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Engineering Radiocatalytic Nanoliposomes with
Hydrophobic Gold Nanoclusters for Radiotherapy

Enhancement

Nazareth Milagros Carigga Gutierrez, Tristan Le Clainche, Anne-Laure Bulin, Sofia Leo,
Malika Kadri, Ahmed Gamal Ali Abdelhamid, Nria Pujol-Solé, Girgis Obaid,
Marc-André Hograindleur, Vincent Gardette, Benoit Busser, Vincent Motto-Ros,
Véronique Josserand, Maxime Henry, Lucie Sancey, Amandine Hurbin, Héléne Elleaume,
Eaazhisai Kandiah, Xavier Le Guével, Jean-Luc Coll,* and Mans Broekgaarden*

Chemoradiation therapy is on the forefront of pancreatic cancer care, and there
is a continued effort to improve its safety and efficacy. Liposomes are widely
used to improve chemotherapy safety, and may accurately deliver high-Z
element- radiocatalytic nanomaterials to cancer tissues. In this study, the inter-
action between X-rays and long-circulating nanoliposome formulations loaded
with gold nanoclusters is explored in the context of oxaliplatin chemotherapy
for desmoplastic pancreatic cancer. Hydrophobic gold nanoclusters stabilized
with dodecanethiol (AuDDT) are efficiently incorporated in nanoliposomal
bilayers. AuDDT-nanoliposomes significantly augmented radiation-induced
*OH production, which is most effective with monochromatic X-rays

at energies that exceed the K-shell electron binding energy of Au (81.7 keV).
Cargo release assays reveal that AuDDT-nanoliposomes can permeabilize
lipid bilayers in an X-ray dose- and formulation-dependent manner.

The radiocatalytic effect of AuDDT-nanoliposomes significantly augments
radiotherapy and oxaliplatin-chemoradiotherapy outcomes in 3D pancreatic
microtumors. The PEGylated AuDDT-nanoliposomes display high tumor
accumulation in an orthotopic mouse model of pancreatic cancer, showing
promise for nanoliposomes as carriers for radiocatalytic nanomaterials.
Altogether, compelling proof for chemo-radiation dose-enhancement

using AuDDT-nanoliposomes is presented. Further improving

the nanoliposomal loading of high-Z elements will advance the safety, efficacy,
and translatability of such chemoradiation dose-enhancement approaches.

1. Introduction

Chemoradiation therapy (CRT) remains
on the forefront of cancer care, playing
a critical role in preventing disease re-
currence in surgically resected tumors

and extending the survival of inoperable
patients.['] For patients with locally ad-
vanced pancreatic ductal adenocarcinoma
(PDAC), CRT with multi-agent chemother-
apy such as FOLFIRINOX (folinic acid,
fluorouracil, irinotecan, oxaliplatin) is one
of the most effective treatment regimens,
albeit with an overall survival of only
~15 months post-diagnosis.[**] Moreover,
only a small fraction of patients have a suf-
ficient vitality score to be eligible for such
combination regimens.”) In these multi-
agent CRT regimens, the chemotherapy ef-
ficacy may be limited due to an exten-
sive desmoplastic reaction that forms a
dense protective barrier of stromal cells
and extracellular matrix around cancer
tissues.®1% The high cell densities and
high interstitial pressures prevent the diffu-
sion of both molecular and nanoscale ther-
apeutics beyond the tumor periphery,*!!]
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whereas a hypoxic and immunosuppressive microenviron-
ment contribute to radioresistance.'?]

Emerging evidence suggests that generating high amounts
of reactive oxygen species (ROS) in cancer tissues can alleviate
desmoplasia, increase tumor permeability, and synergize with
various chemotherapeutics.['>1 This has been demonstrated in
the field of photodynamic therapy (PDT), a cancer treatment that
utilizes light-induced excitation of tumor-localized dyes (i.e., pho-
tosensitizers). When excited by light, photosensitizers engage in
photochemical reactions with O, to generate ROS (e.g., 10,).
In turn, these ROS oxidize lipids, proteins, and other biologi-
cal substrates, culminating in cell death.['”18] Recent advances
in the field have uncovered that PDT can improve drug pene-
tration in cancer tissues by reducing the high cell- and collagen
densities, and increase the vascular-enhanced permeability and
retention (EPR) effect.!31416.19-211 The combination of PDT and
immediate adjuvant chemotherapy release from photosensitizer-
functionalized nanoconstructs was shown to inhibit metastasis
formation and enable significant chemotherapy dose reductions
for efficient PDAC management in vivo.['*??] However, the use of
light to prime and increase the permeability of cancer tissues is
hampered by the limited and inhomogeneous penetration depth
of light in tissue.!?*] Novel approaches to prime the microenviron-
ment with deeply-penetrating X-rays could represent a substan-
tial improvement, as these are already part of the standard-of-care
for >50% of cancer patients.[**]

We hypothesize that nanoparticles composed of high-Z el-
ements are able to increase tumor permeability by elevating
radiotherapy-induced ROS production. The therapeutic mech-
anism of radiotherapy revolves around the direct one-electron
damage to DNA bases, as well as the radiolysis of water molecules
that produces highly cytotoxic hydroxyl radicals (*OH).[?%] The
use of high-Z elements such as gold (Z,, = 79) augments these
effects, as they absorb X-rays more efficiently than water and soft
tissues, especially in the orthovoltage range (<250 keV).12] The
interactions of X-rays with Au atoms produce Auger- and photo-
electrons that deposit their energy in the Au atom surroundings,
resulting in the enhanced radiolysis of water and the associated
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generation of *OH.[?”28] Au nanoparticles were among the first
studied radiotherapy dose-enhancement agents, showing signif-
icantly elevated survival of mice bearing subcutaneous EMT6 tu-
mors treated with Au nanoparticles and radiotherapy (250 kVp
X-rays).[”l We and others recently showed that Au nanoclusters
<2 nm can catalyze ROS production and augment radiotherapy
outcomes in spheroid models of glioblastoma (monochromatic
81.7 keV X-rays),*% in vitro and in vivo models of murine breast
cancer (160 kVp X-rays),*!] human subcutaneous prostate can-
cer (*¥Cs y-rays, 661 keV),[32l and murine subcutaneous cervical
carcinoma (**Cs y-rays, 661 keV).[**] However, one of the main
limitations of Au nanoclusters is their rapid plasma elimination
half-times that results in limited tumor accumulation.>*

Nanoliposomes (NLs) are nanoscale phospholipid vesicles that
are widely to increase the bioavailability and circulation times
of hydrophobic and amphiphilic compounds, and which effec-
tively accumulate in cancer tissues through the EPR effect.*]
With the aim to augment the bioavailability and radiotherapeu-
tic applications of Au nanoclusters, this study explored their
encapsulation and radiocatalytic properties when incorporated
into nanoliposomal formulations. To achieve this, the Au nan-
oclusters were tuned to a size range (<3 nm[®)) that is com-
patible with incorporation into the lipid bilayers of nanolipo-
somes (4-8 nm). While liposomal encapsulation of hydropho-
bic gold nanoclusters on the membrane properties of liposomes
has been explored previously,¥’% the evaluated formulations
lacked long-circulating capabilities, and their radiotherapeutic
applications have never been studied. Therefore, in this study,
Au nanoclusters were incorporated in clinically relevant stealth
NL formulations that are sterically stabilized with polyethylene
glycol (PEG). By leveraging monochromatic synchrotron radia-
tion, new insights toward the interactions and of Au nanocluster-
loaded NLs with X-rays are presented, providing, for the first
time, mechanistic evidence for their radiocatalytic properties. In
vivo biodistribution studies in an orthotopic mouse model of pan-
creatic cancer demonstrated formidable tumor accumulation of
the NLs, thus solidifying their promise for the controlled deliv-
ery of radiocatalyic nanomaterials to cancer tissues. Altogether,
the findings presented here demonstrate the promising features
of radiocatalytic NLs loaded with AuDDT and identify novel
opportunities to further improve such approaches to enhance
chemoradiotherapy.

2. Results and Discussion

2.1. Characterization of AuDDT Liposomes

Prior to liposome formation, the AuDDT nanoclusters in CHCI,
were analyzed by electron microscopy and DLS, revealing two
populations of nanoclusters of 0.96 + 0.32 nm and 3.50 + 1.2 nm
(Figure 1A,B). The absorption spectra displayed two typical ab-
sorption bands at 413 and 680 nm of gold nanoclusters con-
taining 25 gold atoms.*!] In CHCl; AuDDT exhibits a broad
SWIR photoluminescence emission centered at 1013 nm with
a quantum yield reaching 0.65%/*? (Figure 1C). AuDDT-loaded
NLs with a composition of DOPE:cholestrol: DSPE-PEG (48:48:4)
were prepared by lipid film hydration in PBS. Hot sonication
(60 °C) was used to dissolve the lipid film and produce liposomes
<200 nm. Successful liposomal incorporation was confirmed by
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85U8017 SUOWIIOD BAE8.D 3|qed ! [dde au Aq peusenob a1e seolie YO 8Sn JO S9N 10} ARig 1 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWLBH W0 A8 | 1M AteIq 1 Ul UO//SANY) SUORIPUOD Pue SWe 1 84} 89S *[yZ0zZ/0T/TE] U0 Akeidiauluo A8|iIM ‘80Ul auey0D Ag S090VZ0Z BUIpe/Z00T OT/I0p/W0d A8 | im Aeiqipul|uoy//sdny woly pepeojumod ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadma.202404605&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A

AuDDT in CHCL;
Dynamic light scattering

% 15+
AuDDT [ ™, 0.64 nm
—~AN
s = 10+
{ >
2
. g 5] 3.35 nm
£
HoC SH
Dodecanethiol ; 0 T T r T
01 1 10 100 1000
Size (d.nm)

D

2 mol% AuDDT in OXILs

Dynamic light scattering

C

0.8

o
o

Abs (arb. units)
o o
N »

=]
=]

ﬂ

www.advmat.de
AuDDT 100 uM
in CHCI
2000
1013 nm

” -
[ c
N 1500 *
Y ®
. 3
' ‘ s
1 ‘ _—
413 nm H \ 1000
: \ =
H \ c
: \ k500 3,
678 nm ! . @

T T T U T — 0

400 600 800 1000 1200 1400

Wavelength (nm)

