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Abstract: The present work consisted of an exploratory study aiming to evaluate in vitro the potential of AuNPs
during Radiation Therapy (RT) in human pancreatic adenocarcinoma cells. AuNPs coated with hyaluronic and
oleic acids (HAOA-AuNPs) or with bombesin peptides (BBN-AuNPs) were used. AuNPs were characterized
by Atomic Force Microscopy (AFM) and Dynamic Light Scattering. BxPC-3 tumour cells were irradiated with
a 6 MV X-rays beam, in the absence or presence of AuNPs. AFM showed that HAOA-AuNPs and BBN-AuNPs
are spherical with a mean size of 83320 nm and 49+12 nm, respectively. For RT alone, a reduction in cell viability
of up to 33+12% was obtained compared to the control (p < 0.0001). HAOA-AuNPs alone at 200 and 400 pM
showed a reduction in cell viability of 20+4% and 35+4%, respectively, while for BBN-AuNPs, at 50 and 200
uM, a reduction in cell viability of 25£3% and 37+3% was obtained, respectively, compared to the control (p <
0.0001). At 72 h post-irradiation, a decrease in cell viability of 26+3% and 22+2% between RT+HAOA-AuNPs
at 400 uM and RT+BBN-AuNPs at 50 uM, compared to RT alone, was obtained (p < 0.004). The combination of
RT with AuNPs led to a significant decrease in cell viability compared to the control, or RT alone, thus
representing an improved effect.

Keywords: pancreatic cancer; megavoltage radiation therapy; gold nanoparticles; cell viability

1. Introduction

In 2020 the World Health Organization estimated that 495 773 new pancreatic cancer cases were
diagnosed, and 466 003 patients died from this disease [1]. As a consequence of the frequent late
diagnosis of this pathology and the low effectiveness of available treatments, especially in advanced
stages, the prognosis is extremely poor, with five-year survival rates below 9% [2]. Thus, new
treatment approaches that address the existing challenges are largely needed aiming to improve
overall survival and patients’ quality of life. For patients with locally advanced pancreatic cancer,
which represent about 30-40% of all pancreatic cancer cases, chemoradiotherapy or chemotherapy
alone is recommended. However, none of the multiagent chemotherapy regimens are totally
effective. Furthermore, pancreatic cancer is a deep-seated tumour surrounded by radiosensitive
organs that limit the prescribed radiation dose. Despite the most recent advances in
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chemoradiotherapy, including cytotoxic agents and new RT techniques, pancreatic cancer is still one
of the deadliest cancers [3].

Nanoparticles (NPs) with high atomic number (Z), such as gadolinium (Z=64), hafnium (Z=72),
platinum (Z=78), and gold (Au) (Z=79) have been increasingly studied in the context of RT as
radiation sensitizers due to their capacity to enhance radiation effects locally when introduced into
tumour cells [4-7]. The basic principle is related to the high potential of these high-Z NPs to absorb
low-energy X-rays, consequently leading to atomic excitation, and an increase of electrons released
into the tumour tissue compared to soft tissue. Enhancement of electrons release translates into a
local increase of energy deposition, which causes larger damage to tumour cells compared to RT
alone.

Gold NPs (AuNPs) are the most studied NPs for RT due to their high-Z, good biocompatibility,
and low production cost [4-8]. AuNPs are colloidal or clustered particles with diameters generally
ranging from 1-200 nm that consist of a gold core with a surface coating. Owing to their synthetic
versatility, it is possible to design AuNPs with different sizes, shapes, and surface coatings [9]. The
manipulation of the size and shape allows the production of AuNPs with specific chemical, electrical,
and optical properties. The coating offers the possibility to control particle solubility, stability, and
interaction with the biological environment [5]. These are factors of great importance as they dictate
the fate of the NPs and, consequently, their accumulation in the tumour.

Size and shape are decisive factors for AuNPs internalization into cells via receptor-mediated
endocytosis (RME). Shape dependence is related to AuNPs surface area and local curvature, both
interfering in the interaction of their ligands with the cell membrane receptors [7]. Spherical AuNPs
are the most common gold-based nanotherapeutics as they are simple to produce, and alteration of
size and surface chemistry is easily achieved [6].

Active targeting is the more efficient method to obtain an intratumoural accumulation of
AuNPs. In this strategy, AuNPs’ surface is functionalized with peptides or antibodies that will later
bind to cell surface proteins (receptors) preferentially overexpressed by cancer cells This translates
into getting a higher concentration of AuNPs within tumour cells compared to healthy tissues, and a
reduced amount of gold needed for radiosensitization [7].

