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ABSTRACT: Heavy-metal-based nano-objects have been recently
shown to act as radiosensitizers. One possible underlying mecha-
nism causing this effect is the amplification of reactive oxygen spe-
cies (ROS) production upon irradiation. This reaction could be
utilized to improve radiotherapy by repolarizing M2 anti-inflammatory
macrophages, which typically constitute the majority of the tumor-
associated macrophage population, to the MI pro-inflammatory
phenotype that induces anti-cancer responses, as ROS upregulation

has been associated with M1 polarization. This study employs gold e e );:gl);gr ;\lfezn;l];dple Ant-cancereffec
nanoparticles (AuNPs) of sizes of 15 or S0 nm, coated with polyvinyl- prediation

pyrrolidone (PVP) or polyethylene glycol. These AuNPs upregulated M1 gene expression and favored the polarization effect of S Gy and
10 Gy X-ray irradiation but not of S or 10 Gy proton irradiation. Furthermore, 50 nm AuNPs coated with PVP reduced the survival of
M2 co-cultured with pancreatic cancer cells, used alone or in combination with S Gy X-rays. The findings confirm that AuNPs combined
with X-ray radiotherapy can repolarize TAMs to become more M1-like and cytotoxic to pancreatic cancer cells. This work presents an
efficient and easy-to-manufacture technique to improve radiotherapy efficacy in solid cancers like pancreatic cancer.
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1. INTRODUCTION ends being pro-inflammatory M1 macrophages and anti-
inflammatory M2 macrophages.® While M1 macrophages recog-
nize and clear damaged cells in normal physiological conditions
and early developmental stages of a tumor, well-developed
tumors harbor M2 macrophages known as tumor-associated
macrophages (TAMs), which create an immunosuppressive
microenvironment.” Despite the improvement in cancer detec-
tion and therapy, pancreatic cancer still has a low S-year survival
rate of 5—15% because of late detection and infiltration by a
large M2 population, leading to the establishment of metastases
at the time of detection, hence resulting in difficulty in treat-
ment.*” The presence of a large TAM population has been
established to result in a bad prognosis in cancer, and this is
quite often the case in pancreatic cancer, where the TAMs sus-
tain pro-tumoral behaviors like epithelial-to-mesenchymal tran-
sition, chronic inflammation, invasion, migration, stemness, and
resistance to therapy, leading to very low patient survival

Cancer is a disease that we have been battling for millennia;
however, it is still a leading cause of death globally, with nearly
20 million incidences in 2022, of which 50% of the patients gen-
erally require radiotherapy."” Conventional radiotherapy in
clinics uses X-ray beams to induce DNA damage and generate
intracellular reactive oxygen species (ROS) by breaking down
water molecules, further damaging the organelles and disrupting
cellular functioning.® It aims to induce cell death and trigger an
anti-cancer immune response by releasing immunogenic signals,
therefore making stubborn tumors vulnerable to treatment,
especially when combined with chemotherapy or immunother-
apy.’ Proton therapy, the use of proton beams for cancer treat-
ment, is gaining traction as a potential replacement for X-ray
radiotherapy owing to its higher precision in targeting the
tumor volume while minimizing the radiation exposure of the
nearby healthy tissues, consequently reducing radiation-

. . . tes.” 1!

induced secondary tumors and the side effects caused by radia- rates

tion toxicity.* This is because of the property of a proton beam

to retain most of its energy till the beam reaches the end of its Received: February 19, 2026
path, where it deposits the entire energy at the Bragg peak. This Revised:  March 27. 2026
behavi(gr is clinically manipulated to specifically target the Accepted:  April 3, 2026

tumor.

Macrophages are phagocytic immune cells that infiltrate
tumors.® The immunological characteristics of mature macro-
phages can be described as a spectrum of phenotypes, the two
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In such difficult-to-treat cancers where even trimodal therapy
(chemotherapy + immunotherapy + radiotherapy) could not
improve survival, generating a tumor-targeted immune reaction
could be a strategy to induce a systemic abscopal response that
can also impact distant unirradiated tumor sites.'” Using heavy
metals like gold (Au) can be beneficial in augmenting the intra-
cellular ROS production in radiotherapy due to the multiple
interactions of their larger atoms with the radiation.® Gold
nanoparticles (AuNPs), besides being biocompatible and easy
to synthesize, can increase ROS production while suppressing
the activation of ROS-regulating mechanisms even without radi-
ation.'*!> Meanwhile, accumulated ROS is also an internal fac-
tor involved in polarizing macrophages to the M1 phenotype,
and such polarization has been observed when macrophages
are exposed to proton radiation.'®”'® However, several studies
have shown that macrophage polarization effects depend on
the radiation type and dose due to the difference in the meta-
bolic consequences, with high doses promoting immunosup-
pressive M2 TAMs and low doses stimulating M1l
polarization.'®*”>* These effects are also dependent on the
polarization status of macrophages being exposed to radiation
because of the intrinsic differences in their radiosensitivity.**

We hypothesized that the AuNP-mediated boosting of intra-
cellular ROS production induced by medium-dose irradiation
could be advantageous in repolarizing TAMs to the M1 pro-
inflammatory type, potentially encouraging an anti-cancer
immunogenic response. Our aim was to instigate this effect in
macrophages using AuNPs alone or in combination with
X-ray or proton irradiation and to assess if the consequent
M1 repolarization played a role in the interaction of the macro-
phages with pancreatic cancer cells. To identify the most effi-
cient AuNPs to fulfil this purpose, we tested AuNPs of two
sizes—50 nm for high uptake and 15 nm for high radiosensiti-
zation. For coating the nanoparticles, we also tested two poly-
mers—polyvinylpyrrolidone (PVP) and polyethylene glycol
(PEG), FDA-approved polymers commonly used as delivery
vehicles and stabilizers in pharmaceutical and cosmetic formula-
tions.”*** We demonstrated the ability of 15 and 50 nm AuNPs
to repolarize M2 macrophages to the M1 type, independently
and in combination with S or 10 Gy X-ray irradiation, but not
with proton irradiation. M2 macrophages loaded with 50 nm
AuNPs coated with PVP could successfully reduce pancreatic
cancer cell viability in co-cultures. The surface coating and size
of the AuNPs and the dose and type of irradiation are important
parameters for the outcome of this combined treatment.