Liposomal AuDDT 100 M
5 mM lipid conc. in PBS

154 0.8 2000
n
1058 nm =
_ 124.5 nm Tos Fan L1500 £
= 104 = ;N -]
= c ' \ 3
> = 415 nm ) \ :
@ 2 04 ) \ 1000 &
2
2 5 s / \ s
= o ; \ g
02 ; \\\ - 500 2
680 nm ¢ \N el
0 I T ! 0.0 T T T T T +0
0.1 1 10 100 1000 400 600 800 1000 1200 1400
] Size (d.nm) Wavelength (nm)
G AuDDT-OXILs - Size & PDI H AuDDT incorporation I Liposome surface charge
Dynamic light scattering SWIR Fluorescence spectroscopy Electrophoretic light scattering
2001 r0.5 - 1.5x1054 - 100 109
=
1501 0.4 = = 5
£ € 1x1054 £
c 0.3 = m = [ — e 42 MV
T 1004 g © k5o = 2 £ .
8 (] : Loz = 2 g2 g |l e 2mv
7 { E 5x104 g
50 Lo4 & s -5+
3
0- 0.0 w 04— T T T —0 -10- T T T T
o\eln o\oln °\o|o °\°|o o\m]n 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
o 2 8 A o€ AuDDT (mol%) AuDDT (mol%)

Figure 1. Characterization of AuDDT-OXILs. A) AuDDT morphology imaged by TEM microscopy and B) hydrodynamic diameters measured by dynamic
light-scattering. C) Absorption (black line) and fluorescence emission spectra of AuDDT (100 pum Au in CHCI3). D) AuDDT-NLs morphology imaged
by cryo-TEM and E) hydrodynamic diameter measured by dynamic light scattering spectroscopy. F) Absorption (black line) and fluorescence emission
spectra of AuDDT-NLs (100 um Au) in PBS. G) Size and polydispersity of AuDDT-NLs at different Au: lipid ratios. H) Semi-quantitative encapsulation
efficiencies (EE%) of AuDDT at varying molar ratios in NLs (box whisker plots depict the mean, 25th and 75th percentile, and the 95% Cl). I) Effect of
AuDDT on NLs {-potentials. All data was obtained from N > 9 from >3 technical repeats.

cryo-TEM, as electron-dense regions in the lipid bilayer could be
observed (Figure 1D) that were consistent in size with the TEM
images of AuDDT (Figure 1A) and previous observations.!#04344]
The inclusion of AuDDT did not affect the size or polydisper-
sity of liposomes: The liposomes were ~130 nm with a polydis-
persity index (PDI) <0.2 (Figure 1E,G). The exception was lipo-
somes containing 2 mol% AuDDT, for which the PDI was 0.34.
The absorption spectra of AuDDT-OXILs, corrected for empty
OXILs, were globally similar to free AuDDT in CHCl,, with dis-
tinct bands at 413 and 680 nm (Figure 1F). The emission spec-
tra exhibited a substantial alteration compared to free AuDDT in
CHCI, with a bathochromic shift of the maximum peak emis-
sion at 1058 nm (Figure 1F). Desiccating and reconstituting the
AuDDT-NLs in CHCI, restored their fluorescence emission spec-
tra, and enabled the quantification of the encapsulation efficien-
cies (EE%), which was ~70% across all Au: lipid ratios (Figure
S1C, Supporting Information). This correlated well with a semi-
quantitative approach based on the maximum fluorescence emis-
sion intensity of AuDDT-NLs in PBS (1058 nm) compared to
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that of native AuDDT in CHCL, (1013 nm) (Figure 1H). Inter-
estingly, quantification of the encapsulation efficiency by mea-
suring elemental Au by ICP-MS yielded a 100% encapsulation
efficiency (Figure S1J, Supporting Information). The slight loss
in AuDDT emission was therefore attributed to the reported ag-
gregation of gold nanoparticles by sonication,*#¢! leading to
visible sediments that could be removed by centrifugation. The
encapsulation of AuDDT did not affect the liposome surface
charge, which remained neutral within a range of =2 and +2 mV
(Figure 1I). Nanoparticle tracking analysis did reveal an AuDDT-
concentration-dependent increase in light scattering, which
plateaued > 1 mol% Au (Figure S1D, Supporting Information).

2.2. AuDDT Localizes within Lipid Bilayers and Forms
Aggregates in a Concentration-Dependent Manner

The localization of AuDDT within the NLs was investigated us-
ing cryo-TEM at varying Au: lipid ratios, expressed as mol%

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Cryo-electron microscopy analysis of AuDDT-NLs reveals single nanoclusters and aggregate formation within lipid bilayers. Depicted images
were obtained of empty NLs (A), NLs containing 0.5 moL% AuDDT (B), or NLs containing 2 moL% AuDDT (C). Four types of liposomes were observed,
containing either no nanoclusters (D), NLs with a single AuDDT that pushed apart the inner and outer membrane leaflet (E), NLs containing a single
AuDDT or aggregated AuDDT that caused lipid bilayer fusion (F), and, G) NLs containing aggregates of nanoclusters between the membrane leaflets.

Au. In the absence of AuDDT, the liposomes were relatively ho-
mogeneous unilamellar vesicles with an average bilayer thick-
ness of 4.6 + 0.6 nm (Figure 2A). While the images are top—
down projections of the 3D liposomes, the presence of AuDDT
in the lipid bilayer was frequently observed for all AuDDT-NLs
(Figure 2B,C; Figure S2, Supporting Information). In the images,
a variety of AuDDT-NLs types were observed. First, the majority
of the NLs did not appear to contain AuDDT at all molar per-
centages (type Figure 2D). Although observed for all AuDDT-
NLs, vesicles containing single AuDDT nanoclusters (type 2E)
were most frequently observed in AuDDT-NLs with 0.2 mol%
Au (Figure S2B, Supporting Information). The maximum bilayer
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thickness at such events was quantified at 7.6 + 0.5 nm, indi-
cating that AuDDT pushes apart the inner and outer membrane
leaflets. Such liposomes appeared to be susceptible to fusion,
as multi-vesicular AuDDT-NLs were frequently observed with a
single- or cluster of AuDDT at the intersections of the lipid bi-
layers (Figure 2F). Previous studies demonstrated that slightly
bigger AuDDT (3 and 5 nm, stabilized by either DDT or stearic
acid) included in dipalmitoyl-phosphatidylcholine:dipalmitoyl-
phosphatidylglycerine liposomes (DPPC: DPPG, 85:15) led to lo-
cal bilayer softening.[***4] This phenomenon may lie at the ba-
sis for the NLs fusions observed in our formulations, and which
may be enhanced by the properties of fusogenic properties of

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

5UB017 SUOWILIOD BAIERID 3|01 dde aU) Aq pauienob a1 SaoiLe WO ‘3N J0 Sa|N1 10} AXeiq 1 BUIIUO AB]IAM O (SUOHPUIOD-PUE-SWLISWIOY" A |IW ARG BUIIUO//STIY) SUO IO PLE SWLS 1 8L 89S *[1Z20Z/0T/TE] U ARRIqIT8UNIUO AB]1M ‘99U BURII0D Ad S0970YZ0Z BUWIR/Z00T OT/I0p/W00" A3 Aeiq[pu1uoy/SdNy LLOI Popeo|umod ‘0 ‘G60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadma.202404605&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

DOPE.I*] These properties stem from the relatively small PE
headgroup relative to its hydrophobic tails, which promote the
formation of Hj-inverted micelles.[*®! Cholesterol was also in-
cluded with the purpose of increase membrane fluidity, improve
AuDDT encapsulation, and increase the bilayer stability and bar-
rier function.*”] However, through increased membrane fluidity
and promoting curvature flexibility, cholesterol may also promote
the fusion of lipid bilayers.>*! In dispersions of AuDDT-NLs with
0.5 and 2 mol% Au, hyper-loaded AuDDT-NLs were frequently
observed (type Figure 2G). In such NLs, the maximum thick-
ness of the bilayer was observed to stretch to 9.7 + 1.4 nm. It is
worth noting that extraliposomal aggregates of AuDDT clusters
were only observed once in 560 images in the 2 mol% AuDDT-
NLs sample (Figure S2, Supporting Information). To ascertain
the exact localization of AuDDT within the lipid bilayers with
absolute confidence, cryo-electron tomography was performed
(Videos S1-S3, Supporting Information), from which two impor-
tant observations were made. First, AuDDTs that were highly in
focus were exclusively located within lipid bilayers or at lipid bi-
layer intersections during liposome fusion events. Second, while
only a few AuDDT-positive were observed in typical cryo-TEM
micrographs, the cryo-electron tomography illustrates that the
majority of liposomes contained one or more AuDDT.

When assessing the size and polydispersity of the nanoli-
posomes immediately after the preparation, satisfactory results
were obtained (Figure 1G). This indicates that the liposome for-
mation is not negatively impacted in the presence and insertion
of AuDDT into the lipid bilayers and that the multilamellar vesi-
cles are not emerging at this step. To determine whether fu-
sion events occur during the storage process, we analyzed the
liposome size and polydispersity again at 2 and 4 weeks post-
preparation. These results show that the liposomes largely re-
tain their size and polydispersity in this time period, but a trend
toward increased particle size, polydispersity, and reduced parti-
cle numbers indeed suggest that fusion events occur during pro-
longed storage (Figure S1, Supporting Information, panels G-I).
We, therefore, hypothesize that a storage period prior to Cryo-
TEM, together with the fusogenic properties of DOPE and the
lamellar extending effects of AuDDT, may have given rise to the
multilamellar vesicles depicted in Figure 2 and Figure S2 (Sup-
porting Information). Across all NLs with varying AuDDT molar
ratios, 80.2% of the observed NLs were classified as unilamellar
vesicles, 10.4% as fused unilamellar vesicles, and 9.2% as mul-
tilamellar vesicles. No significant differences were observed be-
tween NLs loaded with different molar ratios of AuDDT. In con-
trast, the number of NLs that contained AuDDT was different for
the various molar ratios included. At 0.2 mol% AuDDT, 50.2%
of the NLs contained single clusters and 7.0% contained small
AuDDT aggregates. A lower amount of AuDDT-NLs were ob-
served at higher molar ratios, namely 21.5% single clusters and
8.3% small aggregates for 0.5 mol% AuDDT-NLs, and 25.7% of
NLs contained single clusters and 6.6% of small aggregates for
2 mol% AuDDT-NLs. However, due to the small size of the Au-
DDT, any clusters that are out-of-focus may have been missed in
this quantification.

