals (Bridgewater, NJ, United States).

Cell Cultures & Spheroid Formation

The MIA PaCa-2 human pancreatic cancer
cell line (ATCC#: CRL-1420™) was acquired
from the American Type Culture Collection.
Human pancreatic cancer-associated fibroblasts
(CAF-98) were obtained from a consenting pa-
tient’s resected pancreatic tumor tissue through
the Gastrointestinal (GI) Biobank at Vancouver
General Hospital. Both cell types were cultured
in high glucose Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco), 1%
penicillin/streptomycin (Gibco), and 4 mM
GlutaMax (Gibco). Cell detachment was per-
formed using Trypsin-EDTA (Gibco), while
cell fixation was achieved using paraformalde-
hyde (PFA; Sigma-Aldrich, Oakville, ON, Can-
ada). PBS was used for cell washing. Incuba-
tion of cells took place at 37°C with 5% CO..

For 2D co-culture experiments, cells were
seeded at a 5:1 ratio of CAF-98 to MIA PaCa-2
and incubated for three days before initiating
the experiments. Regarding 3D spheroid cell
cultures, cells were plated in ultra-low attach-
ment 96-well microplates (Corning, NY,
United States). Each well contained 6000 cells
for MIA PaCa-2 monocultures and 1800 cells
for the co-cultures (5:1 ratio of CAF-98 to MIA
PaCa-2), resulting in a spheroid size of approx-

Andover House, Andover, MA USA
License: CC BY-NC 4.0



imately 400 pm. Cell medium was supple-
mented with 3% Geltrex matrix (Gibco) on ice
to facilitate spheroid formation. For co-culture
spheroids, 300 MIA PaCa2 and 1500 CAF-98
cells were seeded per well, and the cells were
centrifuged at 350xg for 5 minutes at 4°C. Af-
terward, they were incubated at 37°C with 5%
CO,. Experiments were initiated once the sphe-
roids had formed, following a 3-day incubation
period.

Drug Cytotoxicity Assay

Cytotoxicity assay was used to determine the
IC-50 of DTX and LNPprx.p in MIA PaCa-2 2D
monolayer monocultures and in MIA PaCa-2
monoculture 3D spheroids. For the 2D mono-
culture, 3 black-walled clear-bottom 96-well
plates (Greiner, Kremsmiinster, Austria) were
used for each drug. Approximately 10000 cells
were seeded in each well, and 100 pL of the me-
dium was added, leaving one column empty for
control and covered with a breathable mem-
brane to reduce evaporation (Breathe-Easier
Membranes, Sigma-Aldrich; St. Louis, Mis-
souri, United States). 24 h post-seeding, the
drugs were serially diluted into each column of
wells with doses ranging from 1000 nM to
0.01 nM for DTX and 10000 nM to 0.01 nM for
LNPprxp. After 24 hours of treatment, the
membrane was discarded, and the medium in
each well was replaced and then rinsed with
PBS. Cell viability was assessed 2 days after
drug dosing using media containing 10% v/v
resazurin dye (PrestoBlue, Thermo Fisher,
Waltham, MA, USA) following a 30-minute in-
cubation with the dye. Fluorescence was meas-
ured using a Biotek Cytation 1 plate reader (Ag-
ilent Technologies, Santa Clara, CA, USA)
with filters set at Excitation 530/25 nm and
Emission 590/35 nm.