Hyaluronic acid (HA) is a natural mucopolysaccharide, highly biocompatible, that specially
binds CD44, a receptor overexpressed by a wide range of tumours [10,11], including pancreatic
adenocarcinomas [12,13]. Thus, conjugating AuNPs with HA may lead to a preferred accumulation
of NPs into pancreatic tumour cells via RME, which in turn would translate into further harm to these
cells during RT. On the other hand, bombesin (BBN) derivatives have the ability to recognize the
gastrin-releasing peptide receptor (GRPR) that is overexpressed in several human tumours, such as
breast, prostate and pancreatic cancer [14]. For this reason, NPs decorated with BBN peptides might
promote a receptor-mediated uptake by target tumour cells to enhance the radiosensitizing effects.

The possibility of combining AuNPs with RT for cancer treatment has been widely studied over
the last years through simulation, in vitro and in vivo studies [4-7,15]. Monte Carlo simulations can
be used to model the physical and physicochemical processes of radiation interactions with matter,
including biological targets. This provides valuable insights into estimating AuNPs-induced dose
enhancement and ionisations for a range of parameters, such as their size, shape, radiation source
and energy, etc. Studies assessing dose enhancement by AuNPs using 80-120 kV beams obtained a
dose enhancement factor near two [4]. Based solely on physical dose enhancement, radiosensitization
with AuNPs is expected to be insignificant at megavoltage (MV) energies due to the minimal
contribution of the photoelectric effect. However, experimental studies using MV beams with AuNPs
showed an enhancement of RT effects that were significantly higher than those estimated by Monte
Carlo simulations [5]. The discrepancies between theoretical predictions and experimental data
opened the possibility of chemical and/or biological enhancement in addition to the physical mode
of action. Thus, in vitro studies are strongly needed to characterize the effect of AuNPs including cell
toxicity, uptake dynamics, radiation-induced cell survival, etc.

Promising results have been obtained with AuNPs plus RT using kV X-rays. However, low-
energy photon beams are not suitable for external RT of deep-seated tumours. The greater
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penetration power of MV photon beams makes this energy range preferable for clinical RT of most
pathologies. Given the treatment units available in RT departments nowadays, the in vitro
radiosensitizer effect of AuNPs with MV beams has been investigated on various human tumour cell
lines including breast, brain, colon, lung, and prostate [16]. Tudda et al. tested the irradiation of the
MDA-MB-231 breast tumour cell line with 6 MV in the presence of 15 nm AuNPs. A Dose
Enhancement Factor (DEF) of 1.14+0.06 and 1.33+0.06 was obtained for MV and kV X-rays,
respectively [17]. For the same cell line, Jain et al. compared cell survival fractions after the irradiation
with 160 kV, 6 MV and 15 MV X-ray beams using 1.9 nm AuNP. Sensitizer Enhancement Ratios (SER)
of 1.41,1.29 and 1.16 were obtained, respectively [18]. For the breast cancer cell line MCF-7 and using
glucose-bound AuNPs of 16 nm, Soleymanifard et al. obtained smaller gains after the irradiation with
6 MV beams than with kV as quantified by the inhibition of cell proliferation (39% vs 64%,
respectively) [19]. Using the HeLa cell line, Chithrani et al. tested the effect of AuNP of different sizes
and different beam energies. Photon beams of 105 kV and 50 nm AuNP was the combination that
showed the highest Radiosensitization Enhancement Factor (REF) of 1.66. This value was reduced to
1.17 when 6 MV photon beams was used [20]. These findings are consistent with those obtained for
the MDA-MB-231 cell line incubated with 49 nm and 16 nm thioglucose-bound AuNP and irradiated
with 6 MV beams. A significantly larger radiosensitization was obtained with 49 nm AuNPs than
with 16 nm (1.86 vs 1.49, respectively, p<0.005) [21]. For other cell lines, the gain in irradiation in the
presence of AuNPs, either expressed as DEF, SER or REF, up to 1.74 were obtained with different
types of AuNPs combined with clinical beams [22-27].