Additional SAXS analysis was performed to characterize the
AuDDT-NLs. From the low-Q range of the spectra, a general
increase in X-ray scattering was observed for the AuDDT-NLs
in comparison to the empty NLs, confirming the presence of
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AuDDT in the vesicles. The Guinier radius was determined at
651.51 + 52.68 A and 654 + 57.11 A for empty NLs and AuDDT-
NLs, respectively, which confirmed the results obtained with
DLS. The overall bilayer thickness was estimated by the maxima
in the high-Q range, which yielded an overall bilayer thickness
of 8.36 nm for AuDDT-NLs, versus 7.54 nm for empty NLs. This
confirms our findings of bilayer thickening upon the inclusion of
AuDDT by pushing apart the lamellar structure of the NLs. The
minor difference is likely the result of only a few AuDDT inser-
tion events per NL.

These findings are well-aligned with previous studies in which
a similar heterogeneous loading of AuDDT was observed in lipo-
somes composed of DPPC: DPPG.[*}] This has been attributed to
the non-homogenous formation of lipid-AuDDT films during the
preparation procedure.’”}] More homogeneous AuDDT-lipid
films may be formed via a CHCl;-annealing step prior to lipid-
film hydration, yet the resulting entrapment of CHCl; molecules
in the bilayer could negatively impact their biocompatibility.[3”]
The findings presented here are the first evidence that AuDDT
can also be encapsulated in NLs with a stealth-like formulation
that contained DPSE-PEG and cholesterol, which are frequently
used in clinical liposome compositions.>!]

2.3. AuDDT-Liposomes Exhibit Radiocatalytic Properties in a
Au-Dependent Manner

The radiation dose-enhancing properties of Au are believed
to stem predominantly from its increased interaction with X-
rays compared to soft tissues,!?®] which produces elevated lev-
els of secondary electrons and photons in an X-ray energy-
dependent manner (Figure 3A). To quantify these effects, Monte
Carlo simulations were performed using X-rays tuned 1 keV be-
low and above the K-shell electron binding energy of Au (i.e.,
80.7 keV, Figure 3B,C), where the mass energy absorption co-
efficient exhibits a sharp increase compared to soft tissues and
water (Figure 3D). The results demonstrate that Au produces
high amounts of secondary electrons in comparison to water
(Figure 3B,C). Below the K-edge of gold, high-energy photoelec-
trons are generated as the incoming X-rays interact with the
KM;-KL, shells (<14 keV), the L;-L; shells (>65 keV), and the
M;-M; shells (69-78 keV) (Figure 3B). Above the K-edge of
Au, similar photoelectrons are generated, in addition to a dis-
tinct peak of Auger-electrons between 50-55 keV (Figure 3C).
These are generated due to the emission of 1 keV photoelec-
trons from the K-shell, and the subsequent recombination with
L-shell electrons.[?] At both X-ray energies, typical Compton scat-
tering spectra can be observed: <18.9 keV for 79.7 keV, and
<19.8 keV for 81.7 keV X-rays. These spectra contrast with those
observed when X-rays interact with water molecules, which al-
most exclusively produce electrons generated by Compton scat-
tering (Figure 3D,E). The generation of secondary photons was
similarly investigated (Figure S3, Supporting Information): Irra-
diation of Au produced lower amounts of high-energy photons
compared to water (>60 keV) which are the result of inelastic
Compton diffusions on atomic electrons. In contrast, there are
higher amounts of low-energy photons (17 keV) being emitted
from Au compared H,O, which corresponds to the X-ray fluores-
cence emission by Au.
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Figure 3. X-ray interactions with Au increases the generation of secondary electrons and elevates hydroxyl radical formation. A) The X-ray mass energy

absorption coefficient was plotted as a function of X-ray energy for Au and
X-rays (B) and 81.7 keV X-rays (C) interact with Au. D) Ratio of the mass ene

soft tissue. Simulated secondary electron spectra obtained when 79.7 keV
rgy absorption coefficients of Au and soft tissue, plotted as a function of the

X-ray energy. Indicated in gray are the X-ray energies selected for the APF oxidation assays. Simulated secondary electron spectra obtained when 79.7 keV
X-rays (E) and 81.7 keV X-rays (F) interact with water. G) APF oxidation by monochromatic synchrotron radiation in the presence of NL containing only
BPD (BPD-NLs, dark green, control), or AuDDT-BPD-NL (red). Data was analyzed using a One-way ANOVA and Sidak’s multiple comparisons test. APF

oxidation as a function of X-ray dose in the presence of BPD-NLs (green), A

uDDT-NLs (gold), and AuDDT-BPD-NLs (red), under X-ray energy of either

79.7 keV (H) or 81.7 keV (l). Data was fitted using an agonist versus response (three-parameter) fit.

To determine whether such phenomena could lead to in-
creased radiolysis of water molecules, an initial AuDDT-NL for-
mulation of DOPC: DSPE-PEG (98:2 mol%) was prepared and
exposed to monochromatic synchrotron radiation in the presence
of the *OH sensor APF. As it was previously reported that gold
nanoparticles and BPD exhibited radiocatalytic synergy under
6 MVp X-ray irradiation,**) NLs containing either 0.8 mol% BPD
alone (BPD-NLs, controls), 0.5 mol% AuDDT (AuDDT-NLs), and
AuDDT-BPD-NLs were synthesized and evaluated. SAXS analy-
sis confirmed that BPD had no overall influence on the size, or bi-
layer thickness compared to empty NLs and AuDDT-NLs (Figure
S2E-H, Supporting Information). The mean bilayer thickness
was estimated by SAXS to be at 7.50 nm, and 9.1 nm for BPD-NLs
and AuDDT-BPD-NLs, respectively. The oxidation of APF was in-
vestigated upon exposure to monochromatic synchrotron radia-
tion tuned at 37.9, 62.4, 79.7, and 81.7 keV, the latter being 1 keV
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above the K-shell electron binding energy of Au (Figure 3D).
The results show that APF oxidation in the presence of BPD-
NLs and AuDDT-NLs occurred in a dose-dependent manner
(Figure 3G-I). In comparison, APF oxidation by AuDDT-BPD-
NLs was significantly higher at all X-ray energies. Irradiation with
X-rays tuned 1 keV above the K-shell electron binding energy
of Au (81.7 keV) resulted in significantly elevated APF oxidation
compared to 79.7 keV, indicating that *OH generation is driven
by the X-ray-interactions with Au (Figure 3G).

The finding that BPD significantly elevated ROS produc-
tion was surprising, for which an average synergy index across
all radiation doses was 1.42 + 0.08. Whereas previous studies
on the synergistic radiocatalytic behavior of water-soluble Au
nanoparticles and membrane-embedded BPD were performed
with 6 MVp X-rays, a contribution by Cerenkov radiation that
overlaps with the UV absorption of porphyrins (Soret band) could

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWIIOD BAE8.D 3|qed ! [dde au Aq peusenob a1e seolie YO 8Sn JO S9N 10} ARig 1 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWLBH W0 A8 | 1M AteIq 1 Ul UO//SANY) SUORIPUOD Pue SWe 1 84} 89S *[yZ0zZ/0T/TE] U0 Akeidiauluo A8|iIM ‘80Ul auey0D Ag S090VZ0Z BUIpe/Z00T OT/I0p/W0d A8 | im Aeiqipul|uoy//sdny woly pepeojumod ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadma.202404605&mode=

RIGHTS

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

*OH

AR i
B °"\' :

Unquenched
calcein solution

o ° o

Quenched
calcein solution

o

Main oxidation-responsive lipid:

Main oxidation-responsive lipids:

www.advmat.de

C X-rays

*OH \% iy [OH
8y N 6

Main oxidation-responsive lipids:

ro— — ar_— g 1T U
~ o~ /\W/\/\AO/\,(\"’TW\/‘NH N ,/V\F\Fv\/\/\)ko/\(\o—f\c\ g
_ dH o N o~ OH o
o ﬁ /A\/A\/ﬁ\/f\__/ﬁ\/”\v/\\/Ajf \V/\\/\\—J/\\_//\v/\v/\\/x?f
‘ \/\/\/\W)\O/Y\O’T‘O\/\N« | ‘ 18:1 (A9-cis) dioleoyl-phosphatidylethanolamine (DOPE)| | 18:2 dilinoleoyl-phosphatidylethanolamine (DLinPE) |
D e "~
o
‘ 18:1 (A9-cis) dioleoyl-phosphatidylcholine (DOPC) | ‘ | | |
HO
Cholesterol Cholesterol
L - - - - - JvLv - - - - - Jvv - - — __— __

X-ray triggered cargo release
DOPC:DSPE-PEG (98:2)

30 | -
50 = AuDDT-BPD-NLs

b " .

401 —— NLs 404

bHEdt

Mean + SEM
N w
=} =}

1 1

o
1

Calcein release (%)
Mean + SEM
w
Calcein release (%)
o

=]
e

X-Ray triggered cargo release
DSPC:DOPE:Chol:DSPE-PEG (48-0:0-48:48:4)

X-Ray triggered cargo release
DSPC:DLInPE:Chol:DSPE-PEG (48-0:0-48:48:4)

AuDDT-BPD-OXILs (DSPE:DOPE 0:48) 40- —e~ AuDDT-BPD-OXILs (48 mol% 18:2 PE)
AuDDT-L (DSPE:DOPE 0:48)
AuDDT-L (DSPE:DOPE 23:25)
AuDDT-L (DSPE:DOPE 38:10)
AuDDT-L (DSPE:DOPE 48:0)

—o— AuDDT-OXILs (48 mol% 18:2 PE)
—e— AuDDT-OXILs (25 mol% 18:2 PE)
—e— AuDDT-OXILs (0 mol% 18:2 PE)

W
o
1

Hdokk

Mean + SEM
N
o
1
*kkk

kokokok
Calcein release (%)
>
L
¢

0 10 20 30
X-ray dose (Gy)

T
10

o

20 30 40
X-ray dose (Gy)

o
d

10 20 30 40
X-ray dose (Gy)

o

Figure 4. Cargo-release from AuDDT-BPD-OXILs occurs in a formulation-dependent manner. A) X-ray-triggered cargo release from AuDDT-BPD-NLs
composed of DOPC: DSPE-PEG (98:2 mol%) upon irradiation with 81.7 keV monochromatic synchrotron radiation. Data represents N = 9 from three
technical repeats. B) X-ray-triggered cargo release from AuDDT(-BPD)-OXILs composed of increasing DOPE content (0—48 mol% at the expense of
DSPC (48-0 mol%), and further supplemented with cholesterol (48 mol%) and DSPE-PEG (4 mol%). Cargo release was induced upon irradiation with
81.7 keV monochromatic synchrotron radiation. Data represents N = 12-20 from four technical repeats. C) X-ray-triggered cargo release from AuDDT
(-BPD)-OXILs composed of increasing DLinPE content (048 mol% at the expense of DSPC (48-0 mol%), and further supplemented with cholesterol
(48 mol%) and DSPE-PEG (4 mol%). Cargo release was induced upon irradiation with 81.7 keV monochromatic synchrotron radiation. Data represents
N = 8-10 from three technical repeats. All data was fitted using agonist versus normalized response fits, and curves were statistically compared using

an extra sum-of-squares F-test.

be considered.[’*) However, such events do not occur at ortho-
voltage X-rays (<220 keV)>l and therefore cannot explain the
observed findings. We therefore hypothesize the synergy stems
from the reducing power of porphyrins, which have been re-
ported to be strong reducing agents that can readily donate
electrons.”®! In conjunction with the AuDDT nanoclusters, the
Compton effect, and in particular the photoelectric and subse-
quent Auger events, can give rise to a loss of electrons!®’! that
causes Au atoms to become hyper-ionized. BPD may donate elec-
trons to these Au atoms, forming oxidized BPD in the process.
BPD may therefore act as a key intermediate in translating the
physical effects of radiation dose-enhancement to biochemical re-
dox reactions, which is supported by the findings in Figure 3B,C.