2. EXPERIMENTAL SECTION
2.1. Preparation of Polymeric Coatings

Polyvinylpyrrolidone 29 kDa (PVP, Sigma-Aldrich) was carboxylated
by heating PVP (2 g) dissolved in NaOH solution (100 mL, 0.1 N,
Sigma-Aldrich) for 48 h at 140 °C in a hydrothermal autoclave
(Cambridge Energy Solutions).”® The opened pyrrolidone ring was
stabilized by adding 35% formaldehyde (6 mL, VWR Chemicals), the
pH was adjusted to 9, and the solution was cooled to 0 °C. Sodium
borohydride (1.5 mg, Sigma-Aldrich) was added to the solution and
stirred for 45 min at room temperature. The functionalized PVP was
then lyophilized (Labconco FreeZone) and reconstituted to a
10 mM solution in ultrapure water for coating.

Lipoic acid-PEG-COOH 1 kDa (PEG, Biopharma PEG) was recon-
stituted to a 10 mM solution in a 1:1 mixture of ethanol (Sigma-
Aldrich) and ultrapure water.

2.2. Synthesis of AuNPs

15 nm AuNPs were synthesized using the reverse Turkevich method.””
Briefly, a solution of sodium citrate tribasic hydrate in ultrapure water
(24.75 mL, 5.28 mm, pH 7.5, Sigma-Aldrich) was brought to a boil, and
HAuCl,.3H,0 in ultrapure water (250 pL, 254 mm, pH 1.6, Sigma-
Aldrich) was added to it. The solution was subjected to heated stirring
till it turned red. Once cooled, ligand exchange coating was done by
adding PVP (500 pL) or PEG (500 pL) and stirring overnight to form
15 nm AuNPs coated with PVP (15-PVP) or 15 nm AuNPs coated
with PEG (15-PEG), respectively.

For synthesizing S0 nm particles, a seeded growth method was
employed based on the classic Turkevich method.”® First, gold nano-
particle seeds were prepared by bringing ultrapure water (48 mL) to
boil, followed by the addition of HAuCl,.3H,0 (500 pL, 25 mm)
and 1% sodium citrate tribasic hydrate (1.5 mL), and heated stirring
for 30 min. Then, 50 nm AuNPs were prepared by boiling ultrapure
water (45.5 mL) to which Tris (2 mL, 0.1 M, Sigma-Aldrich), 2 mL
of the previously prepared seed solution, and HAuCl,.3H,0
(500 pL, 25 mM) were added and subjected to hot stirring for
30 min. After it cooled, PVP (107 puL) or PEG (427.5 pL) was added
to the AuNP solution and stirred overnight to form 50 nm AuNPs
coated with PVP (50-PVP) or 50 nm AuNPs coated with PEG
(50-PEG), respectively, via ligand exchange coating.

The AuNP colloidal solutions were then purified and concentrated
using 10 or SO kDa centrifugal filters (Sartorius). Concentrated
AuNP solutions in ultrapure water were stored at 4 °C and bath soni-
cated (Elma) at 35 kHz for 15 min before adding to cells.

2.3. Characterization of AuNPs

All characterizations were performed by diluting the AuNP suspensions
in ultrapure water. UV—Vis spectroscopy was performed by measuring
the absorbance of the AuNPs using a UV—Vis spectrophotometer
(Thermo Scientific Genesys 50). For transmission electron microscopy
(TEM), AuNP suspensions (3 pL) were deposited on TEM grids
(Formvar copper/carbon 200 mesh, Ted Pella Inc.) and observed
using a transmission electron microscope (FEI TECNAI 10) at a
100 kV acceleration voltage. The core diameters of the AuNPs were
measured using the Particle Sizer plugin in Fiji software; at least 100
nanoparticles were measured in each group.

For visualizing the polymer coating, negative staining was per-
formed by adding uranyl acetate (S pL, SPI Chem) on the grids with
AuNPs for S min, followed by blotting of excess, rinsing in a droplet
of water (30 pL), and allowing the grid to air dry. These stained
AuNPs were observed by high-resolution TEM (FEI TECNAI G* 20)
at a 120 kV acceleration voltage. Surface charge, hydrodynamic diameter,
and polydispersity indices were assessed by {-potential and dynamic light
scattering measurements (Malvern Zetasizer). For analyzing the AuNP
constitutions by thermogravimetric analysis, S0 pL of AuNP solutions
was loaded on sapphire crucibles (Mettler Toledo), and mass distribu-
tions were obtained by heating the samples from 100 to 800 °C at a rate
of 10 °C min~" in a TGA/DSC 3+ analyzer (Mettler Toledo) with the
injection of 60 mL min~" dry air and 20 mL min~" nitrogen. The mass
quantifications were performed using the STARe evaluation software
(Mettler Toledo). To obtain the concentrations of the purified AuNP
solutions, they were solubilized in aqua regia (1:3 mixture of HNO,
(Carl Roth) and HCI (Carl Roth)) diluted to 1:3 with ultrapure water,
followed by Au absorbance measurements by atomic absorption spec-
troscopy (Shimadzu). The concentrations were obtained by plotting
the absorbance against a calibration curve made using a Au standard
(1 gL, Carl Roth).