For pancreatic cancer the in vitro and in vivo potential of AuNPs for RT using low energy photon
beams has been assessed [28]. In this study, KPC and PANC-1 cells were incubated with poly(l-
glutamic acid-co-l-lysine), or P(Glu-co-Lys)1:5, gold nanorods and irradiated with 250 kV X-rays
under extracellular tumour acidosis and tumour microenvironment hypoxia. A DEFio% of 1.24 and
1.1 was obtained for KPC and PANC-1 cells at a pH of 6.5, respectively. Interestingly, a similar
radiosensitization was obtained for both cell lines under hypoxia conditions. The radiosensitization
of pancreatic cancer in vivo was also evaluated in a subcutaneous tumour model performed in male
mice using KPC cells. After establishment of tumour mass, animals were irradiated 24 h after
intravenous administration of P(Glu-co-Lys)1:5 or PEGylated gold nanorods. The combination of RT
plus P(Glu-co-Lys)1:5 gold nanorods showed the best treatment efficacy, compared to RT alone or
RT plus PEGylated-gold nanorods, even in the presence of extensive hypoxic tumour regions.

Still for pancreatic cancer, Brero et al. tested 19.2 nm magnetic NPs (FesO4) in BXPC-3 cells that
were irradiated with 6 MV photons, and concluded that these NPs at 50 pg/mL conferred a 50-60%
additive effect on cell death compared to RT alone [29]. Detappe et al. evaluated 3.5 nm gadolinium-
based NPs during irradiation with 220 kV of PANC-1 [30]. They concluded that 0.43 mg/mL of these
NPs led to a SER of 1.37. Enhanced DNA damage and higher apoptosis were obtained in irradiated
groups previously incubated with NPs compared to RT alone. Finally, Yoshida et al. assessed the
radiosensitization effect of 190 nm AuNPs microgels in mice injected with MIAPaCa-2 human
pancreatic cancer cells and concluded that tumour growth was effectively suppressed in mice injected
with AuNPs microgels when 150 kV X-ray irradiation was performed [31].

Motivated by the challenges and difficulties found in pancreatic cancer therapy, this study
reports an exploratory work involving the in vitro assessment of the radiation sensitizing potential of
target-specific AuNPs during the RT treatment of human pancreatic adenocarcinoma cells, BxPC-3,
with MV X-rays. For this purpose, AuNPs coated with hyaluronic acid and oleic acid (HAOA-
AuNPs) or with a BBN coating (BBN-AuNPs) were used. The impact of these AuNPs formulations
together with RT was assessed by viability assays.

2. Materials and Methods

2.1. Synthesis of HAOA-AuNPs and BBN-AuNPs

HAOA-AuNPs were prepared according to previous methods [10,32,33]. Gold (III) chloride
trihydrate (HAuCls-3H20), silver nitrate (AgNOs), L-ascorbic acid (L-AA), rosmarinic acid (RA),
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hyaluronic acid (HA) from Streptococcus Equi (MW ~1.5-1.8 x 106 Da), and oleic acid (OA; MW =282.46
g/mol) were supplied from Sigma-Aldrich (Steinheim, Germany). Briefly, fresh solutions of gold salt,
silver nitrate, L-ascorbic acid, and rosmarinic acid were prepared [10,32,33]. The coating was
previously prepared by mixing HA and OA, followed by stirring the suspension overnight at 400
rpm at 60 °C. The reaction of preparing uncoated AuNPs was carried out at 800 rpm for 15 min in a
stirring plate (Fisherbrand ARE Hotplate Stirrer, Bradford, UK). On the next day, the coating
suspension (HAOA) was added to the AuNPs core (proportion 1:1, v/v) and stirred for 30 min at 800
rpm at room temperature. Finally, HAOA-AuNPs were centrifuged (10,900 g for 10 min) stored at
4 °C and protected from the light [32].

BBN-AuNPs were prepared as described in Silva et al [34]. Firstly, AuNPs stabilized with 2-[4,7-
bis(carboxymethyl)-10-[2-(3-sulfanylpropanoylamino) ethyl]- 1,4,7,10-tetrazacyclododec-1-yl] acetic
acid (TDOTA) were synthesized. The final solution was centrifuged at 1000 rpm for 20 min and the
pellet obtained was washed two times with methanol (MeOH) and two times with H2O. NPs were
then dried at reduced pressure. Thioctic acid terminated bombesin peptide (S5-BBN) was prepared
in an automated peptide synthesizer. The final product was prepared by mixing AuNP-TDOTA with
the thiolated peptide in a 1:2 ratio (w/w) at room temperature for 2 h. Briefly, 800 pL of MeOH was
added to a 200 pL suspension of AuNP-TDOTA (5 mg/mL in deionized water) and then 1 mL of a
solution of SS-BBN (2 mg, 1.77 pmol, in MeOH) was added. The mixtures were stirred at room
temperature for 2 h. Then, centrifugation at 12000 rpm for 5 min was performed. The BBN-AuNPs
were washed with MeOH and H>O and lyophilised [34].