2.4. AuDDT-Enhanced Radiocatalysis Induces Membrane
Leakage of Nanoliposomes in a Formulation-Dependent Manner

The consequences of the AuDDT-radiocatalyzed ROS production
on lipids and lipid bilayer function were investigated, as these
may play critical roles in the radiotherapeutic properties of the
AuDDT-NLs. The ability of AuDDT to cause membrane perme-
ability upon X-ray exposure was evaluated by loading the NLs

Adv. Mater. 2024, 2404605
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with a self-quenching and iso-osmolar calcein solution, of which
its release can be quantified by an increase in its fluorescence
intensity. The formulation evaluated in Figure 3, composed of
DOPC: DSPE-PEG (98:2 mol%) with 0.5 mol% of AuDDT and
0.8 mol% BPD released a mere 3.2 & 0.4% of its cargo, which
was nonetheless significantly higher than liposomes devoid of
AuDDT and BPD (1.5 + 0.2%, Figure 4A). To generate a model
system that is more prone to disruption, DOPC was replaced
by DOPE. In comparison to DOPC, DOPE has a smaller head-
group and assumes a conical shape that is prone to destabilize the
lipid bilayers.[’58] This was first evaluated using a photodynamic
approach to generate ROS by leveraging the presence of BPD
within the NLs (Figure S4A, Supporting Information). Indeed,
a significantly increased cargo release was observed when DOPC
was replaced by DOPE in the lipid bilayer (Figure S4B, Support-
ing Information). Earlier studies also indicated that cholesterol
may be pivotal in causing membrane leakage upon exposure to
photodynamically-generated ROS.I*"! Those findings were con-
firmed, as cargo leakage from NLs was enhanced in a cholesterol-
concentration-dependent manner (Figure S4C, Supporting Infor-
mation).

Based on these findings, a new formulation was developed
that was composed of DOPE:cholesterol: DSPE-PEG (48:48:4),
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and which will be referred to as oxidation-responsive nanolipo-
somes (OXILs) from here onward. To investigate the influence
of unsaturated DOPE on the lipid membrane integrity, a range
of AuDDT-OXILs was prepared in which increasing amounts of
DOPE were replaced by the saturated DSPC. The cargo-release
results in Figure 4B revealed that cholesterol, even in the ab-
sence of unsaturated lipids, improves the cargo-release efficiency
to 6.6 + 4.4% at a dose of 32 Gy. The inclusion of 10 mol%
DOPE and 25 mol% DOPE did not result in significantly in-
creased cargo release upon X-ray irradiation (9.2 + 7.9% and
7.0 + 3.3%, respectively). When replacing all DSPC by DOPE,
a significantly increased cargo release efficiency was observed
(19.4 + 11.2%), which was further augmented when the AuDDT-
OXILs were supplemented with BPD (25.7 + 6.1%). Significantly
different EC;, values could be extracted from the dose-response
fits, indicating irradiation doses at which 50% of the cargo could
be released. These EC;, values were 88.5 Gy (95% CI 76.43 to
103.9 Gy) for AuDDT-BPD-OXILs (48 mol% DOPE) and 154.7 Gy
(95% CI 132.3 to 184.6 Gy) for AuDDT-OXILs (48 mol% DOPE,
no BPD), respectively. Next, the sensitivity of bilayers contain-
ing poly-unsaturated phospholipids was investigated. When re-
placing DOPE by 18:2 DLinPE, the maximum cargo release was
further enhanced to a maximum of 31.2% for AuDDT-OXILs
and 35.6% for AuDDT-BPD-OXILs, at 32 Gy. Notably, no sig-
nificant differences between AuDDT-OXILs and AuDDT-BPD-
OXILs were observed for these membrane formulations.

Lipid bilayers containing a combination of cholesterol and un-
saturated lipids are most susceptible to the radiocatalytic proper-
ties of AuDDT and BPD. This warrants further investigation to-
ward the radiotherapeutic properties of the AuDDT-BPD-OXILs
on cancer models, where necrosis may be expected following
tumor uptake and potential intracellular re-distribution of Au-
DDT to cellular membranes. Moreover, these findings are of par-
ticular interest for X-ray-controlled drug release. Although not
further explored here, the AuDDT-BPD-OXIL formulation com-
posed of DOPE:cholesterol: DSPE-PEG (48:48:4) holds poten-
tial for radiotherapy-controlled release of chemotherapeutics, and
was therefore selected for in vitro investigations.

2.5. Radiation Dose-Enhancement by AuDDT-Liposomes in
Pancreatic Microtumors

To investigate the radiotherapeutics properties of AuDDT-BPD-
OXILs, an experimental timeline was designed in which pancre-
atic microtumors composed of either MIA PaCa-2 or PANC-1
cells and the addition of pancreatic stellate cells (HPSC) were
seeded on day 1, underwent radiotherapy on culture day 4, and
were analyzed on culture day 11. When radiotherapy was per-
formed using 81.7 keV monochromatic synchrotron radiation,
MIA-PaCa-2-HPSC microtumors exhibited high resistance, as
there were no significant decreases in spheroid size or viabil-
ity at 7 days post-treatment (Figure 5A—C). In the presence of
AuDDT-BPD-OXILs, there was a notable decrease in the normal-
ized viability, decreasing significantly by 33.6 + 9.4% at 4 Gy
(Figure 5B). The most prominent effects were observed when
quantifying the microtumor size, in which significant reduc-
tions of 50.7 + 3.0% and 31.6 + 13.5% were observed at 4 and
16 Gy, compared to radiotherapy alone (Figure 5A,C). To deter-
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mine whether the radiotherapy efficacy was increased due to a
radiation-dose-enhancement effect, a second set of experiments
was performed during which the microtumors were irradiated
at 79.7 keV, that is, 1 keV below the K-edge of Au, and received
a dose of 4 Gy. Analysis of microtumor viability indicated that
irradiation at 81.7 keV resulted in a near-significant reduction
in viability of 14.6 + 12.1% compared to irradiation at 79.7 keV
(Figure 5D). A more substantial difference was observed upon
analysis of spheroid size, where irradiation at 81.7 keV resulted
in a significant 40.2 + 3.7% reduction in microtumor size com-
pared to irradiation at 79.7 keV.

In microtumors composed of PANC-1+HPSC, 81.7 keV ra-
diotherapy resulted in significant decreases in viability, yet not
in microtumor size (Figure S5A-C, Supporting Information).
These findings are somewhat contradictory to the observed ef-
fects in MIA PaCa-2+HPSC microtumors, but such differences
between models has been observed previously.?%¢%61) AuDDT-
BPD-OXILs increased the radiotherapy efficacy by further reduc-
ing microtumor viability by 30.8 + 17.3% at 4 Gy and 20.6 + 7.7%
at 16 Gy. A minor, yet significant, increase in microtumor size
caused by AuDDT-BPD-OXILs was observed at 16 Gy, which was
attributed to the presence of dislodged cells from the edge of the
microtumors (Figure S5C, Supporting Information). Irradiation
at 81.7 keV was significantly more effective at reducing micro-
tumor viability compared to 79.7 keV (Figure S5D, Supporting
Information), whereas only minor effects were observed on mi-
crotumor size.

The physical and chemical mechanisms by which radiotherapy
outcomes are enhanced by gold nanoparticles have been fairly
well-established. Following ionization events stemming from
Compton-, photoelectric-, or Auger effects, a high dose of energy
is deposited in the vicinity around the nanoparticle. The majority
of the energy is deposited within 20 nm of the particle core, but
high energy photo- and/or Auger electrons >50 keV can travel
up to 300 nm from where they are generated.’’] Since a single
photoelectric effect may give rise to abundant Auger electrons,%’!
we speculate that the resulting hyperionized Au atoms also exert
biochemical oxidation reactions due to a high reduction poten-
tial. However, the extent to which these phenomena augment ra-
diotherapy outcomes is convoluted due to a variety of biological
radiotherapy-enhancing effects, although the exact effects were
shown to be particle, cell-type-, and cell-line-dependent. As re-
cently reviewed, Au nanoparticles are capable of elevating oxida-
tive stress even in the absence of radiation. Following exposure to
ionizing radiation, cancer cells typically exhibit increased oxida-
tive stress, DNA damage, and impaired DNA damage repair, ulti-
mately culminating in apoptotic and necrotic cell death.[°?] How-
ever, these findings refer exclusively to water-soluble Au nanopar-
ticles or AuNC.