2.4. Cell Culture and Maintenance

Immortalized bone-marrow-derived MO macrophage cell line originat-
ing from Mus musculus CS7BL/6 ] was obtained from the laboratory of
Dr. Howard A. Young, National Cancer Institute/NIH (Kerafast,
ENH166-FP). Heat-inactivated serum (HIS) was prepared by heating
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fetal bovine serum (Sigma-Aldrich) at S8 °C for 30 min. L-929-
conditioned medium was prepared by culturing the L-929 fibroblast
cell line (ATCC, CCL-1) for 7 days in high-glucose Dulbecco’s
Modified Eagle Medium (DMEM, Gibco), supplemented with
10% HIS and 10% penicillin—streptomycin (Gibco), followed by filter-
ing the media through 0.2 pm membrane filters (Sarstedt). High-
glucose DMEM supplemented with 10% HIS, 10% 1-929 conditioned
medium, and 1% penicillin—streptomycin served as macrophage
medium. Macrophages were polarized to an M2-like phenotype (M2)
by exposing them to 20 ng mL™"' each of interleukin-13 (R&D
Systems) and interleukin-4 (R&D Systems) in macrophage medium
(M2-polarizing medium) for 24 hours. All cells were maintained at
37 °C with 5% CO,. KPC pancreatic cancer cell line originating from
C57BL/6 ] mice (CancerTools.org, 153474) was maintained in high-
glucose DMEM supplemented with 10% HIS and 1% penicillin—
streptomycin (KPC medium). Cells were maintained at 37 °C with
5% CO,.

2.5. Viability Assay

MO macrophages were counted (NanoEntek) and seeded in a 96-well
plate (4000 cells per well, Corning) in M2-polarizing medium, incu-
bated for 24 h, and then exposed to 0, 6.25, 12.5, 25, 50, or 100 pg mL ™
concentrations of AuNPs for another 24 h. Then, the wells were
rinsed with fresh macrophage medium, and the MTS reagent
(CellTiter 96 AQueous One Solution Cell Proliferation Assay,
Promega) diluted 1:5 in medium was added to the wells, incubated
for 1.5 h at 37 °C, and the absorbance was read at 490 nm using a
spectrophotometer (Bio-Rad xMark). The absorbance readings were
normalized to those of untreated macrophages to obtain viability %.

2.6. Internalization Assay

M2 macrophages were incubated with 50 pig mL ™" AuNPs in medium
for 24 h in T75 flasks (5 X 10° cells per flask, Corning). This was
followed by rinsing with phosphate-buffered saline (PBS, Gibco),
detaching the cells using 0.25% trypsin-EDTA (Gibco) and centrifug-
ing them to obtain a cell pellet. This pellet was resuspended in 1 mL
PBS, the cells were counted, and 1 mL of pure aqua regia was added.
The cells were digested in the acid mix for 7 days at room temperature,
after which atomic absorption spectroscopy was performed to deter-
mine the Au content as described earlier. With the known sizes, the
obtained total Au mass in samples, and the cell counts, the internaliza-
tion parameters were calculated for each sample as follows:

Total Au mass

Au concentration =
Total number of cells

4
Volume of AuNP = 3”3

Mass of AuNP = Volume of AuNP X 1.93 x 10~

Total Au mass

Total number of AuNPs= —————
Mass of AuNP

Total number of AuNPs

Total number of cells

Number of AuNPs/cell =

Surface area of AuNP = 4772

Exposed surface area = Number of AuNPs/

cell X surface area of AuNP

where 1.93 X 107"* pg nm™ (19.3 g cm™) is the density of metallic
Au and r is the radius of 1 AuNP.

2.7. Transmission Electron Microscopy of Macrophages

M2 macrophages were exposed to 50 jig mL ™" AuNPs for 24 h in T75
flasks (5 X 10° cells per flask). They were then pelleted and fixed in
3.2% glutaraldehyde (Thermo Scientific) for 2.5 h at 4 °C. The cells
were washed 4 times in 1 mL sodium cacodylate buffer (Sigma
Aldrich). Then, M2 macrophages were resuspended in 600 pL of a
1:1 mixture of osmium tetroxide (Thermo Scientific) and sodium caco-
dylate buffer and incubated for 1 h in a fume hood with light exposure.
The cells were washed with cacodylate buffer, and dehydration was
performed by exposing the cells to gradually increasing concentrations
of ethanol (30%, 50%, 70%, 85%, 100%) for 30 min each. For embed-
ding, first, the M2 macrophages were washed twice in 100% propylene
oxide (Sigma-Aldrich), and the cell suspension was transferred to
embedding capsules (BEEM, Agar Scientific). Then, the capsules were
centrifuged, and the cell pellets were suspended in increasing concen-
trations (25%, 50%, 75%) of LX112 resin (Ladd Research Industries)
dissolved in propylene oxide for 20 min each. Finally, pure LX112
was added and polymerized at increasing temperatures (37 °C and
45 °C for 48 h each) and then at 60 °C for 72 h. Sectioning was per-
formed (Ultratome 8800 III, LKB Bromma), and the cell sections were
mounted on copper/rhodium TEM grids (EM-Tec) and observed via
TEM (FEI TECNAI 10) at a 60 kV acceleration voltage.

2.8. X-ray Irradiation

M2 macrophages (1 x 10° cells per well) polarized in 6-well plates
(Corning) were exposed to SO pg mL™" AuNPs for 24 h, after which
the medium was replaced with 2 mL of regular macrophage medium,
and plates were irradiated with S or 10 Gy X-rays using an X-Rad
225 XL (PXi Precision X-ray) at 225 kVp and 13.5 mA to obtain a dose
rate of 2 Gy min~". To irradiate KPC cells, the cells were seeded in
6-well plates (1 X 10° cells per well), and after 48 h, they were irradi-
ated using the abovementioned method. Unirradiated cells with or
without AuNPs served as controls.

2.9. Proton Irradiation

For proton irradiation, homemade irradiation chambers were used for
cell culture (Figure S2a). The chambers had a hollow center to which
polyethylene terephthalate Mylar of 3 pm thickness (GoodFellow) was
adhered (EP21LV, MasterBond) to create a substrate for cell adhesion
and growth. The chambers were sterilized by autoclaving. The Mylar sur-
face on the interior face of the chamber was then coated with 0.5 pg
mL ™" fibronectin (Bio-techne), 1 mL of M2-polarizing medium was
added, and $ X 10°> MO macrophages were slowly seeded along the cen-
ter of the substrate. After allowing the cells to adhere for 3 h, the
medium was removed, the chambers were quickly assembled to form a
closed system, and 1 mL of M2-polarizing medium was filled in the
chambers using a syringe (Terumo) and a 22G needle (Henke Sass
Wolf). After 24 h of polarization, the medium was replaced with 1 mL
macrophage medium with or without AuNPs and incubated for another
24 h. Then, the medium was again replaced with 3.5 mL of CO,-inde-
pendent medium (Gibco) supplemented with 10% HIS and 1% penicil-
lin—streptomycin prior to irradiation. For irradiating KPC cells, 2 X 10°
cells were seeded on Mylar coated with 0.1 pg mL™" fibronectin and
grown in KPC medium as explained above. After 48 h, before irradiation,
the medium was replaced with CO,-independent medium supplemented
with 10% HIS and 1% penicillin—streptomycin.