Similarly, for the 3D cell culture, once the 3D
spheroid models were formed, the drugs were
serially diluted into each column of wells with
doses ranging from 1000 nM to 0.01 nM for
DTX and 10000 nM to 0.01 nM for LNPprx.p.
24 h post-treatment, approximately half of the
medium in each well was removed so as not to
disturb the spheroids, rinsed with PBS 5 times,
new fresh medium was added, and plates were
incubated. 48 h post-incubation, the medium
was removed from each well, leaving only 100
pL of medium. Then 30 pL of CellTiter-Glo 3D
(Promega, Madison, WI, United States) was
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added to each well. Following the 0.5 h-incuba-
tion period, fluorescence was measured using a
Biotek Cytation 1 plate reader (Agilent Tech-
nologies, Santa Clara, CA, United States).
CellTiter-Glo 3D is a luminescent cell viability
assay, which measures the amount of adenosine
triphosphate (ATP) present in metabolically ac-
tive cells. The level of luminescence is directly
proportional to the amount of ATP present,
which reflects the number of viable cells [30].
PrestoBlue is a colorimetric cell viability assay
that measures viable cells’ metabolic activity
by detecting the reduction of resazurin dye to
resorufin. The level of color change is directly
proportional to the number of viable cells [31].

Cellular Uptake of Gold Nanoparticle

GNPs and the drugs were dosed concurrently
following spheroid formation, and the samples
were incubated for 24 h. GNPs were dosed at
7.5 pg/mL, while drugs were dosed at the IC-50
dose found in the previous section: ~100 nM for
DTX and ~1000 nM for LNPprx.p. After the
completion of the treatment, the samples under-
went a series of steps. Firstly, they were washed
with PBS five times and then incubated at 37°C
in trypsin-EDTA (Gibco) for 1 hour to facilitate
the breakdown of the spheroids. The cells were
manually counted using a hemocytometer. Fol-
lowing cell counting, the samples were diluted
in 5 mL of Millipore water and then treated with
250 uL of aqua regia for every 500 pL of the
sample. The samples were placed in a mineral
oil bath at 90°C for approximately 2 hours.
Next, 100 puL of hydrogen peroxide was added
to each sample, and they were returned to the
oil bath for an additional hour. After this, the
samples were diluted with deionized water to
attain a 2.5% v/v acid content. Lastly, the gold
content in each sample was measured using in-
ductively coupled plasma-mass spectrometry
(ICP-MS; Agilent 8800 Triple Quadrupole, Ag-
ilent Technologies, Santa Clara, CA, United
States) like in our previous work [32].

Gold Nanoparticle Imaging

The 3D samples were imaged using a 20x lens
of the Confocal microscopy (Zeiss LSM 980,
Carl Zeiss Microscopy GmbH, Jena, Germany).
The 3D spheroids were treated with GNPs and
drugs as described in the previous section. Sub-
sequently, they were transferred to 35 mm co-
verslip-bottom dishes (MatTek, Ashland, MA,
USA) with minimal media to prevent aspiration
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and ensure stability during imaging. The GNPs
were labeled with Cy5 fluorescent dye mole-
cules to make the gold visible.

Cell Cycle Analysis

Following the spheroids formation, the drugs
were administered at the IC-50 dose. The sam-
ples were incubated with the drugs for no more
than 24 hours, then either the medium was
changed or the samples were processed. Fol-
lowing the treatment, the samples were washed
with PBS 5 times and incubated at 37°C in tryp-
sin-EDTA (Gibco) for 1 hour to help break
down the spheroids. The samples were then
rinsed with PBS and centrifuged twice at 350
xg for 5 min. Each sample was washed in 1%
PFA and left at 0°C for 15 minutes to be fixed.
They were then rinsed in PBS, centrifuged for
5 minutes, and re-suspended in 70% ethanol.
To further fixate the cells, the samples must be
incubated in the dark at 4°C for 1 hour. After
that, a 100-micron cell strainer was used to fil-
ter the samples before being centrifuged at 350
xg for 10 minutes at room temperature. All
samples were rinsed in 1 mL of 0.5% bovine se-
rum albumin (BSA) and centrifuged for another
5 minutes. A PBTB (PBS, 0.5% BSA, 0.1%
Triton-X 100) solution was then used with
RNaseA (100 pg/mL) for 25 minutes at room
temperature to wash the samples to help de-
grade the RNA. Propidium iodide (10 pg/mL)
was then added, and the samples were incu-
bated for 1 hour before centrifuging at 350 xg
for 5 minutes at room temperature. The samples
are then suspended in 1 ml of PBS/BSA and fil-
tered through a 50 um cell strainer. Finally, the
samples are run on a flow cytometer (FACS
Calibur, BD Biosciences, Franklin Lakes, NJ,
USA).