In this context, this study is the first to evaluate the
radiotherapy-enhancing effects of hydrophobic AuDDT. The pre-
sented results from distinct types of pancreatic microtumors
in Figure 5 and Figure S5 (Supporting Information) convinc-
ingly demonstrate that AuDDT-BPD-OXILs increase radiother-
apy efficacies via a physical Au-dependent radiocatalyic effect.
We hypothesize that the fusogenic nature of the OXILs, with
DOPE as a major excipient, and the non-anchored nature of Au-
DDT facilitates the transfer of the nanoclusters to the cellular
membranes. lonization of the Au atoms in AuDDT would then
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Figure 5. The radiocatalytic effects of AuDDT-BPD-OXILs enhance radiotherapy outcomes on pancreatic microtumors composed of MIA PaCa-2 and
HPSC cells. A) Representative brightfield images and viability heatmaps of pancreatic microtumors following exposure to monochromatic synchrotron
radiation (81.7 keV) in the presence/absence of oxaliplatin (scalebar = 500 um). B,C) The efficacy of radiotherapy in the absence (black) and presence
of AuDDT-BPD-OXILs (blue) based on microtumor viability (B) and microtumor size (C). D,E) Radiosensitization by AuDDT-BPD-OXILs was confirmed
by viability assessment (D) and microtumor size quantification (E) following monochromatic X-rays tuned below (79.7 keV) and above (81.7 keV) the
K-edge of Au (80.7 keV). F=H) Integrated comparison of microtumor size and viability of following chemoradiotherapy at 0 Gy (F), 4 Gy (G), and 16 Gy
(H), given with 81.7 keV X-rays. Treatment groups were radiotherapy alone (black), AuDDT-BPD-OXILs + radiotherapy (blue), oxaliplatin + radiotherapy
(red), and AuDD-BPD-OXILs + oxaliplatin + radiotherapy. All box-whisker plots depict the mean, 25th, and 75th percentile, and the 95% confidence
interval from N = 8. Data passed normality tests (Pearson-Omnibus test), and statistical analyses were performed using a One-way ANOVA and Sidak’s
post-hoc test for multiple comparisons (asterisks), or using a student’s t-tests between two defined groups (hashtags).

result in highly localized ionization events within a few nm of
the particle surface.[” Therefore, the therapeutic mechanism of
action of AuDDT may be similar to observations in the field of
photodynamic therapy, where hydrophobic porphyrin-like pho-
tosensitizers also accumulate in cellular membranes.[3] In this
scenario, the photochemically produced ROS have a similarly
short action radius of several nm.[*) When extrapolating the se-
quence of events after photodynamic therapy, we hypothesize
that AuDDT-enhanced radiotherapy also leads to (phospho)lipid
oxidation, loss of cell membrane integrity, and necrosis. This hy-
pothesis deserves further investigation but is supported by the
data in Figure 4.
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The toxicity of empty nanoliposomes, BPD-NLs, AuDDT-NLs,
and AuDDT-BPD-NLs was also evaluated on primary human
pancreatic stellate cells (HPSC) and human embryonic kidney
(HEK 293) cells. The results demonstrate that none of the nano-
liposomes exhibited toxicity toward primary HPSC up to lipid
concentrations of 2.5 mm (Figure S3D, Supporting Information).
Both empty NLs and AuDDT-NLs exhibited no toxicity to human
embryonic kidney cells up to concentrations of 2.5 mw, yet the
formulations that contained BPD exhibited substantial toxicity to
this cell line with a fitted IC50 value of 0.4 + 0.1 mm (BPD-NLs),
and 0.7 + 0.1 mm (AuDDT-BPD-NLs, Figure S3E, Supporting In-
formation). These findings are in support of those in Figure 5B
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and Figure S5B (Supporting Information), where no toxicity of
the AuDDT-BPD-NLs was observed in the different pancreatic
microtumors.

2.6. AuDDT-BPD-OXIL Improves Oxaliplatin-Chemoradiation
Therapy Outcomes in MIA PaCa-2-HPSC Microtumors

The efficacy of the combination therapy of radiotherapy and ox-
aliplatin was evaluated as it constitutes a clinically relevant ap-
proach for PDAC, with oxaliplatin being a prominent compo-
nent in FOLFIRINOX and NALIRIFOX regimens.[%%] To clearly
distinguish the radiocatalytic effects of the AuDDT-BPD-OXILs
from a similar effect stemming from the high-Z Pt atoms present
in oxaliplatin (Z,, = 78), the chemotherapeutic was added imme-
diately after irradiation rather than prior. In the absence of radi-
ation, oxaliplatin significantly inhibited microtumor growth, re-
sulting in 68.1 + 5.9% smaller masses compared to the untreated
controls (Figure 5F). Although there was a significant growth in-
hibition, oxaliplatin alone did not affect microtumor viability, in-
dicating that it is inefficient to eradicate cancer cells as a stand-
alone therapy. In combination with radiotherapy, oxaliplatin nei-
ther facilitated further growth inhibition, nor reduced microtu-
mor viability compared to the microtumors subjected to radio-
therapy alone (Figure 5F-H). In the absence of radiation, the
AuDDT-BPD-OXILs did not exhibit toxicity by themselves, and
neither enhanced the effects of oxaliplatin. However, oxaplatin
chemoradiotherapy was significantly enhanced in the presence
of AuDDT-BPD-OXILs, resulting in 16.0 + 12.1% smaller and
39.6 + 8.9% less viable microtumors compared to oxaliplatin
chemoradiotherapy given at 4 Gy. These effects are best observed
at 4 Gy, whereas the differences are smaller at 16 Gy, namely
a non-significant 4.9 + 14.6% reduction in size and a signifi-
cant 25.4 + 4.8% less viable microtumors compared to oxaliplatin
chemoradiotherapy. These findings are encouraging when con-
sidering stereotactic radiation therapy in which individual irra-
diations with doses between 5-10 Gy are repetitively performed
on patients with pancreatic cancer.[’®! The beneficial outcomes
of oxaliplatin-chemoradiotherapy with AuDDT-BPD-OXILs may
stem from an additive effect of augmented oxidative stress and
growth inhibition.l®”%8] However, elevated ROS production by
the radiocatalytic effects of AuDDT-BPD-OXILs may also have
contributed to increase microtumor permeability, as will be dis-
cussed further below.

2.7. Oxaliplatin-Chemoradiotherapy Disrupts the Integrity of
PANC-1-HPSC Microtumors

PANC-1-HPSC microtumors responded remarkably different to
oxaliplatin chemoradiotherapy compared to the MIA PaCa-2-
based model. Primarily, the PANC-1+HPSC were more sus-
ceptible to oxaliplatin chemotherapy, evidenced by a mean nor-
malized viability of 0.30 + 0.05 compared to 0.65 + 0.04 for
MIA PaCa-2+HPSC (p < 0.0001). Oxaliplatin caused substantial
degradation of the PANC-1+HPSC microtumors, resulting in a
complete absence of a recognizable microtumor mass at 16 Gy
(Figure S5A, Supporting Information). Consequently, the anal-
ysis of microtumor size was heterogeneous and relatively non-
informative. The individual tumor cell clusters still displayed
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signs of viability, albeit relatively low (30.2 & 4.2%, Figure SS5A,F,
Supporting Information). In terms of viability, the chemoradio-
therapy combined with AuDDT-BPD-OXILs displayed higher
levels of viability (48.6 & 0.13%) compared to the oxaliplatin-
chemoradiotherapy (30.2 + 4.2%) and AuDDT-BPD-OXILs +
radiotherapy (30.9 + 3.0%) groups (Figure S5A,F, Supporting
Information). The origin of this discrepancy between the two
models remains elusive. Differences in treatment susceptibility
may lie in the metabolic phenotype of these cancer cell lines:
whereas MIA PaCa-2 cells are classified as glycolytic, the PANC-
1 cells are classified as lipogenic and may therefore respond
differently to liposome exposure.l®] However, the exact nature
of these metabolic phenotypes in response to radiotherapy and
more complex chemoradiotherapy mechanisms are unknown,
yet may warrant further investigation.

2.8. Radiotherapy Improves Microtumor Permeability

The ability of radiotherapy to improve tumor permeability has
been observed on several occasions, and it has been shown to in-
crease the uptake and efficacy of doxorubicin in mouse models of
prostate- and lung cancer.”% Such effects have been attributed to
radiotherapy-induced vascular remodeling, changes in the tumor
extracellular matrix architecture, and relieved fluid pressures
and solid stress.[”®7!] To investigate whether the radiotherapy-
enhancing properties of the AuDDT-BPD-OXILs could be lever-
aged for chemoradiotherapy approaches, the microtumor per-
meability was investigated on heterotypic microtumors in vitro.
Calcein was chosen as a hydrophilic dye with poor cellular up-
take, and its ability to penetrate into radiotherapy-treated micro-
tumors was quantified using confocal laser scanning microscopy
by applying a relatively thin focal plane of 22.5 ym. For MIA
PaCa-24+HPSC microtumors, the AuDDT-BPD-OXILs appeared
to disturb the microtumor integrity, which was exacerbated by
radiotherapy. The microtumors were disturbed following treat-
ment, with a large aura of cells radiating out from a dense tu-
mor core (Figure 6B). Calcein penetration occurred along the mi-
crotumor periphery upon exposure to AuDDT-BPD-OXILs, and
significantly higher overall calcein emission was observed in mi-
crotumors exposed to radiotherapy at 4 Gy, but not at 16 Gy
(Figure 6A). Analysis of calcein emission profiles across the mi-
crotumors revealed substantial increases in calcein emission in
the low-density cell aura, with little calcein emission from the
denser tumor core (Figure 6B). In the 16 Gy-treated microtu-
mors, similar observations of increased calcein emission from
the microtumor periphery were made, yet the overall calcein in-
tensity did not reach statistical significance (Figure 6A,B). It is
interesting to note that the microtumor packing was largely re-
stored when investigated 7 days after radiotherapy (Figure 5A;
Figure S6, Supporting Information). In PANC-1+HPSC micro-
tumors, radiotherapy appeared more effective at increasing tu-
mor permeability as quantified using the mean calcein emission
intensities (Figure 6C). Analysis of cross sections confirms the
observations in the MIA PaCa-2+HPSC microtumors, in which
the calcein penetration is particularly elevated in the cancer pe-
ripheries (Figure 6D). In the PANC-1+HPSC microtumors, the
effect of AuDDT-BPD OXILs on microtumor permeability was
not significantly different to that of radiotherapy alone.
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Figure 6. AuDDT-OXILs improve oxaliplatin-chemoradiotherapy outcomes in MIA PaCa-2+HPSC pancreatic microtumors. A) Mean calcein emission
from MIA PaCa-2+HPSC microtumors following radiotherapy. B) Cross sections of MIA PaCa-2+HPSC microtumors, displaying the calcein fluores-
cence emission, after 0 Gy (B) and 4 Gy (C) monochromatic irradiation (81.7 keV), acquired using confocal fluorescence microscopy (22.5 pm focal
plane). Scalebar = 500 pm. C) Mean calcein emission from PANC-1+HPSC microtumors following radiotherapy. D) Cross sections of PANC-1+HPSC
microtumors, displaying the calcein fluorescence emission, after 0 Gy (B), 4 Gy (C), and 16 Gy (D) radiotherapy delivered using monochromatic X-
rays (81.7 keV), acquired using confocal fluorescence microscopy (22.5 um focal plane). Scalebar = 250 um. Data passed normality tests (panel A:
Kolmogorov—Smirnov test, Panel C: Pearson-Omnibus test), and statistical analyses were performed using a One-way ANOVA and Sidak’s post-hoc

test for multiple comparisons.