The cells were irradiated with a proton beam generated by a 2 MV
tandem accelerator (High Voltage Engineering Europa) at $ or 10 Gy
doses at a dose rate of 2 Gy min~ ">’ The energy of the beam was set at
4 MeV to obtain a linear energy transfer of 10 keV pm™" in water. The
beam path of the proton irradiation setup is explained through the sim-
ulation shown in Figure $2b.** The simulation was performed using
SRIM software (www.SRIM.org) with the following parameters: Ion:
hydrogen; energy: 4000 keV; angle of incidence: 0; layers: silicon
nitride—1 pm; air, dry—S5000 pm; Mylar—3 pm; Water_Liquid—
10,000 pm; total number of ions: 5000.
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2.10. Quantification of Gene Expression by RT-qPCR

Immediately after the proton irradiation, the M2 macrophages were
trypsinized and transferred to 6-well plates. 24 h after X-ray or proton
irradiation, macrophages were lysed, and RNA was extracted using the
ReliaPrep RNA Tissue Miniprep System (Promega). The RNA was
then reverse transcribed using the GoScript Reverse Transcription
Mix Random Primers (Promega). qPCR was performed with a SYBR
Green-based detection system GoTaq qPCR Master Mix (Promega)
using the Viia 7 Real-time PCR system (Applied Biosciences). The
primers (Integrated DNA Technologies) used are listed in Table S1.
40 s ribosomal protein S9 (RPS9) was used as the reference gene
owing to its uniform expression among the experimental groups, and
relative gene expressions were calculated by the 27**<" method.

2.11. Survival Assay

For the co-culture experiments, KPC cells and M2 macrophages
exposed to AuNPs were irradiated with S or 10 Gy X-rays or protons
as mentioned earlier. After irradiation, the cells were detached,
counted, and seeded in a 1:1 ratio of equally irradiated combinations
(2 x 10° cells each) in a 24-well plate (Corning), e.g, M2+15 PVP
irradiated with 5 Gy X-rays mixed with an equal number of KPC irra-
diated with S Gy X-rays. Imaging was performed every 2 h using the
Incucyte live imaging system (Sartorius) for 48 h. Cell counts were
obtained using the AI Cell Health module, and the counts at 48 h were
normalized to those at 6 h to obtain the growth rates. To calculate the
relative counts of KPC and KPC+M2, the growth rates of irradiated
groups relative to those of untreated groups were calculated.

For macrophage monoculture experiments, the experimental setup
was the same as above but only M2 macrophages were treated with
AuNPs or not and then irradiated with 0,5 or 10 Gy X-rays or protons.
Cell counts after reseeding were obtained using the Incucyte AI Cell
Health module, and the counts at 48 h were normalized to those at
6 h to obtain the relative counts.

The co-culture seeding was also done once on another 24-well plate.
48 h post-irradiation, the cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich) for 10 min, followed by permeabilization with ice-cold
methanol for S min. The cells were then incubated overnight in blocking
buffer (0.5% bovine serum albumin in PBS), followed by another over-
night incubation with anti-F4/80-APC (1:200, REAfinity, Miltenyi
Biotec) diluted in blocking buffer. Nuclei were then stained by incubat-
ing the cells in 4,6-diamidino-2-phenylindole (1:10,000, Roche) diluted
in blocking buffer for 1 h. The cells were washed twice with PBS, and
1 mL of ultrapure water was added per well. The cells were imaged on
a Zeiss Cell Discoverer 7 confocal microscope equipped with an
Airyscan detector and a 5X/0.25 NA Plan Apo dry objective. Images
were then automatically quantified using Arivis Vision4D V4.1.1 software
(Zeiss). Briefly, cells were segmented individually using a cellpose-based
model and then sorted into two populations based on the mean fluores-
cence intensity of F4/80 labeling.

2.12. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version
10.4.2. All data were analyzed by one-way or two-way ANOVA,
followed by Bonferroni’s multiple comparisons if the data had a normal
distribution, and y = log(y) transformation was done if necessary. They
were analyzed with the Kruskal-Wallis test, followed by Dunn’s multi-
ple comparisons, if the data did not have a normal distribution.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of AuUNP Cores

The citrate reduction method, also known as the Turkevich
method, is a well-established technique to chemically synthesize
AuNDPs.3! Research from Chithrani et al. demonstrated that the
internalization of AuNPs was heavily dependent on the size and

shape of the particles, with the 50-nm-sized spherical AuNPs
having high internalization and retention in mammalian
cells.’”** In the present study, SO nm AuNPs were made by
seeded growth, where AuNP seeds are first synthesized using
the Turkevich method, which involves adding sodium citrate
to a gold chloride solution. A second step of adding more
reducing agent and gold chloride causes nucleated growth of
the seeds, increasing the AuNP core size.”®

Additionally, it has been established that 10 nm AuNPs are
efficient in radiosensitizing cancer cells.'*'*** To keep the size
as similar as possible, the inverse Turkevich method (reversing
the order of adding ingredients, i.e., adding gold chloride to a
sodium citrate solution) was used to create the 15 nm
AuNP.>” The AuNPs were then coated with either PEG or
PVP via ligand exchange, yielding the various AuNPs used in
the study, as described in Figure la, namely, 15 nm
AuNP-PVP (15-PVP), 15 nm AuNP-PEG (15-PEG), 50 nm
AuNP-PVP (50-PVP), and 50 nm AuNP-PEG (50-PEG).
This easy method of coating was successful because of the high
affinity that PEG and PVP have for Au. PVP gets adsorbed on
the Au surface to form the coating, while the thiol group of
PEG covalently bonds with Au on the surface for AuNP
capping.35’36

Using the UV—vis absorption spectra (Figure 1b), the surface
plasmon resonance peak (SPR, observed as absorbance peaks)
for 15 nm AuNPs was observed at a 522 nm wavelength, typical
for gold, which remained unchanged after coating with PVP;
however, a small red shift to 524 nm was observed after PEG
coating. The SPR peak for S0 nm AuNP was observed at a
530 nm wavelength, which also remained unchanged for
50-PVP but slightly shifted to 532 nm for 50-PEG.