Cell Proliferation Assay & Spheroid Size

After the radiation treatment, a cell prolifera-
tion assay was conducted for 3D spheroids at
days 1 and 14 post-treatment using CellTiter-
Glo 3D (Promega, Madison, WI, United States)
and a Biotek Cytation 1 plate reader, following
the procedure detailed in the previous sections.
To determine the size of the spheroids after
treatment, brightfield images of the spheroids
were captured every 3 days using the 4x objec-
tive of the Biotek Cytation 1 plate reader (Ag-
ilent Technologies, Santa Clara, CA, United
States). The average diameter of the spheroids
was calculated manually with the assistance of
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Image]J. The spheroid’s perimeter was manu-
ally outlined to compute its area (4). The diam-
eter (d) was derived using the formula
d=2(A/m)"°. While outlining, cell debris result-
ing from drug or radiation damage was ex-
cluded. For each time point, between 8 sphe-
roids were analyzed to determine the average
diameter for each condition.

The Bliss Independence principle was used
for the evaluation of the potential synergy be-
tween GNPs, drugs, and RT [33].

Immunofluorescence Assay

Cells were cultured in 6-well dishes on glass
coverslips. The samples were washed with PBS
24 hours after the radiation treatment and then
fixed with 4% paraformaldehyde (PFA) for 5
minutes. Subsequently, the cells were rinsed
with PBS and washed with 2% BSA/0.1% Tri-
ton-X for a 20-minute incubation. To assess
DNA double-strand breaks (DSBs), an opti-
cally labeled antibody against the repair pro-
tein, 53BP1, was used. The 53BP1 primary an-
tibody was diluted 1:200 in 0.5% BSA/0.1%
Triton-X/PBS, while the secondary antibody
was diluted 1:500 in 0.5% BSA/0.1% Triton-
X/PBS. The samples were first incubated with
the primary antibody for 1 hour, followed by
rinsing with PBS. Then, the samples were
washed with 0.5% BSA/0.175% Tween-
20/PBS for 5 minutes and incubated with the
secondary antibody for 30 minutes in the dark.
After the incubation, the samples were washed
with PBS and mounted onto glass coverslips us-
ing ProLong™ Glass Antifade Mountant and
NucBlue™ Fixed Cell ReadyProbes™ Reagent
(DAPI) from Invitrogen, Waltham, MA, United
States. Imaging of the 53BP1 foci was per-
formed through confocal microscopy (Zeiss
LSM 980) using a 60% oil immersion lens. At
least 50 nuclei were assessed, and the number
of 53BP1 foci indicating DSB foci per cell was
measured.

Results

Spheroids & Drug Cytotoxicity

To estimate the efficacy of our LNPprxp
(which contains 10 mol% DTX prodrug by
weight), CellTiter-Glo 3D (for 3D spheroids)
and PrestoBlue (for 2D cultures) assays were
used to measure cell viability and cytotoxicity.
The IC-50 values were measured to determine
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the potency of LNPprx.p and compare its inhib-
itory activity to DTX. These values were then
used to determine the optimal concentrations of
the drugs for our subsequent experiments. Our
IC-50 values are shown in Fig.2A-B. The val-
ues were only determined for MIA PaCa-2 and
not for CAF-98 because the fibroblasts play a
supportive role in tumor cell proliferation and
growth. For the 2D monolayer, the value of IC-
50 of the effective prodrug DTX in LNPprx.p
was ~ 22 nM vs ~ 37 nM for the free DTX. For
the 3D spheroids, the IC-50 value of the effec-
tive DTX prodrug in the LNPprx.p was ~ 99 nM