Overall, it appears that radiotherapy increases tumor per-
meability by perturbing cell-cell interactions at the tumor pe-
riphery, but it is not significantly influenced by AuDDT-BPD-
OXILs. Increased tumor permeability is typically attributed to
increased vascular permeability and interstitial pressures, but
the findings presented here obtained in non-vascularized mi-
crotumors suggest that there are also cellular or subcellular
mechanisms at play. These findings are somewhat contradic-
tory to radiobiological investigations that have reported upreg-
ulation of cell-cell and cell-matrix adhesion proteins such as
integrins and cadherins.”?) On the other hand, excessive ROS
production by photodynamic approaches has been associated
with immediate reductions in integrins and extracellular ma-
trix proteins.'8] Further studies toward the kinetics of tumor
permeabilization, and the immediate and long-term regulations
of such tumor integrity markers could shed light on how to
best exploit these priming effects for chemoradiotherapy. Indeed,
observations of microtumor morphology post-irradiation sug-
gest that radiotherapy causes rapid disintegration of MIA PaCa-
2+HPSC cultures after 24 h, but this effect was better observed
after 7 days for the more condensed PANC-1+HPSC microtu-
mors (Figure S6, Supporting Information). Although the influ-
ence of oxaliplatin on the mechanobiological properties of can-
cer tissues remains unexplored, the disintegration of the PANC-
1+HPSC microtumors by oxaliplatin chemoradiotherapy as ob-
served here (Figure S5A, Supporting Information) may present
a promising alternative approach to achieve increased cancer
permeability.
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2.9. AuDDT-BPD-OXILs Accumulate in Orthotopic Pancreatic
Cancer In Vivo

The encouraging in vitro findings inspired in vivo biodistribu-
tion studies in orthotopic models of pancreatic cancer. As BPD is
known to leach from liposomes in the presence of blood plasma
components,l”*7°1 AuDDT-BPD-OXILs were prepared in which
BPD was replaced by a lipid anchored-BPD (BPD-PC) that has
similar photochemical and optical properties.[?7®! Upon intra-
venous injection of the liposomes, the biodistribution of the
OXILs could be tracked in vivo by fluorescence imaging and
3D fluorescence tomography by benefiting from the fluorescent
properties of BPD-PC (Figure 7A,B). Fluorescence imaging re-
vealed a prominent accumulation of the OXILs in cancer tis-
sues (Figure 7C), with a tumor: skin ratio of 1.1 + 0.2, a tu-
mor: muscle ration of 5.8 + 1.9, and a tumor: pancreas ratio
of 2.7 + 0.8 at 24 h. Uptake by the liver and spleen was also
substantial at 5 h post-administration, as is expected and previ-
ously reported.[”77°] Systemic clearance was indicated by signif-
icant reductions in BPD-PC emissions from these organs as de-
tected 24 h post-administration. However, the BPD-PC emission
did not diminish in the orthotopic tumor between 5 h and 24 h
post-administration, indicating that the OXILs are well retained
in the tumor microenvironment (Figure 7C). No renal elimina-
tion of the OXILs was observed as the bladder could not clearly
be discerned from images of the mice in the supine position
(Figure S7, Supporting Information). At 24 h post-irradiation,
the intestines displayed BPD-emission in vivo, yet this was not
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Figure 7. Differential biodistribution of lipid-anchored BPD and AuDDT when administered as AuDDT-BPD-OXILs. A) Side views of a representative
mouse that received AUDDT-BPD-OXILs via i.v. injection, obtained by the whole body in vivo fluorescence imaging at different timepoints. B) The
accumulation of AuDDT-BPD-OXILs in cancer tissues was imaged using 3D fluorescence tomography zoomed into the area containing the spleen,
pancreas, and tumor. C) Distribution of OXILS based on the fluorescence of BPD-PC determined at 5 h post-administration (dark red) or 24 h post-
administration (bright red). D) Distribution of AuDDT determined by SWIR fluorescence imaging at 5 h post-administration (dark blue) or 24 h post-
administration (light blue). Data from panels C and D are from N = 3 per timepoint, and statistical analysis was performed with a One-way ANOVA and
Sidak’s multiple comparison’s test (asterisks) or a student’s t-test (hashtags).

observed in empty intestines ex vivo (Figure S7, Supporting In-
formation). The elimination of the OXILs thus appears to occur
via the hepatic-intestinal route. The accumulation of the OXILs
in the spleen could be problematic for translational studies in
mice, in which the pancreas/pancreatic tumor is located in very
close proximity to the spleen. However, state-of-the-art preclini-
cal irradiation systems are available in which multiple irradiation
beams can be placed with a highly precise cross section over the
cancer tissues. As such, CT-guided beam placement can avoid
the irradiation of the liver and spleen.®]

In addition to tracking the biodistribution of the AuDDT-BPD-
OXILs based on the NIR-fluorescence of BPD-PC, their biodis-
tribution was also investigated using the SWIR emission of the
AuDDT ex vivo. Quantification of the AuDDT fluorescence emis-
sion resulted in biodistribution profiles that were notably differ-
ent from that of BPD-PC (Figure 7D). AuDDT fluorescence was
predominantly detected in the spleen, liver, and kidneys 5 h post-
administration. While the AuDDT was cleared from the spleen
and kidneys at 24 h post-injection, the AuDDT emission from the
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liver remained high. A minor but temporally stable emission of
AuDDT was detected in the orthotopic pancreatic tumors. LIBS, a
complementary elemental-imaging approach, 42! was unable to
spatially detect Au in the cancer tissues (Figure S7B, Supporting
Information). These findings were attributed to the low amount
of AuDDT within the NLs (0.5 mol%), and the sensitivity of the
AuDDT detection methods. In addition, quenching of the Au-
DDT fluorescence was observed when co-encapsulated with BPD
(Figure S1E,F, Supporting Information), indicating that higher
AuDDT-BPD-OXIL doses and higher AuDDT: lipid ratios need
to be explored to reach detectable and therapeutically sufficient
AuDDT concentrations in cancer tissues.

Based on the dissimilar biodistribution profiles of BPD and
AuDDT after 5 and 24 h, we hypothesized that an interaction of
AuDDT with serum lipoproteins would occur. Indeed, incubation
of water-insoluble AuDDT pellets with pure fetal bovine serum
at 37 °C resulted in solubilization (Figure S7E, Supporting In-
formation). We have therefore expanded on these studies by in-
cluding a biodistribution evaluation at 1 h post-administration.
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The results, based on BPD-PC fluorescence emission, demon-
strate that the liposomes exhibited no notable tumor accumula-
tion at this timepoint, and are primarily sequestered in the spleen
and liver (Figure S7C,D, Supporting Information). AuDDT fol-
lows the exact same pattern, indicating that AuDDT may still be
retained in the nanoliposomes at this timepoint. Taken together
our biodistribution findings revealed that, while the nanolipo-
somes exhibited excellent tumor accumulation after 5 and 24 h
post-injection, the AuDDT did not. This hints toward limited re-
tention of the AuDDT within the liposomes, leading to overall
poor tumor accumulation.

The simulations, biochemical, and therapeutic effects pre-
sented here were of a fundamental nature, for which we lever-
aged the unique monochromatic properties of synchrotron radia-
tion. The findings warranted further research in a preclinical set-
ting, envisioning to use broad-spectrum small-animal- and clini-
cal X-ray irradiators. Our findings suggest that translational stud-
ies toward the radiotherapeutic applications of the AuDDT-BPD-
OXILs would be highly insightful and relevant, but only when the
limitations of the currently presented approach can be addressed.
This would require substantial advancements in liposome- and
nanocluster engineering. In this context, this study primarily in-
vestigated the use of nanoliposomes containing hydrophobic Au-
DDT nanoclusters for radiotherapy enhancement. This choice
was primarily driven by the prospect of radiotherapy-controlled
drug delivery as described in Figure 3, the main benefit being
that including the hydrophobic AuDDT within the lipid bilayer
leaves an empty aqueous core that can be loaded with hydrophilic
cargo. In our study, oxaliplatin was explored as a prime drug can-
didate based on the findings of Figures 4 and 5. However, various
other approaches to load Au nanoclusters in lipid-nanocarriers
can be explored for radiotherapy enhancement. The first strat-
egy is the loading of hydrophilic Au nanoclusters in the aqueous
core of nanoliposomes. Although classic lipid-film hydration is
notorious for its low encapsulation efficiencies of hydrophilic car-
goes, the use of cationic peptide-stabilized AuNCs and liposomes
containing ionizable lipids can yield promising loading efficien-
cies of 26-42%.[83] Reverse-phase evaporation is another attrac-
tive method, for which AuNC loading efficiencies of 40-100%
have been reported.[#%7] A second approach is the use of mi-
celles that can load significantly higher amounts of hydrophobic
Au nanoclusters, as demonstrated for poly(ethyl methacrylate)
nanoparticles,®] and lipodisks.’®! A third approach is the use
of lipid-conjugated AuNCs, as reported for distearoyl-glycerol-
phosphine-Aus;.°"l These approaches warrant further investiga-
tions as the radiotherapeutic potential of such approaches may
strongly depend on the excipients used to formulate the Au nan-
oclusters.

3. Conclusion

This study characterized the radiotherapeutic properties of NLs
that were supplemented with high-Z elements. To this end, Au-
DDT nanoclusters were included within the lipid bilayer of NLs,
which augmented ROS generation and radiotherapy outcomes in
3D pancreatic microtumors. The PEGylated OXILs displayed ef-
fective tumor accumulation in an in vivo orthotopic mouse model
of pancreatic cancer. These findings point toward exciting op-
portunities to advance the development of radioresponsive NLs.
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First, alternative nanoliposome fabrication strategies should be
developed that can load high-Z elements more homogeneously
within the NLs. Second, such fabrication processes should al-
low for the inclusion of high-Z elements at higher molar ratios,
which should translate to a higher radiocatalytic potential. Third,
as the lipids appear to be active bystanders in these radiocat-
alytic NLs, the bioengineering of novel lipid formulations may
aid in identifying suitable nanoliposome compositions to pre-
vent liposome fusion/instability. Last, efforts to anchor the high-
Z elements within the lipid bilayer may hold significant promise
for the translation of high-Z metalated NLs, as the radiocatalytic
components will benefit fully from the long-circulating abilities
of the NLs and their ability to accumulate in cancer tissues due
to the EPR effect. Upon overcoming the challenges identified
in this study, high-Z metalated NLs may become a promising
and versatile tool in the radiotherapeutic arsenal. Applications
may range from radiation dose-enhancement, augmenting the
enhanced permeability and retention effect in cancer tissues, and
enabling radiotherapy-controlled drug delivery. Altogether such
advances may pave the way to safer and more effective chemora-
diotherapy strategies.