According to the TEM observations (Figure 1c), the AuNPs
were spherical and uniform in structure with no aggregation.
Their core sizes were measured. Diameters of 14 + 1.4 nm,
15.8 £+ 2.6 nm, 47.6 + 4 nm, and 50.5 + 6.5 nm were deter-
mined for 15-PVP, 15-PEG, 50-PVP, and 50-PEG, respectively.
The PEG-coated AuNPs had a wider size distribution than their
PVP-coated counterparts, as shown in Figure 1d. These results
indicated that while the PVP coating did not affect the AuNP
cores, coating with PEG slightly increased the size and broad-
ened the size distributions of the AuNP cores, probably because
of its reducing property.*® The PEG-enabled slight increase in
Au core sizes explained the SPR peak red shift according to
the Mie theory and was also observed by Cruje et al.***

3.2. High Coating Content Provides a Core—Shell Structure
and Stability to AuNPs

TEM was repeated with uranyl acetate staining to observe the
coatings. Uranyl acetate, being a heavy metal salt, acts as a nega-
tive stain to provide background contrast in TEM, enabling the
visualization of the transparent organic coatings on the nanopar-
ticles.*' The classic core—shell structure of all four AuNPs was
prominent, as seen in Figure 2a. Thermogravimetric analysis
(Figure 2b) to identify the mass distributions showed that 15-
PVP and S0-PVP AuNPs consisted of 93.8 and 46.5% PVP,
respectively. 15-PEG and S0-PEG AuNPs contained 45.1 and
10.4% PEG, respectively. There was a notable increase in the
hydrodynamic diameters of the 15 nm and 50 nm AuNPs after
the polymer coating (Figure 2c and Table 1). {-potential mea-
surements of AuNPs in ultrapure water revealed a shifted but still
high negative surface charge on all AuNPs (Table 1). Even
though 15-PVP had a surface charge lower than the other
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Figure 1. Synthesis of AuNPs and core characterization. (a) Citrate reduction method was used to synthesize AuNPs of 15 and 50 nm. After the
initial synthesis, the citrate coating was replaced with PEG or PVP via ligand exchange to yield different AuNPs. The schematic representation
was created in BioRender. Delcourt, B. (2025) https://BioRender.com/b622847; the structure of PVP coating on AuNPs was adapted from
ChemTube3D, and other chemical structures were obtained from their respective manufacturers.’” (b) UV-Vis absorbance peaks before and after
ligand exchange coating for the 15 nm AuNPs (top) and the SO nm AuNPs (bottom). (c) TEM images of the AuNPs and (d) their size distributions.

AuNPs, no aggregation was observed in the duration of this
study. The polydispersity indices of all AuNPs were low, as mea-
sured with dynamic light scattering, confirming their monodis-
perse and narrow size distributions (Table 1).

Overall, the AuNPs were deemed to be well-coated with PVP
or PEG, and the coatings imparted high stability in their aqueous
colloidal suspension forms. The AuNPs had typical core—shell
structures where the PVP shells constituted a larger propor-
tion of the nanoparticles than the PEG, which may be because
of the difference in the molecular weight of the polymers
(29 kDa PVP vs 1 kDa PEG) used in the coatings. The shifts
in the hydrodynamic diameters and the {-potential confirmed
the exchange of the citrate coating. Electrostatic repulsion and
steric hindrance between the surface polymers play an essen-
tial role in imparting stability to these nanoparticles.**>

3.3. AuNPs Are Non-Toxic to Macrophages, and PVP
Coating Increases AuNP Internalization

To assess the possible toxicity of AuNPs, M2 macrophages were
exposed to different AuNPs at concentrations ranging from 0 to

100 pg mL™" for 24 h. Then, an MTS assay was performed to
analyze the viability of the macrophages (Figure 3a). No reduc-
tion in viability was observed with the AuNPs at any concentra-
tion within the range tested, confirming their biocompatibility.
As 100 pg mL™' S0-PVP seemed to increase the viability of
macrophages, which could also have been an effect of the inter-
terence with the assay readout due to high nanoparticle uptake,
and because the effects of these AuNPs within M2 in combina-
tion with radio/proton therapy were unknown, we decided to
use 50 g mL™" AuNP as a suitable non-toxic concentration
for further experimentation.

Next, to investigate the cellular uptake of the AuNDPs,
M2 macrophages were incubated with 50 pg mL™" AuNPs for
24 h, followed by acidic digestion and analysis of the Au mass
in the samples using atomic absorption spectroscopy. Since
the exposed AuNP surface was expected to determine their
effect on the macrophages, we calculated the AuNP quantity
and Au content inside the M2 macrophages (Figure 3b). As
expected, the coating was the deterministic factor in the
AuNP uptake. The exposed surface area, Au concentration,
and number of 15-PVP AuNPs were 32-fold higher than those
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Figure 2. Characterization of the polymer shells of AuNPs. (a) Negative staining of AuNPs with uranyl acetate, followed by TEM. (b) Thermogravimetric
analyses of AuNPs. (c) Hydrodynamic diameters of AuNPs suspended in ultrapure water evaluated using dynamic light scattering,

Table 1. Measurement of Hydrodynamic Diameters, {-Potential (Indicating Surface Charge), and Polydispersity Indices of the

AuNPs before and after Polymer Coating

AuNP hydrodynamic diameter [nm]
15 nm AuNP 13.6
15-PVP 58.46
15-PEG 34.26
50 nm AuNP 65.25
50-PVP 98.37
S0-PEG 92.88

C-potential [mV] polydispersity index
—-22.8 0.54
—15.38 0.26
—22.75 0.32
—35.87 0.12
—25.49 0.14
—24.52 0.19

of 15-PEG. The internalized S0-PVP AuNPs had a 25-fold
higher exposed surface area, Au concentration, and quantity com-
pared to S0-PEG. For both coatings, there was a significantly higher
number of internalized AuNPs for the 15 nm particles than for their
S50-nm-sized counterparts.