(A) MIA PaCa-2 Monolayer Monoculture

(B)
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vs ~100 nM for the free DTX. The literature
confirms huge variations in the value of IC-50
in similar LNP-encapsulated drugs and DTX in
pancreatic cancer cells ranging from 1-20 nM
[34-36]. These values can vary depending on
several factors, such as the experimental condi-
tions, the specific LNPprx formulation, the as-
says, and the pancreatic cancer cell line used.
However, the increase in IC-50 values shown in
the IC-50 value in 3D models for both LNPprx-
p and DTX is consistent with previous experi-
ment reports showing a several-fold increase in
1C-50 values from 2D to 3D models [37].
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Figure 2. Characterizing drug cytotoxicity. (A—B) Docetaxel (DTX) & LNPprx-p cytotoxicity proliferation assay
for MIA PaCa-2 monolayer monoculture (4) and MIA PaCa-2 monoculture spheroids (B).

LNPprx-p Effect on Gold Nanoparticles Up-
take

The samples were dosed with GNPs (~13 nm
in diameter) functionalized with PEG and RGD
at a low concentration of 7.5 nug/mL to not in-
duce any potential toxicity from the gold to nor-
mal tissues [38]. After an incubation period of
24 h with GNPs and either DTX or LNPprx.p at
the IC-50 concentrations, the medium was
changed to mimic the loss of GNPs and drug
supply in the body following a single injection.
The functionalized GNPs enter cells via recep-
tor-mediated endocytosis, as described in our
previous work [39]. The samples were then pro-
cessed, and the amount of gold in each cell was
calculated as described previously. The amount
of gold in co-culture cells over time is shown in
Fig. 3A. The results show higher levels of gold
accumulation in cells co-treated with either
DTX or LNPDTX-P compared to cells treated
with GNP only. For the co-culture (Fig. 3A),
the DTX-treated samples had a 174% (for the
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LNPprx-p) and 219% (for the DTX) increase in
the amount of gold on the first day of the exper-
iment and retained 65% (for the LNPprx.p) and
68% (for the DTX) of gold compared to 31%
for the non-DTX-treated samples. These results
are consistent with the mechanism of action of
DTX and other taxane drugs. DTX inhibits mi-
crotubule function by promoting tubulin
polymerization and inhibiting depolymeriza-
tion [40]. Microtubules serve many important
functions in cells, including acting as “high-
ways” for intracellular transport and playing a
critical role in cell division [41]. By disrupting
microtubule dynamics, DTX disturbs intracel-
lular transport, decreasing GNP exocytosis and
ultimately promoting GNP retention within
cells. Furthermore, cell division is inhibited,
thus, decreasing GNP distribution into daughter
cells. This explains the increase of gold in
DTX-treated cells (2-fold increase in amount
and over 2-fold increase in retention). These re-
sults are supported qualitatively by confocal
images of co-culture spheroids (Fig. 3B) over
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72 h. It is important to note that our GNPs pen-
etrated into the spheroid’s core when combined
with DTX and LNPprx-p. This is most likely be-
cause the effects of DTX and LNPprx.p on the
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Figure 3. Gold nanoparticle (GNP) uptake and retention in pancreatic cancer spheroids. (A) Quantification of

uptake of 7.5 ug/ml of GNPs into CAF-98 to MIA PaCa-2 (5:1) co-culture spheroids dosed with only GNPs, GNPs

+ DTX, and GNPs + LNPprx.p, as measured using ICP-MS. *** indicates p < 0.001. (B) Confocal Images of

GNPs’, in red, uptake, and retention over 3 days in CAF98 to MIA PaCa-2 (5:1) co-culture spheroids dosed with

only GNPs (first column), GNPs + DTX (second column), and GNPs + LNPprx-p (third column). Scale bar: 200
um. (C) Cell cycle data of co-culture spheroids cells using DTX and LNPprx-p over 3 days.

The taxane drug DTX primarily targets cells
in the G2/M phase of the cell cycle. It stabilizes
microtubules and prevents them from depoly-
merizing, preventing cells from properly divid-
ing during mitosis [42]. This induces cell cycle
arrest, trapping cells in the G2/M phase, which
is the most radiosensitive phase of the cell cycle
[43]. This synchronized population of G2/M
phase cells is the most notable 72 hours post-
drug dosing, as seen in Fig. 3C.