AuNPs were characterized in terms of morphology and mean particle size by AFM and Dynamic
Light Scattering (DLS), respectively. For the mean size and polydispersity index (PdI), samples were
diluted in water (1:10) and analysed through DLS (Zetasizer Nano S; Malvern Instruments, Malvern,
UK), in three series of 11 measurements of each analyzed sample. For AFM, 40 pL of each sample
was placed on a freshly cleaved mica surface and allowed to dry for one hour before analysis. Images
were acquired by Multimode 8 HR coupled to Nanoscope V Controller (Bruker, Coventry, UK), using
a peak force tapping and ScanAssist mode. The tip model used was scanasyst-air 0.4 N/m, Bruker.

2.2. Cell Culture

Human pancreatic adenocarcinoma BxPC-3 (ATCCO CRL-1687TM) cells were cultured in
RPMI-1640, supplemented with 10% fetal bovine serum and 100 IU/mL of penicillin and 100 pug/mL
streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), further designated as complete
medium. Cells were kept at 37 °C, under a 5% CO: atmosphere. Maintenance of cultures was
performed every two to three days until cells reached a confluence of about 80%.

Before irradiation, BxPC-3 cells were trypsinized and suspensions with 4x10* cells/mL were
prepared. Cells were seeded in 96-well plates (200 pL) and allowed to adhere overnight. Then, the
medium was discarded, and cells were incubated with AuNPs for 4 h to allow internalization or with
complete medium (control) [10,35,36]. After incubation period the supernatant was discarded and
100 pL of the complete medium was added to each well to proceed to irradiation.

2.3. Irradiation Setup

All irradiations were performed on a Varian Edge medical LINAC (Varian Medical Systems,
Inc., Palo Alto, CA, USA) from the Champalimaud Foundation. For irradiation, BxPC-3 cell plates
were placed inside the phantom at a depth of 10 cm. The phantom was composed of a stack of
polystyrene plates of 30 x 30 cm?; holding a set of PMMA plates mounted around the 96-well plate,
designed to avoid the presence of air around the plate (Error! Reference source not found.). Five cm
of polystyrene plates were placed above the cell plates to allow backscatter. A CT of this phantom
was acquired in a Philips Brilliance Big Bore 16 Slice CT Simulator (Koninklijke Philips N.V.).
Treatment planning for dosimetry was made using the treatment planning system Eclipse (Eclipse
Software, Varian Medical Systems, Inc.). Irradiation was performed with a 6 MV photon beam
produced by a standard flattening filter, with a 20 x 20 cm? field size at a dose rate of 600 MU/min
with cells placed at the isocentre of the linac. A posterior beam was used to avoid the beam from
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having to pass through air before reaching the cells. Cells, in the absence and presence of AuNPs,
were irradiated with doses ranging from 2 to 10 Gy.

Figure 1. CT of the phantom and dose distribution used for irradiation of BxPC-3 cells using a
posterior 6 MV beam from a Varian Edge linac. Each 96-well plate was placed at the isocenter at 10
cm depth.

2.4. Viability Assays

The viability of BxPC-3 cells after incubation and irradiation at pre-selected times was evaluated
by the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay. To validate the
best MTT assay conditions for the subsequent assays, the influence of post-irradiation time on cell
viability was first assessed. Cells were thus irradiated with 2, 5, and 10 Gy and cell viability was
evaluated by MTT assay 24, 48, and 72 h post-irradiation. No AuNPs were used during this assay.

After irradiation, 100 uL of complete medium was added to each well. Then, after 24, 48 or 72h,
medium was discarded followed by twice washing with PBS, and 50 uL of MTT reagent at a
concentration of 0.5 mg/mL in medium was added to each well. Following an incubation period of 2
-4h,100 pL of dimethyl sulfoxide (DMSO) was added to each well to solubilize the formazan crystals.
After solubilization, absorbance was measured at 570 nm in a microplate reader (BioTek ELx800;
BioTek Instruments, Inc.Winooski, VT, USA) [36]. Cell plates transported to Champalimaud
Foundation, but not irradiated nor incubated with AuNPs, were defined as the control group,
corresponding to 100% cell viability. Results of the test groups (RT alone, AuNPs alone, and RT +
AuNPs) were normalized to the control group.