This was corroborated by TEM observations (Figure 3c),
where M2 incubated with 15-PVP and S0-PVP not only dis-
played abundant visible accumulation of AuNPs within the cells
but also appeared clustered in intracellular vesicles, indicative of
classic endocytosis. On the other hand, fewer PEG-coated par-
ticles were internalized by M2 macrophages and were mostly

found dispersed within the cells. The low internalization of
the PEG-coated AuNPs can be attributed to the “stealth effect”
that PEG imparts to nanoparticles because of its conformation
and surface density, enabling them to escape being recognized
by macrophages by preventing the serum proteins from forming
a protein corona around the AuNPs.**** The high uptake of
PVP-AuNPs by macrophages in this work correlates with stud-
ies that have shown that PVP-coated AuNPs adsorb more
serum proteins than PEG-coated nanoparticles, encourage
higher uptake by macrophages, and improve clearance from
injected tissues.*> ™%’
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Figure 3. Assessment of toxicity and internalization of AuNPs in macrophages. (a) M2 macrophages were incubated with AuNPs for 24 h, and the
viability was assessed by MTS assay. Results are presented as means * 1 standard deviation (n = 3). (b) Internalization studies were conducted by
exposing M2 macrophages to 50 pg/mL AuNDPs for 24 h, followed by aqua regia digestion and atomic absorption spectroscopy to quantify the inter-
nalized Au mass. Au mass and cell counts were used to calculate the internalized Au concentration, exposed surface area, and the number of AuNPs/
cell. Mean values are indicated by horizontal lines within each group (n = 3). (c) AuNPs inside M2 macrophages were visualized using TEM and are
indicated with red arrows. Statistical analyses were performed using one-way ANOVA, followed by Bonferroni’s multiple comparison test or Kruskal—
Wallis test with Dunn’s multiple comparison test as appropriate; *p < 0.05, ¥*p < 0.01, ***p < 0.001, ****p < 0.0001.

3.4. AuNPs Alone and in Combination with X-rays Can
Repolarize M2 Macrophages toward an M1 Phenotype

Low-to-moderate proton irradiation doses between 2 and 10 Gy
can establish a pro-inflammatory environment by upregulating
M1 markers and immunogenic cell death markers.'*® Proton
irradiation above 14 Gy total dose promotes an M2-like pheno-
type, evidenced by a decrease in the expression of M1 markers
like Interleukin-6 and Interleukin-8, and an increase in anti-
inflammatory markers like arginase-1, which is more pro-
nounced for doses above 20 Gy. X-ray doses higher than
10 Gy also cause an influx of circulating macrophages into the
tumor microenvironment, which then polarize into the pro-
tumoral M2 phenotype, aiding in angiogenesis and faster tumor
growth.*® Therefore, in this work, we irradiated cells with S or
10 Gy doses to retain the immunogenic effect of radiation.

To understand the effect of X-rays and AuNPs on the polari-
zation of M2 macrophages, we exposed M2 macrophages to
AuNPs for 24 h and then irradiated with 0, 5, or 10 Gy X-rays.
24 h post-irradiation, the cells were lysed, and the mRNA levels
of Ml-associated genes chemokine (C-X-C motif) ligand 10

(CXCL10), macrophage receptor with collagenous structure
(MARCO), tumor necrosis factor-oe (TNF-at), cluster of differentia-
tion 86 (CD86), and M2-associated marker cluster of differentiation
206 (CD206) were assessed. Besides these typical macrophage
markers, the expenditure of redox enzymes in managing the post-
treatment ROS might lead to a depletion of the intracellular concen-
tration of these enzymes, which would require replenishment by
increased enzyme synthesis. Hence, we also evaluated the genes
for redox-management enzymes thioredoxin reductase (TRXR1),
glutathione peroxidase (GPX1) and superoxide dismutase
(SOD1) to understand the ROS-management enzymes involved.

X-ray irradiation alone upregulated CXCL10 (Figure 4a) and
MARCO (Figure 4b) expression in a dose-dependent manner.
However, CD206 (Figure 4d) and GPX1 (Figure 4f) were also
upregulated after 10 Gy irradiation, suggesting a shift toward a
mixed macrophage phenotype and that the neutralization of
X-ray radiation-induced ROS could be dependent on glutathi-
one peroxidase. There was no effect of X-rays alone on the
expression of TNF-a (Figure 4c), TRXR1 (Figure 4e), CD86
(Figure Sla), or SOD1 (Figure S1b).
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Figure 4. Effect of AuNPs on radiation-mediated polarization of macrophages. M2 macrophages were incubated with various AuNPs (or not) for
24 h and then exposed to 0, S, or 10 Gy X-ray radiation. 24 h after irradiation, mRNA levels of M1 marker genes (a) CXCL10, (b) MARCO,
and (c) TNF-o, (d) M2 marker gene CD206, and genes for the redox-regulating enzymes (e) TRXR1 and (f) GPX1 were assessed (n = 4). To test
the effect of proton irradiation, M2 with or without AuNPs were exposed to 0, S, or 10 Gy protons, and 24 h later, mRNA levels of (g) CXCL10,
(h) MARCO, (i) TNF-0, (j) CD206, (k) TRXRI, and (1) GPX1 were evaluated (n = 3). In all datasets, the effects of radiation alone on M2 mac-
rophages are presented in the left panels, with the irradiated groups normalized to untreated M2 macrophages. The right panels have M2+AuNPs
normalized to M2 macrophages without AuNPs for each radiation dose group. Mean values are indicated by horizontal lines within each group.
Statistical analyses were performed using one-way ANOVA, followed by Bonferroni’s multiple comparisons or Kruskal-Wallis test with Dunn’s mul-
tiple comparisons as appropriate; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