The Radiosensitization of Gold Nanopar-
ticles and LNPprx-p

After an incubation period of 24 hours
with the IC-50 concentration of either DTX
or LNPprx.p, the medium was replaced with
fresh media, and a single 2 Gy dose was de-
livered to the samples. Fig. 4A-B displays
the relative change in the diameter of co-
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extracellular matrix (ECM) reduce the organi-
zation of the ECM, thus aiding in GNP penetra-
tion into the core. Moreover, the effects of DTX
and LNPprx.p go beyond increasing the number
of GNPs in the spheroid models.

GNP

GNP+DTX GNP+LNPotx-p

culture spheroids over 14 days following
treatment with and without radiation. When
no radiation was used, co-culture spheroids
(Fig. 4A) behaved as expected. GNPs for
non-irradiated spheroids presented no ef-
fects on spheroid size, while DTX and
LNPprx-p caused ~ 12% shrinkage in sphe-
roid size with no significant difference be-
tween the two drugs.

On the other hand, the use of GNPs with
radiation resulted in ~ 7% spheroid size
shrinkage. GNPs/RT/LNPprx.p resulted in
28% shrinkage in spheroid size. In contrast,
GNPs/RT/DTX resulted in 37% shrinkage
in spheroid size. These results are visual-
ized using brightfield images of the sphe-
roids 14 days post-treatment (Fig. 4C).
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To corroborate our prior findings, we per-
formed 3D viability assays, as depicted in Fig.
S3. The outcomes of these assays align with the
results obtained from spheroid size measure-
ments illustrated in Fig. 4A—-C. The results
show the effectiveness of both DTX and
LNPprx.p with and without radiation. Without
radiation, DTX resulted in a 42% decrease in
cell proliferation. However, with radiation and
GNPs, DTX showed even further anti-prolifer-
ation effects, causing almost a 60% decrease in
cell proliferation (Fig. S3). Similarly, LNPprx-p
resulted in a 34% decrease in cell proliferation
with no radiation, while with radiation and
GNPs, LNPprx.r caused a 46% decrease in cell
proliferation (Fig. S3). The two triple combina-
tions of GNPs/RT/DTX and GNPs/RT/LNPprx-
p showed synergetic effects on the size of the
spheroids, while the effect of RT/DTX and RT/
LNPprx.p was additive (Table 1). It is also
worth noting that GNPs by themselves did not
cause a toxic effect. This is why the “expected
spheroid size” (Table 1) did not change with the
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addition of GNPs. However, in the presence of
radiation, GNPs did cause synergetic effects,
albeit less effective than the two triple combi-
nations. These findings indicate the effective-
ness of both triple combinations,
GNPs/RT/DTX and GNPs/RT/LNPprx-p, in
fighting the increased resistance in a co-culture
system. The anticipated outcomes can be at-
tributed to the radiosensitization effects of
GNPs. When exposed to ionizing radiation,
GNPs can interact with incoming photons and
produce secondary electrons through a process
known as the photoelectric effect [44]. These
secondary electrons have a relatively short
range and high energy, which makes them
highly damaging to nearby cancer cells and
CAFs [44]. The secondary electrons can cause
additional ionizations, creating reactive oxygen
species (ROS) within the cells. ROS, such as
superoxide radicals and hydroxyl radicals, are
highly reactive molecules that can induce oxi-
dative stress and damage key cellular compo-
nents, including proteins, lipids, and DNA.
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Table 1. Comparison of the experimentally observed effects of treatments on spheroid size against the
anticipated values derived from the Bliss Independence model