To investigate the impact that AuNPs induced during RT, BxPC-3 cells were incubated with
HAOA-AuNPs at different gold concentrations (50, 200, and 400 uM) and with BBN-AuNPs at 50
and 200 pM. Cells were irradiated using the described setup with 2.0, 3.5, and 5.0 Gy. After
irradiation, cells were incubated for 48 and 72 h and cell viability was evaluated by MTT assay.

2.5. Statistical Analysis

Cell viability measurements of BxPC-3 cells were presented as the mean + standard deviation
(SD). Data analysis was performed using GraphPad Prism version 9.4.0 (GraphPad Software, Inc.,
San Diego, CA, USA) and a p-value < 0.05 was considered statistically significant. Cell viabilities were
compared by two-way ANOVA followed by Tukey’s multiple comparisons test.

The Coefficient of treatment Interaction (CI) was calculated using the expression,
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VCrrVCaunp
Where VCrr+aunr is the percentage of viable cells after the combined treatment, VCrr is the percentage
of viable cells after RT alone and VCaunr is the percentage of viable cells after the treatment with the
AuNP alone. It was considered that for CI values below one there was synergy between the two
treatments while for values equal to one or larger than one the effect was additive or antagonistic,
respectively [37].

CI

3. Results

3.1. Characterization of HAOA-AuNPs and BBN-AuNPs

AuNPs were evaluated in terms of their morphology by AFM and in terms of their mean particle
size by AFM and DLS (Table 1). AFM technique demonstrated that both AuNPs presented a spherical
morphology (Error! Reference source not found.) with a mean particle size of 83 + 20 nm and 49 + 12
nm for HAOA-AuNPs and BBN-AuNPs, respectively. By DLS, a mean particle size of 118 nm for
HAOA-AuNPs (PdI < 0.3) was obtained while for BBN-AuNPs a mean particle size of 78.2 nm was
reported by Silva et al [38].

Table 1. — Mean particle size of HAOA-AuNPs and BBN-AuNPs. Data are presented as mean value
+SD, n=3.

Mean size (nm)

AuNPs Formulation AFM DLS PdI

HAOA-AuNPs 83 +20 118 +7 0.20 +0.01
78 (Ref

BBN-AuNDPs 49+12 38]) 0.89 (Ref [38])

Abbreviations: HAOA-AuNPs = gold nanoparticles coated with hyaluronic and oleic acids; BBN-AuNPs = gold
nanoparticles coated with bombesin; DLS = Dynamic Light Scattering; PdI = polydispersity index; AFM = Atomic
Force Microscopy.
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Figure 2. 3D Atomic Force Microscopy images with corresponding cross-section profiles for the two
AuNPs formulations: (a) HAOA-AuNPs and (b) BBN-AuNPs.

3.2. Influence of Post-Irradiation Assessment Time

The influence of radiation dose on cell viability was assessed at 24, 48, and 72 h post-irradiation
by MTT assay. Three different radiation doses were used: 2, 5, and 10 Gy. For the 24 h post-irradiation
time, no significant differences were noted between the control (i.e., cells non-irradiated) and cells
irradiated (Error! Reference source not found.). For the 48 h post-irradiation time, a statistically
significant difference was obtained only for cells irradiated with 2 Gy with a reduction in cell viability
of 13 £ 10% compared to the control group (p = 0.002). Neither 5 Gy nor 10 Gy led to the expected
larger loss in cell viability (p > 0.09). For the 72 h post-irradiation time, statistically significant
reductions in cell viability of about 20 £ 13%, 22 + 11%, and 33 + 12% were obtained after irradiation
with 2, 5, and 10 Gy, respectively (p = 0.004; p = 0.001; p < 0.0001).

12004 24h l 48 h

100 l T l
80
60

40-

Cell Viability (%)

20

0- | I — —
0 2 5 10 0 2 5 10 0 2 5 10

Dose (Gy)

Figure 3. Cell viability of BxPC-3 cell line 24, 48, and 72 h after irradiation. **p < 0.01, ***p < 0.0001
compared to control at the same incubation time.