4. Experimental Section

Chemicals and Reagents: Hydrophobic gold nanoclusters (AuNCs)
stabilized using dodecanethiol (AuDDT) were prepared and imaged
by transmission electron microscopy as described previously.[38°1]
AuDDT was suspended in CHCl; at a concentration of 3.5 mg Au mL.
Phospholipids 1,2-distearoylpalmitoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), N-
(Carbonyl-methoxypolyethylene-glycol-2000)-1,2-distearoyl-sn-glycero-
3-phosphoethanolamine (DSPE-PEG). 1,2-Dilinoleoyl-sn-glycero-
3-phosphoethanolamine  (DLinPE) and  1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC) were purchased from Avanti Polar
Lipids (Alabaster AL, USA), and cholesterol was from Sigma-Aldrich
(Merck, Darmstad, Germany). Calcein, verteporfin/benzoporphyrin
derivative (BPD, >94%), Sephadex G50 fine, nitrogen gas, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), 4-dimethylaminopyridine
(DMAP), N,N-diisopropylethylamine (DIPEA) and (DCM) were acquired
from Sigma-Aldrich (Merck). 18:0 BPD-phosphocholine (BPD-PC)
was synthesized from 18:0 lyso-PC (Avanti Polar Lipids) as described
before.[21]

Nanoliposome Preparation and Characterization: Oxidation-responsive
liposomes (OXILs) were prepared using the lipid-film hydration method:
lipid films supplemented with AuDDT and/or BPD(-PC) were prepared
using vacuum centrifugation (Genevac miVac centrifugal concentrator,
30°C, 4 h minimum), hydrated in phosphate-buffered saline (PBS, Gibco),
and sonicated at 37 kHz for 15 min at 60 °C (Elmasonic p30, Elma Schmid-
bauer GmbH, Singen, Germany), until a clear solution was obtained. Typ-
ical working solutions were prepared at a 5 mwm total lipid concentration.
Following preparation, liposomes were stored at 4 °C under N, gas. Any
AuDDT aggregates were removed by centrifugation (60 s, 1000 rcf). All
liposomes were characterized using dynamic-/electrophoretic light scat-
tering spectroscopy for size, polydispersity, particle number, and zeta-
potential (Malvern Panalytic Zetasizer Ultra Red, Malvern, UK).

To characterize the encapsulation efficiency of AuDDT and the nanoli-
posome, short-wave infrared (SWIR) fluorescence spectroscopy was per-
formed using a SWIR spectrometer from Wasatch (870-1700 nm; In-
GaAs Hamamatsu 512 pixels; 6 nm resolution; f = 1.3; high pass filter
at 830 nm) coupled with an optical fiber (s = 300 um, NA = 0.39) and
using an 808 nm laser (120 m\W cm™2) as excitation source. Diluted sam-
ples were measured in a quartz microcuvette (12.5 X 4.5 x 45 mm) with
a 2 mm light path and spectra were recorded in the Wasatch software
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at high gain and 500 ms acquisition time (average of 10 scans). The
size, polydispersity index, and zeta potential, of the AuDDT liposomes
were determined by electrophoretic light scattering spectroscopy and dy-
namic light scattering using the Zetasizer Ultra Red (Malvern Panalyti-
cal, Malvern, UK). Nanoparticle tracking analysis was performed with a
NanoSight NS300 (Malvern Panalytical). To quantify the AuDDT encapsu-
lation efficiency, 200 pL aliquots of AuDDT-NLs were desiccated by vac-
uum centrifugation and reconstituted in 200 pL CHCl;. The resulting flu-
orescence spectra were similar to that of native AuDDT in CHCl; (Figure
S1A, Supporting Information), and the encapsulation efficiency was quan-
tified by solving a standard curve based on the integrated fluorescence
intensity (area under the curve 886-1703 nm) (Figure S1B, Supporting
Information).

Cryo-Electron ~ Microscopy: NLs  with a  formulation  of
DOPE:DSPC:DSPE-PEG: Cholesterol (24:24:4:48 mol%) were prepared as
described before, and concentrated by ultrafiltration for 45 min at 3000 rcf
using 15 mL Amicon filters (30 kDa MWCO, Sigma Aldrich, France). The
initial sample was 0.5 mL of 20 mm NLs, and 0.25 mL of NLs at 40 mm
final lipid concentrations were stored at 4 °C after purged with N, gas
(Messer CANgas, Sigma-Aldrich). Samples were prepared by applying
3 uL to glow-discharged 1.2/1.3 hole sized C-Flat holey copper grids with
a carbon foil (300 mesh) and plunged frozen in liquid ethane using a
Vitrobot Mark IV (Thermo Fisher Scientific) (4 s blot time, blot force
-14). The sample was observed at the beamline CMO1 of the European
Synchrotron Radiation Facility (Grenoble, Francel®2]) with a Titan Krios G3
(Thermo Fisher Scientific) operating at 300 kV equipped with an energy
filter (Bioquantum LS/967, AMETEK) (slit width of 20 eV). Images were
recorded on a K3 direct electron detector (AMETEK) in counting mode
with EPU (Thermo Fisher Scientific). Movies were acquired at a nominal
magnification of x105000 (0.839 A pixel~! at the camera level) with a
total dose of ~55 e~ A~"2 distributed over 40 frames. The defocus of the
images varied between —1.5 and —3.0 um. Movies were drift-corrected
using MotionCor2!®] and the resulting micrographs were then used for
interpreting liposomes.

The CryoTEM images were used to evaluate the efficiency of AuDDT-
NL loading. More than 20 images were selected for NLs containing ei-
ther 0, 0.2, 0.5, and 2 mol% AuDDT. For each subset, the liposomes were
first classified by morphology—unilamellar, multilamellar, or fused—and
their numbers quantified. Then the occurrence of gold nanoclusters was
counted, both across the entire liposome population and within each mor-
phological category. Smaller nanoclusters were counted individually, while
aggregated clusters were counted as larger units based on their size and
aggregation state.

Cryo-Electron Tomography: The grid of 0.2 mol% AuDTT prepared for
cryo-EM (section above) was used for cryo-electron tomography imaging
in CMO1. Tilt series were collected at a magnification of 33000X in super-
resolution counting mode corresponding to a pixel size of 1.38 A. Movies
were aligned using Motioncor2 and binned twice yielding a final pixel size
of 2.76 A. Alignment of tilt series and tomogram reconstruction were per-
formed using AreTomo within the image processing pipeline for electron
cryo-tomography in RELION-5.[%4]

Small-Angle X-Ray Scattering Spectroscopy (SAXS): Small-angle X-ray
scattering (SAXS) measurements were conducted at the SWING beam-
line of the SOLEIL synchrotron (Saint-Aubin, France). The liposome sam-
ples were irradiated using an X-ray beam with an energy of 12 keV, with
the detector positioned 6 m from the sample. Data were collected using
the EigerX4 M detector (Dectris Ltd, Switzerland), covering a momentum
transfer range of ¢ ~ 0.001064 — 0.1848 A~1. Where q is defined as g = (47
sind) /A, with 9 as the scattering angle and A the X-ray wavelength. A to-
tal of 40 uL of the liposome solution was aliquoted into each well of a V-
bottom 96-well plate, which was then placed into the automated sample
loader for SAXS data collection. Each sample underwent 48 image acquisi-
tions with an exposure time of 990 ms per image, plus an additional 10 ms
of dead time between exposures.

The 2D SAXS data were converted to 1D scattering intensity curves us-
ing Foxtrot software (available from https://www.synchrotron-soleil.fr/en/
beamlines/swing). Background scattering from the PBS buffer was sub-
tracted to isolate the scattering contribution of the liposomes. The ra-
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dius of gyration (Rg) was estimated using the command-line program
AUTORG of ATSAS software, which applies the Guinier approximation
(I(s) = 1(0)exp(—s2Rg?/3)) to the small-angle scattering data. The Rg value
was obtained from the best linear fit of the Guinier plot, which represents
In[I(s)] versus s?, within the range of scattering vectors where the condi-
tion sRg < 1.0-1.3 is met.[%’]

Geant4 Monte Carlo Simulations: The spectra of secondary electrons
that were generated upon the interaction of Au with monochromatic X-
rays were simulated using Geant4 (version 4.10.1, patch 01),[°] using the
Livermore low energy package as previously described.[?”%8] Briefly, a rod
of Au (1 nm? area and 1 mm long) placed in a vacuum was simulated
and was virtually exposed to 1.10° photons of monochromatic X-rays (at
energies of 79.7 and 81.7 keV, that is, 1 keV above and below the Au K-
edge) that were targeted to the center of the 1 nm? surface. All secondary
particles (electrons and photons) generated upon the interaction between
the incoming X-rays and the material were collected by a virtual detector
placed symmetrically around the Au rod.

X-Ray Irradiation:  X-ray irradiations were performed using monochro-
matic synchrotron radiation at the ID17 Biomedical beamline of the Eu-
ropean Synchrotron Radiation Facility. The beam was operated in multi-
bunch mode (unless otherwise indicated), with monochromatic X-rays
(energy bandwidth < 100 eV) tuned between 30 and 100 keV using a sili-
cium double crystal Laue-Laue fixed-exit monochromator. The dose-rate
was 4.4 mGy s~' mA~". The irradiations were given via a beam that was
100 mm wide and 1 mm-high. Multi-wells plates were inclined at a 30°
angle with respect to the X-ray beam. The plate was irradiated vertically up
to a height of 8 cm via a moving stage. The correct X-ray dose was deter-
mined by calculating the number of scans based on dose-rate calibrations
using an ion chamber (UNIDOS PTW 31002, Freiburg, Germany).