The AuNPs used in the study were independently capable of
repolarizing M2 macrophages, and the effects varied with the
size and coating. CXCL10 was upregulated in M2 macrophages
by 15-PEG, S0-PVP, and 50-PEG independently of X-rays but
did not have an additional effect when combined with X-ray
irradiation (Figure 4a). Notably, MARCO was not only signifi-
cantly upregulated by 15-PVP, 15-PEG, and 50-PVP AuNPs
alone; however, the increased expression was further enhanced
when combined with X-rays at S and 10 Gy doses (except for
15-PVP) (Figure 4b). The most important repolarizing effect
was seen in M2 macrophages exposed to 50-PVP, in which all

the M1 genes of interest were upregulated (alone or with X-
rays), and CD206 was downregulated. No AuNP-based effect
was observed on TRXR1, GPX1, and SODI.

For studying the effect of AuNPs in combination with pro-
tons, M2 macrophages were seeded on homemade irradiation
chambers, exposed to AuNPs and irradiated with 0, S, or
10 Gy protons. They were then transferred to cell culture plates
and lysed 24 h post-irradiation for mRNA analyses. There was
an upregulation of CXCL-10 (Figure 4g) and TRXRI
(Figure 4k) when M2 macrophages were exposed to 10 Gy pro-
tons, indicating the potential role of thioredoxin reductase in
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managing proton irradiation-induced redox stress. There were
small, non-significant increases in the expressions of TNF-a
(Figure 4i) and MARCO (Figure 4h) as well, pointing toward
an M1 shift upon 10 Gy proton exposure.

Interestingly, when M2 macrophages were pre-incubated
with 15-PVP, there were also upregulations of CXCLI0,
TNF-o, and TRXRI. Although these additional effects were
not statistically significant but still present after proton irradia-
tion, the AuNPs did not seem to hinder the proton-induced
ML shift (no reduced expressions in M1 genes). The addition
of S50-PEG increased the expression of CXCL10 and CD206
(Figure 4j), potentially triggering a mixed phenotype. There
was no effect of protons alone or with AuNPs on the expression
of GPX1 (Figure 41), CD86 (Figure Slc), or SODI
(Figure S1d).

The differences in the effects of AuNPs on unirradiated mac-
rophages between the X-ray and proton experiments could be
because of the different seeding conditions (use of a Mylar sub-
strate) in our proton irradiation setup, which may also have
been the reason for the high variability in the data. To minimize
differences in irradiation protocols, the cell seeding density and
the quantity of media containing polarizing cytokines or AuNPs
were kept proportional to the surface area in both experiments,
and the unirradiated groups were grown on the same substrate
as the irradiated groups for optimal normalization. The varia-
tion in the expression of macrophage markers induced by the
two types of irradiation and various AuNPs could be due to dif-
ferences in the downstream pathways involved in the repro-
gramming, as there are many factors that govern macrophage
polarization.*” This was attested by the observed upregulation
of two different redox-managing enzyme genes by the two types
of radiation.

Antioxidants such as superoxide dismutase, carotenoids and
thioredoxin reductase maintain intracellular homeostasis, which
gets disrupted when there is generation of a very high quantity
of ROS after irradiation.*® Upon irradiation, elevated intracellu-
lar ROS levels in macrophages, along with the inflammatory
factors of the tumor microenvironment, help to activate an
MIl-like phenotype. Signals that trigger and sense intracellular
ROS production, such as inducible nitric oxide synthase and
TNE-a, are also upstream actors for the induction of transcrip-
tion factors involved in the synthesis and release of immuno-
genic cytokines, resulting in an inflammatory response.5 1,52
Additionally, AuNPs have been observed to increase the intra-
cellular ROS level in cancer cells by inhibiting cellular redox-
management enzymes like thioredoxin reductase and glutathione
peroxidase, even without irradiation.'®** In this study, we have
demonstrated that the antioxidant systems activated after irra-
diation depend on the type and dose of radiation. Notably,
10 Gy X-ray exposure increased the glutathione peroxidase
mRNA levels, 10 Gy proton exposure upregulated thioredoxin
reductase, and neither seemed to affect the superoxide dismut-
ase mRNA expression. However, we did not find any effect of
AuNPs when used alone on the mRNA level of the antioxidant
genes studied here.

3.5. 50-PVP-Containing M2 Macrophages Can Induce Cell
Death in Pancreatic Cancer Cells Alone and with X-rays

Finally, we aimed to evaluate whether the induced reprogram-
ming effect could influence the survival of murine pancreatic
cancer cells obtained from LSL-Kras®'?P/*; LSL-
Trp53R72H/+; Pdx1-Cre (KPC) mice, an established model

for pancreatic ductal adenocarcinoma.>* For this experiment,
15-PVP and 50-PVP AuNPs were used because of their higher
internalization and the M1-shift they generated alone and in
combination with X-rays. KPC cells and M2 macrophages with
or without AuNPs were irradiated alone in a 6-well plate,
followed by detaching, counting, and adding the cells in appro-
priate combinations in a 24-well plate, followed by live micros-
copy. 10 Gy X-rays reduced KPC cell counts; however, the
addition of equally irradiated M2 to KPC in a 1:1 ratio gener-
ated a further reduction in the total population, not just with
10 Gy but also with S Gy X-rays (Figure Sa).