Expected Spheroid Size Experimental Spheroid Size Comt;}eléid Ef-
GNPs/RT/DTX 53.52% + 2.34% 45.59% £ 4.08% Synergestic***
GNPs/RT/LNPprx.p 63.39% + 2.78% 55.21% +2.01% Synergestic***
RT/DTX 53.52% £ 2.34% 52.86% £ 1.95% Additive**
RT/LNPprx-p 63.39% £ 2.78% 61.06% £ 2.85% Additive*
GNPs/RT 93.86% = 3.56% 84.11% +2.71% Synergestic*

* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001

This includes interference with DNA repair
mechanisms and cell cycle progression, de-
creasing cell survival and increasing apoptosis
[45]. When comparing the performance of DTX
to LNPprx.p, samples treated with DTX had a
26% increase in gold uptake. Both drugs have
similar retention effects on cells, retaining
roughly 65-70% of the initial gold amount. The
effect of both DTX and LNPprx.p on cell syn-
chronization was nearly identical, but DTX
showed better spheroid size control supported
by lower cell proliferation. The mechanism of
action of DTX was explained in a previous sec-
tion, and it perfectly supports our results of hav-
ing an improved therapeutic outcome with the
triple combinations of both GNPs/RT/DTX and
GNPs/RT/LNPprx-p in the spheroids.

Although DTX is an effective drug on its own,
it can cause severe toxic side effects to normal
tissues [35]. To mitigate these side effects, we
have developed LNPs that encapsulate DTX
prodrugs to deliver them to the target cells more
safely and effectively. LNPprx.p treatment can
have certain advantages in lower toxicity and
longer circulation time [17-18]. This is because
the LNPs can selectively deliver the drug to the
tumor, reducing the risk of systemic side effects
in other body parts [22—-24]. Furthermore, due
to a longer circulation time and the EPR effect,
more LNP and drug accumulation are expected
at the tumor. This may also reduce the level or
frequency of dosing required to achieve the
therapeutic outcome, improving patient compli-
ance.Additionally, prodrugs of DTX have been
shown to improve the bioavailability and solu-
bility of DTX, which can increase its efficacy
by improving its cellular uptake, enhancing its
stability, and promoting its selective accumula-
tion in tumor cells [46]. DTX prodrug can also
reduce systemic toxicity by minimizing expo-
sure to healthy tissues. It is very challenging to
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observe these effects in vitro. It would require
further in vivo studies because the encapsula-
tion of the drug in NPs without selective target-
ing results in reduced cellular penetration in
vitro, while the free drug diffuses more readily
into the cells. Therefore, only an in vivo study
would allow for an appropriate comparison of
these options. We think this explains why
LNPprx.p, with and without GNPs and RT, has
a reduced ability to control spheroid size com-
pared to DTX.

DNA Double-strand Breaks (DSBs) in Co-

culture

To investigate the impact of radiation on our
samples, we conducted an immunofluorescence
assay specifically targeting DNA damage. We
quantified 53BP1 foci 24 hours after treatment.
We visually estimated the average number of
DNA DSB foci per cell for different conditions
using confocal images highlighting 53BP1 foci
in green and the nuclei in blue (Fig. SA-B).
With radiation, there was a minor increase in
DNA DSB per cell in co-culture for DTX and
LNPprx.pr without GNPs. However, when GNPs
were used with the drugs and radiation, we saw
a significant increase in DNA DSB (Fig. 5).
GNPs with radiation resulted in ~ 20% increase
in DNA DSB per cell, GNPs with radiation and
DTX resulted in ~42% increase in DNA DSB
per cell; GNPs with radiation and LNPprx.p re-
sulted in ~ 39% increase in DNA DSB per cell.
In the absence of radiation, we observed no sig-
nificant differences between the conditions
compared to the control group (Fig. S4). The
observed results align with the proposed mech-
anism of action of GNPs described in previous
sections. Coupled with DTX, radiosensitizing
increases through cell cycle synchronization in
the G2/M phase and increases in GNP accumu-
lation in cells, resulting in higher sensitivity to
RT, causing more DNA DSB damage.
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Gold Nanoparticles/Radiotherapy/LNPprx- showing the results in Fig. 6D. For cell prolif-