3.3. Impact of AuNPs during RT

The potential effect of AuNPs during RT of BxPC-3 cancer cells was evaluated by MTT assay 48
and 72 h post-irradiation. Cell viability was assessed for HAOA-AuNPs at 50, 200, and 400 uM and
BBN-AuNPs at 50 and 200 uM using radiation doses ranging from 2 to 5 Gy. For the 48 h post-
irradiation time, a statistically significant reduction in cell viability was obtained with 400 uM of
HAOA-AuNPs alone and 50 puM or 200 pM of BBN-AuNPs alone, compared to control cells (p <
0.0001, indicated by the stars in the left panels of Error! Reference source not found.). Neither 50 uM,
or 200 uM, of HAOA-AuNPs alone induced a significant difference in cell viability compared to the
control (p = 0.055; p = 0.165, respectively). For RT alone, 5 Gy was required to significanty reduce cell
viability compared to the control group (p = 0.001).
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Figure 4. Cell viability of BxPC-3 cell line 48 and 72 h after treatment with HAOA-AuNPs and BBN-
AuNPs and MV photon irradiation. *p < 0.05, *p < 0.01, **p < 0.001 and **** p < 0.0001
compared to control, i.e., non-treated cells. ## p < 0.01, ### p < 0.001 and #### p < 0.0001
compared to RT alone at the same radiation dose. $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 and $$$$ p <
0.0001 compared to AuNPs alone at the same concentration.

For the 48 h post-irradiation time, the combined treatment of 2 Gy+50 uM of HAOA-AuNPs
induced a reduction in cell viability of 22 + 3% and 2 Gy+200 uM a loss in cell viability of
approximately 30 + 5% compared to control (p < 0.0001). However, the cytotoxic effect of the
combined treatment with radiation doses of 3.5 and 5.0 Gy was not enhanced compared to that
obtained at 2 Gy. Overall, an higher cell viability for higher radiation doses was obtained. This
validates above findings and therefore the need for longer post-irradiation times to evaluate the
biological effects of RT.

The results of MTT assays performed 72 h post-irradiation are shown on Error! Reference source
not found. (right panels). Within the range of radiation doses tested, RT alone reduced cell viability
from 21 to 31 + 5% (p < 0.0001). No significant difference in cell viability was obtained between 50
uM HAOA-AuNPs alone and the control (p = 0.26). On the other hand, a statistically significant
reduction in cell viability of approximately 20 £ 4% and 35 + 4% for HAOA-AuNDPs alone at 200 and
400 uM, respectively, was obtained compared to control cells (p < 0.0001). Similarly, for cells
incubated with BBN-AuNPs alone, a statistically significant loss in cell viability of 25 + 3% and 37 *
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3% was obtained for 50 and 200 uM AuNPs, respectively, when compared with control cells (p <
0.0001).

The combined treatment of RT with HAOA-AuNPs at 50, 200 and 400 pM induced a loss in cell
viability of 28-35%, 37-43% and 45%-51%, respectively, compared to the control (p < 0.0001). For
RT+HAOA-AuNPs, an almost linear relation was obtained between cell viability and concentration
of HAOA-AuNPs for the combined treatment (Error! Reference source not found. — Supplementary
Material). Furthermore, statistically significant reductions in cell viability were obtained between RT
with HAOA-AuNPs (200 uM and 400 uM) and RT alone for the same radiation dose (comparison
represented by the cardinal symbols in Error! Reference source not found.), but not for 50 pM of
AuNPs (p > 0.6). Also, a statistically significant reduction in cell viability was obtained between RT +
HAOA-AuNPs at 50 and 200 uM and AuNPs alone at the same concentration (indicated by the dollar
signs in Error! Reference source not found.). Finally, a statistically significant loss in cell viability
was obtained when combining a radiation dose of 5 Gy with HAOA-AuNPs at 400 uM compared to
the same nanoparticle concentration. For the tested AuNPs concentrations, and within the range of
estimated uncertainties, the effects caused by the combined treatment were mainly caused by an
additive effect between RT and AuNPs, as demonstrated by the calculated CI value (Error! Reference

1.4 1

source not found.).
1.2 A _} ‘I‘ %
1.0 A % - } ‘I‘ ‘}
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Figure 5. Results of the coefficient of treatment interaction (CI) for the NPs tested 72 h post-irradiation.