More importantly, we observed a marked reduction in the
total cell counts of co-cultures containing KPC cells and M2
macrophages with 50-PVP, compared to the untreated group
without irradiation, and compared to 15-PVP with S Gy
X-rays (Figure Sb). The 15-PVP exposure did not alter the
behavior of the cells. Therefore, the presence of irradiated mac-
rophages can make even the lowest dose of 5 Gy X-rays more
cytotoxic and enhance the toxicity of 10 Gy X-rays. All co-
culture groups with AuNPs displayed an X-ray dose-
dependent reduction in cell population, while pre-exposure of
the M2 macrophages to S0-PVP reduced it further, demonstrat-
ing the cytotoxic effect of macrophages repolarized by 50-PVP
and X-ray radiation. Results of the statistical analyses are dis-
played in Table S2.

For assessing the effect of protons on the co-culture setup,
we performed the same procedure but using proton irradiation
chambers. Irradiation with 5 Gy protons did not induce any sig-
nificant change in the number of KPC cells; however, the cyto-
toxic effect of 10 Gy protons on KPC cells was more
pronounced when equally irradiated M2 macrophages were
added to them (Figure Sa). When the M2 macrophages were
pre-exposed to AuNPs, a significant reduction in cell count
was observed with 10 Gy proton irradiation for all co-culture
groups; however, the AuNPs did not have any additional effect
on the killing effect of proton irradiation (Figure Sb).

To assess if the cytotoxicity observed in the co-cultures was
because of the death of macrophages, we performed the same
experiment as above in M2 macrophage monocultures. It was
observed that irradiation with X-rays or protons was cytotoxic
at S and 10 Gy doses for macrophages exposed or not to
AuNPs (Figure Sc). Importantly, there were no additional
effects caused by AuNPs on the macrophage population counts.
This confirmed that the cytotoxicity observed in co-cultures
containing M2 macrophages exposed to 50-PVP alone and in
combination with § Gy X-rays (Figure Sb) was not due to toxic
effects of AuNPs on the macrophages.

Using immunofluorescence labeling, we performed the same
experiment as above and used anti-F4/80 to identify macro-
phages and distinguish the two cell types in the co-cultures.
The labeling was performed 48 h post-irradiation (Figure S3).
The F4/80" KPC cell counts were reduced in the presence of
F4/80" macrophages, especially when the cells were irradiated
with S or 10 Gy X-rays (Figure S3a,c) or S or 10 Gy protons
(Figure S3b,d).

The correlation of the co-culture data with the M1 repolari-
zation effects caused by S0-PVP alone and in combination with
X-rays, as observed in Figure 4, suggests that M1 repolarization
of macrophages can contribute to cancer cell phagocytosis.>®
From the co-culture experiment shown in Figure 5, it can be
concluded that, while the addition of irradiated M2 macro-
phages to KPC had decreased the number of viable cells, the
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Figure S. Effect of AuNPs and radiation in pancreatic cancer cells co-cultured with macrophages. M2 macrophages were exposed to AuNPs for 24 h,
after which they were irradiated with 0, S, or 10 Gy X-rays or protons (n = 3). Meanwhile, KPC pancreatic cancer cells were also irradiated with the
same doses. After irradiation, both types of cells were detached and reseeded in equally irradiated combinations in a 1:1 ratio. For 48 h, the total cell
counts were evaluated by live microscopy. (a) Relative cell counts of irradiated KPC-only and KPC+M?2 groups at 48 h post-irradiation relative to
those of unirradiated cells. (b) Relative counts using the cell counts at 48 h compared to those at 6 h post-reseeding. (c) M2 macrophages were
exposed to AuNPs for 24 h, irradiated with 0, S, or 10 Gy X-rays or protons and then reseeded. For 48 h, the total cell counts were assessed, and
relative counts were calculated using the cell counts at 48 h compared to those at 6 h post-reseeding. Mean values are indicated by horizontal lines
within each group. Statistical analyses were performed using one-way ANOVA, followed by Bonferroni’s multiple comparisons; *p < 0.05, **p < 0.01,

#ip < 0,001, #E¥p < 0,0001.

internalization of SO-PVP nanoparticles by the M2 cells further
decreased the number of viable cells when combined with
X-rays, but not with protons.

4. CONCLUSIONS

Targeting the immune cells in cancer has been a hot topic for the
past few decades and so has the application of nanomaterials in
the delivery of chemotherapeutics and immunomodulators, both
showing incredible successes in establishing improved patient
outcomes. In this study, we used gold nanoparticles for macro-
phage repolarization using their ROS-inducing effects. Both syn-
thesis methods used in this work are not only simple but can also
be customized to create AuNPs of the desired size by altering the
ratio of Au and citrate and are scalable to increase production by
up to 8 times. The presence of -COOH groups on both polymer
coatings makes it possible to conjugate targeting antibodies to
functionalize these AuNPs and has also been shown to promote
preferential uptake by macrophages.”**® In our study, while the
cytotoxic effect appeared to be centered around the type and
dose of irradiation, the presence of irradiated macrophages, espe-
cially those pre-incubated with S0-PVP AuNPs, boosted the M1
repolarization and the toxicity of X-rays on KPC cells. Both types
of irradiation showed success in repolarizing TAMs. S0-PVP
AuNPs combined with 5 Gy X-ray radiation appear to have the
best M1 repolarization effect while also being cytotoxic for pan-
creatic cancer cells, hence proving its potential to be a promising
two-pronged strategy for killing pancreatic cancer cells by
enhancing the anti-tumoral effects of TAMs.

Further studies will focus on assessing the translatability of
our approach using in vivo experiments to analyze the AuNP
retention dynamics and the immunological and cytotoxic effects
of the 50-PVP+X-rays combination on the treated tumor and
its microenvironment, as well as untreated distal tumors, con-
sidering the various interactions that macrophages have in the
cancer scenario.’ In conclusion, S0-PVP nanoparticles can be
a safe and effective way to improve radiotherapy for treating
pancreatic cancer by establishing an immunogenic switch in
TAM behavior even at moderate doses, additionally reducing
the harmful side effects of high-dose radiotherapy. To our
knowledge, this is the first reported use of AuNP + irradiation
combination treatment for manipulating macrophages in cancer
radiotherapy. The feasible synthesis of the AuNPs and the
global prevalence of X-ray radiotherapy centers can aid in the
potential translation of this strategy to improve the treatment
of pancreatic cancer patients.
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