» Combined Treatment in Comparison to eration (Fig. S5), the survival fraction of the
samples irradiated with 10 Gy was significantly

lower than the rest. However, there was no sig-
nificant difference between the cell viability of
the samples irradiated with 5 Gy and those

Higher Radiotherapy Doses

We compared GNPs/2Gy/LNPDTX-P to 5 Gy
and 10 Gy RT to assess the improvement of our

triple combined modality compared to RT treated with GNPs/2Gy/DTX. Both had ~20%
alone. The aim here is to highlight the etjfect'ive— lower proliferation than the samples treated
ness of the two triple combinations with GNPs/2Gy/LNPprx.p. Regarding spheroid
(,}NPS/ RT/DTX and GN,P S,/ RT/LNPprx.p rela- size and cell proliferation, it is important to note
tive to these elevated radiation doses and to as- that adding DTX to RT increases the number of

sess if our radiosensitizers (DTX/LNPprx.p and
GNPs) could serve as adequate substitutes for
high-dose radiation. The results are shown in

senescent cells [47]. Although these cells are
severely damaged, they are not entirely non-
functional. They may still contribute to the sig-

Fig. 6. nal through their metabolic activity, add to the
Samples treated with GNPs/2Gy/DTX were size of the spheroid, and not indicate as much
19% smaller than ones treated with 5 Gy but 8% DNA DSB damage. Despite that, these results
larger than the ones treated with 10 Gy. In con- are very promising as they showcase the com-
trast, samples treated with GNPs/2Gy/LNPprx- parability of both triple combinations of
p were 6% and 37% larger than ones treated GNPs/RT/DTX and GNPs/RT/LNPprxp with
with 5 Gy and 10 Gy, respectively (Fig. 6A). high doses of RT. Considering the extra risk of
Qualitative brightfield images of the spheroids radiation-induced damage to healthy cells sur-
14 days post-treatment are shown in Fig. 6B. rounding the tumor with higher radiation doses,
Immunofluorescence assay shows a significant the combined modality of our two radiosensi-
increase in DNA DSB for both 5 Gy and 10 Gy tizers, GNPs & LNPprx.p with RT, might repre-
relative to that of GNPs/2Gy/LNPprx.r and sent a more favorable option that would achieve
GNPs/2Gy/DTX (Fig. 6C). Qualitative data similar results with lower toxicity.
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Conclusions

An in vitro 3D co-culture spheroid model consisting of MIA PaCa-2 cancer cells and pancreatic pa-
tient-derived cancer-associated fibroblasts (CAF-98) was used to evaluate the efficacy of combining
clinically relevant doses of GNPs/RT/LNPprx.r. The findings of this study demonstrate the therapeutic
benefits of utilizing GNPs and LNPprx.p in combination with RT, highlighting their superiority com-
pared to RT alone. GNPs functionalized with PEG and RGD demonstrate promising capabilities as
radiosensitizers by improving the efficacy of RT through the production of damaging ROS in tumor
cells. LNPs, on the other hand, can improve the effectiveness of the chemotherapy drug docetaxel
(DTX) by encapsulating DTX prodrug to create LNPprx.p and delivering it directly to cancer cells,
reducing side effects and improving outcomes. DTX increased the uptake and retention of gold radio-
sensitizers in the cells and aided cell synchronization at the most radiosensitive phase. ROS production,
DNA damage, and cell cycle arrest induced by GNPs/LNPDTX-P/RT produce enhanced radiosensitiv-
ity in cancer cells and CAFs. Hence, this triple combination significantly reduced cell survival and
spheroid size. Additionally, we showed that radiosensitizers may reduce the overall radiation dose
needed to achieve the same therapeutic effect, thereby decreasing the risk of untoward radiation damage
and side effects. This synergetic interaction between GNPs, LNPprx.p, and RT offers the potential for
improved therapeutic outcomes in cancer treatment, as it targets both tumor cells and the tumor micro-
environment.
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