For the 72 h post-irradiation time, the combined treatment of RT with 50 uM of BBN-AuNP
induced a maximum loss in cell viability of 47+1% when compared to control (p < 0.0001) and 22%
compared to BBN-AuNP alone for the same concentration (p < 0.0001). A similar loss in cell viability
was obtained with RT plus BBN-AuNPs at 200 pM, but this difference was not significantly different
from the group of cells incubated with these AuNPs alone for the same concentration (p > 0.3). For
the lowest concentration of BBN-AuNP tested, the combined effects with irradiation presented an
additive effect (Error! Reference source not found.).

4. Discussion

In the last two decades, important advances in cytotoxic agents and RT techniques have occurred
without a clinical translation into significant overall survival benefits for pancreatic cancer patients
[3]. These difficulties are partly due to the generally late detection of this pathology, reflecting also
the inability to deliver higher doses of RT locally without causing severe toxicity to nearby healthy
tissues [39,40]. The ability to successfully improve local tumour response may lead to an extension of
overall survival. As pancreatic tumour response is radiation dose-dependent [40], improving RT by
allowing a local dose escalation while maintaining or reducing the dose in nearby organs at risk,
could potentially result in a better treatment outcome.
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In this study, the potential of RT in combination with AuNPs for the treatment of locally
advanced pancreatic cancer was investigated in vitro by evaluation of the effects on cell viability via
the MTT assay. This assay was used due to its multiple advantages: high reproducibility, rapid semi-
automated reading, and comparatively low cost [41]. For MTT assays, preliminary studies were
performed aiming to determine optimal irradiation conditions. It was found that for treatments with
RT alone a 72 h post-irradiation time was the time point when significant changes in cell viability
were measured. Masoudi-Khoram ef al. obtained similar results after the irradiation of the human
breast tumour cell line MDA-MB-231 where reductions in cell viability were only observed 72 h
following irradiation with 6 and 10 Gy when compared to control [42]. For shorter periods, in general
cell viability increased with radiation dose contradicting the expected biological effects of RT (Error!
Reference source not found.). These results are consistent with the findings from others. Kong ef al.
did not obtain the expected reduction in cell viability of the human breast cancer cell line (MCE-7) 48
h following irradiation with 10 Gy. Indeed, the authors reported an 11.5% increase in cell viability
when compared to the control [43].

This increase in cell viability obtained for short post-irradiation periods with increasing
radiation dose (Error! Reference source not found.), might be related to the lag period of cells after
irradiation. This delay is probably due to the time frame of cell death following irradiation, reflecting
a damage repair that is cell-line dependent [41]. If cell viability is measured during the lag phase (i.e.,
too early), results are overestimated. For BxPC-3 cells, used in the present work, cell doubling time is
48 h to 60 h [44]. Thus, for incubation times lower than this period, cell viability may be overestimated.
Additionally, the lag period is also influenced by the dose of radiation. Increasing the dose leads to
an increased lag period and, consequently, it is necesssary to consider longest post-irradiation time
points to accurately observe the losses in cell viability [41]. However, the feasibility of increasing post-
irradiation time is limited by the possible overgrowth of the cells in the microplate, that is quite
likely to occur for long incubation times. Thus, in this study, as the highest difference in cell viability
between irradiated and control groups was observed for the 72 h post-irradiation time, this
experimental condition was selected as the most appropriate for further assays.

Within the range of tested conditions, single treatment, either by RT or AulNPs, led to a
maximum loss in cell viability of 31 + 5% and 37 + 4%, respectively, compared to the control. Aiming
to assess the advantages of concomitant RT with AuNPs, pancreatic cancer cells were irradiated after
4 h of incubation with NPs. RT plus AuNPs induced a maximum loss in cell viability of 47 + 1% with
BBN-AuNP at 50 pM and of 51 + 3% for RT plus HAOA-AuNP at 400 pM. For HAOA-AuNPs a linear
relationship between concentration and cell viability was obtained (Error! Reference source not
found.-Supplementary Material). Higher concentrations of HAOA-AuNPs concomitantly delivered
with RT could potentially result in even better outcomes provided these concentrations could be
safely delivered to patients.

For BxPC-3 cells irradiated with MV beams, without AuNPs, cell survival fraction at 2 Gy, SF2,
takes values of about 60%, and SF5 is around 20% [45]. In this study, for a radiation dose of 2 and 5
Gy cell viability, normalized to control, was 79+5% and 69 5%, respectively, while RT plus AuNPs
reduced cell viability by an additional 15-26%. Discrepancies between the results obtained with MTT
and clonogenic assays have been previously reported [46], [47] and for RT in the presence of AuNPs
these discrepancies could be even more accentuated as there could be more DNA damage to be
repaired. The Cl indicates additive effects for most tested cases (Error! Reference source not found.),
but the results obtained in this study may underestimate the true outcome of the combined treatment.
The interaction between RT and the tested AuNPs on cell survival still needs to be thoroughly
investigated.

The morphology of the NPs has a strong influence on their radiosensitizing capabilities. AFM
has shown that both AuNP used in this study are spherical in shape, facilitating internalization into
tumour cells [15],[20]. Ma et al. evaluated the radiosensitization effect in RT of three types of gold
nanostructures: AuNPs with a spherical shape, gold nanorods and gold nanospikes.
Radiosensitization was related to the ability of cellular internalization that was more efficient for
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spherical AuNPS followed by gold nanospikes and then gold nanorods (SER of 1.62, 1.37 and 1.21,
respectively) [47].

Outcome for RT plus BBN-AuNPs at a low concentration and the combined treatment using
HAOA-AuNPs at a high concentration was similar, indicating the influence of the size and/or coating
of the NPs on the RT effect and, ultimately, in the potential of the combined treatment of RT with
AuNPs. Successful nanoparticle internalization into target cells, and proximity to the cell nucleus, is
paramount to achieve the desired tumour cell kill effect for which nanoparticle size is one of the key
factors [15]. The presence of high atomic number NPs in tumour cells during RT mostly promotes the
photoelectric effect, enhancing the number of Auger electrons released in the vicinity of AuNDPs.
While secondary electrons in the form of photoelectrons can travel up to a distance of several cells,
low-energy Auger electrons have ranges of less than 10 nm in tissues. Consequently, these electrons
offer a very precise and local dose deposition inside cells contributing to cell death while avoiding
radiosensitization in nearby tissues [48]. For therapy, nanoparticles should primarily accumulate in
the tumour and the distribution to non-target tissues should be minimized. However, some degree
of diffusion or systemic distribution may occur depending on the specific characteristics of the
nanoparticles and the tumour environment. Small nanoparticles (<20 nm) show better tumour
penetration capabilities and diffuse more uniformly within tumour tissues. However, they can be
easily pumped back into the bloodstream and rapidly expelled from the body, resulting in
insufficient tumour accumulation [49,50]. But particle size also influences the NPs biodistribution. De
Jong et al assessed AuNPs concentration in different organs after intravenous injection of male rats
with spherical AuNPs ranging from 10-250 nm [51]. For 10 nm AuNPs, the percentage of gold in the
kidneys, brain, reproductive organs, thymus and heart was much higher than for 50 to 250 nm AuNPs
while no 100 and 250 nm particles were detected in the lung [51]. Larger AuNPs are advantageous
due to their low toxicity, higher tumour retention and stability, which facilitate functionalization [9].
But AuNPs size and coating strongly impact on how many of Auger electrons can effectively escape
from the nanoparticle as many can be stopped inside the nanoparticle itself [7,52]. Efforts are
continually made to optimise nanoparticle design and delivery strategies to enhance their tumour-
targeting capabilities while minimizing off-target effects.

5. Conclusion

The present study consisted of an exploratory analysis of the effect of AuNPs of different sizes
and coatings, HAOA-AuNPs and BBN-AuNPs, on human pancreatic adenocarcinoma BxPC-3 cells
irradiated with a clinical 6 MV photon beam. Cell viability assays showed that the effect of RT alone
on BxPC-3 cells seems to be negligible for short post-irradiation times. The 72 h post-irradiation time
proved to be more adequate to evaluate the effects of the combined treatment because it implied more
significant differences on the cell viability values after treatment with low doses of RT and AuNP.

For the 72 h post-irradiation time, the combined treatment of RT either with HAOA-AuNPs at
200 uM or with BBN-AuNPs at 50 uM led to a mean cell viability reduction of around 45% compared
to no treatment. In addition, the effect of the combined treatment seems to have originated from an
additive effect caused by RT and AuNPs. Thus, there appears to be a potential benefit from the
combined treatment for both formulations of AuNPs.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1. Cell viability with increasing AuNP concentration for the HAOA-
AuNP (open symbols) and BBN-AuNP (closed symbols). Linear fit was applied to HAOA-AuNP data and a R>-
value higher than 0.96 was obtained.
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