Detection of Radiation-Induced Generation of Reactive Oxygen Species:
ROS generation by X-ray irradiations was assessed using the hydroxyl rad-
ical sensor aminophenyl fluorescein (APF, Merck). Reaction mixtures of
100 pL were prepared, containing 10 um APF and various NLs at a final
lipid concentration of 100 um. The fluorescence of the reaction mixtures
was measured before and after X-ray irradiation at A, 485 + 10 nm, A,
520 + 20 nm (Clariostar multiplate reader, BMG Labtech). All data was
normalized to the background fluorescence measured at 0 Gy. To assay
radiation-controlled lipid oxidation, cargo release assays were performed
on various AuDDT-OXIL variants that were loaded with a self-quenching
solution of calcein (53 mm calcein, 180 mm NaCl, pH 7.4, 0.282 os-
mol kg~'1%°]). Reaction mixtures of 100 uL were prepared, in which the var-
jous liposomes were diluted to a final concentration of 100 um in PBS. The
calcein emission was measured before and after X-ray irradiation and after
lysis in 0.1% Triton X-100 (final concentration) at A, 485 + 10 nm, Agp,,.
520 + 20 nm. All data was normalized to the maximum calcein emission
following Triton X-100 addition. The synergy index for APF oxidation be-
tween AuDDT-NLs, BPD-NLs, and AuDDT-BPD-NLs was calculated using
(Effarg — 1)/((Effy — 1) + (Effg — 1)). The fraction effect for ROS produc-
tion was used by normalizing the value of the APF emission with the max-
imum APF emission value of each individual dose, and the mean synergy
index was reported as a mean across all doses. Additional experiments
using 420 nm light instead of X-rays were performed in a similar fashion,
with the use of a Lumidox Gen Il, 96-well LED-arrays (Analytical Sales and
Services, Flanders, NJ, USA), operating at 78.13 mW cm~2 and applying
radiant exposures between 0.5-48 | cm~2.

Toxicity Evaluation on Non-Cancer Cells: The toxictity of empty NLs,
BPD-NLs, AuDDT-NLs, and AuDDT-BPD-NLs were investigated on the
HPSC and on the renal HEK 293 cell line (American Type Culture Collec-
tion). 5 x 103 HPSC cells per well or 10* HEK 293 cells per well were plated
into 96-well plates (Corning, Corning NY, USA). After an overnight growth,
the cells were incubated with increased concentrations of the NLs formu-
lations (up to 2,5 mwm) for 24 h. Cell viability was determined using MTS
viability assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay,
Promega, Madison, W1, USA) for the HPSC cells and MTT viability assay
(Merck, Germany) for the HEK 293 cells, following the manufacturer’s in-
structions.

Establishment of Heterotypic 3D Cultures of Pancreatic Cancer. Hu-
man pancreatic cancer cell lines PANC-1 (CRL-1469), and MIA PaCa-2
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(CRL-1420) pancreatic cancer cell lines were obtained from the American
Type Culture Collection and used between passages 2-30. Human pancre-
atic stellate cells (HPSC) were obtained from ScienCell (San Diego, CA),
and used between passages 2—15. All cells were cultured in DMEM con-
taining 5 mm Glutamax, supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) penicillin/streptomycin. For suspended heterotypic spheroid
cultures, 5 x 103 cancer cells were co-cultured with 5 x 103 HPSC in 96-well
U-bottom ultra-low adhesion plates (Corning, Corning NY, USA). Dense
cancer spheroids were formed within 24 h of culturing.

Quantification of Microtumor Permeability: Quantitative assessment
of tumor permeability was studied in heterotypic spheroids, using cal-
cein as a drug analog. Cells were seeded on day 1. On culture day 4 the
spheroids were incubated with 500 um of AuDDT-OXILs. After a 4 h in-
cubation period, the spheroids were irradiated at either 0, 4, or 16 Gy,
using 81.7 keV monochromatic X-rays. Directly, afterward, 50 pum calcein
was added to each well. After 24 h of incubation, the spheroids were gen-
tly washed twice with PBS and re-immersed in a culture medium. The
uptake of calcein by the spheroids was performed by quantitative confo-
cal fluorescence microscopy (Zeiss LSM510, using a 10x objective (EC
Plan-Neofluar, NA 0.3) at A, 488 nm and 4, 500-540 nm. Global cal-
cein uptake was determined by automated image analysis,['%%191 which
quantified the total fluorescence emission of calcein collected from the
spheroids. Spheroids that were out of focus were excluded from the anal-
ysis. The calcein penetration depth was quantified by plotting the calcein
fluorescence emission as a histogram across the microtumors.

Quantification of Treatment Efficacies:  The radiotherapeutic properties
of the NLs were assessed on 4 day-old spheroids, which were incubated
for 4 h with 500 um AuDDT-OXILs (final lipid concentration; 2.5 um Au),
and irradiated with X-rays at the indicated doses and X-ray energies. Ir-
radiations were performed in 16-bunch mode at 0.1 mGy s™'. Oxaliplatin
(100 um) was added immediately thereafter. Treatment efficacies were de-
termined on culture day 14 using live (calcein AM) and dead (propidium
iodide) staining, confocal fluorescence microscopy, and quantitative im-
age analysis, as described previously.!%0102] MIA PaCa-2+HPSC microtu-
mors were imaged using a 5x objective (N-Acroplan, NA 0.16), whereas
PANC-1+HPSc microtumors were imaged using a 10X objective (EC Plan-
Neofluar, NA 0.3).

In Vivo Biodistribution: ~All animal experiments were in accordance
with the application for authorization of animal experiments submitted
to the Ministry of Research and the Ethics Committee (APAFIS #39533-
2022111814174926 v4). Female, 6-week-old NMRI nude mice (Janvier
Labs) and underwent surgery under isoflurane anesthesia to expose
the spleen and pancreas. Subsequently, 1 x 10® PANC-1-pGL4 cells,
suspended in 200 uL of Matrigel (Corning) were injected in the pan-
creas. Clinical follow-up consisted of behavior observation and moni-
toring of animal weight, performed 2-3 times a week. On day 35 af-
ter implantation, bioluminescence imaging was performed: Animals re-
ceived 300 pL of D-luciferin (Promega) i.p. at 10 mg mL~" and were im-
aged 5-10 min post luciferin injection (IVIS Kinetic, PerkinElmer). An-
imals were evenly distributed in treatment groups according to tumor
signal.

AuDDT-BPD-OXILs containing 0.8 molL% 18:0 BPD-PC and 0.5 mol%
AuDDT were prepared at a lipid concentration of 6.25 mm and a fi-
nal BPD concentration of 50 um, which was selected based on previous
work.2TT All OXILs underwent size-extrusion using 200 nm Whatman An-
otop filters (Merck). Following randomization on day 35 post-implantation
(tumor size 100 mm?3), mice bearing orthotopic PDAC received 200 uL
(0.36 mg BPD kg™') of the AuDDT-BPD-OXIL solution via tail-vein injec-
tion under isoflurane anesthesia.

In vivo, whole-body fluorescence imaging (right and left sides, prone
and supine positions) was performed prior to injection, and at 30 min,
90 min, 3 h, 5 h (6 mice), and 24 h (3 mice) post-injection under isoflu-
rane anesthesia (Pearl| Trilogy, LI-COR Biosciences GmbH, Bad Homburg,
Germany) using ¢, = 685 nm, A, = 700-720 nm. Animals were addi-
tionally imaged using 3D fluorescence tomography using a custom-built
setup, followed by 3D CT (VivaCT, Scanco Medical, Wangen—Briittisellen,
Switzerland). Animals were humanely euthanized by cervical dislocation
under gas anesthesia after 5 or 24 h post-injection. Organs were isolated
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and separately imaged using bioluminescence and fluorescence imaging
(Li-Cor Pearl Trilogy) to quantify the distribution of BPD and BPD-PC. To
image the biodistribution of the AuDDT delivered via AuDDT-BPD-OXILs,
organs were imaged ex vivo using a custom-built shortwave infrared imag-
ing setup (InGaAs Nirvana 640ST camera, Princeton), a 50 mm lens from
Navitar (NA = 1.4), and a long pass filter at 1064 nm (Semrock), and
excitation by 808 nm laser (120 mW cm™2) with a 200 ms acquisition
time.

Laser-Induced Breakdown Spectroscopy (LIBS): LIBS elemental imag-
ing was performed on ex vivo tumor cryosections (10 um) analyzed at
room temperature, using a setup previously described.l'0>194] Briefly, a
Nd: YAG laser (Centurion, Quantel, Villejust, France, 1064 nm, pulse du-
ration = 8 ns, repetition rate = 100 Hz) was focused on the target through
a microscope objective (LMM-15X-P01, Thorlabs, Newton NJ, USA). Sam-
ples were placed on a 3D motorized stage and were scanned pixel by
pixel, with a lateral resolution of 25 um and an energy of 2 m] per pulse.
Each pixel was a result of a single shot and no average or accumulation
was performed. A flow of 0.8 L min~" of argon gas was directed on the
plasma region during the whole experiment. The plasma emission was
collected by two spectrometers coupled to ICCD cameras (iStar, Andor,
Belfast, UK). The first spectrometer (Shamrock 303, Andor) directly col-
lected the plasma light through an entrance slit of 35 um and a grating of
1800 lines mm~" (300 nm blaze), to ensure a high resolution in the UV
for detecting both intense line of phosphorus at 213.6 and 214.9 nm. On
the other hand, the second spectrometer (Shamrock 500, Andor) was cou-
pled with a bundle of optic fibers, an entrance slit of 50 um and a grating of
600 lines mm~' (300 nm blaze), allowing the detection of numerous ele-
mental transitions, such as magnesium at 285.2 nm and gold at 267.6 nm.
The delay and gate detection for both detectors were set to 1 and 5 us
respectively, with a gain of 1500. The acquisition and data analysis were
performed using a custom-developed LabVIEW software (National Instru-
ments, Austin TX, USA).

Inductively-Coupled Plasma Mass Spectroscopy (ICP-MS) Gold Concentra-
tion Quantification: NLs formulations composed of DOPE:DSPC:DSPE-
PEG: Cholesterol (24:24:4:48 mol%) containing either 0.5 mol% AuDDT
only or the combination of 0.5 mol% AuDDT + 0.8 mol% BPD were pre-
pared as previously described. Afterward, a known volume of the pre-
pared formulation was dried using vacuum centrifugation (Genevac mi-
Vac centrifugal concentrator, 40 °C, 24 h minimum) to get NLs pellets.
Thereafter, aqua regia (1:3 molar ratio of HNO; (67% wt, Merck, Ger-
many) and HCl (35% wt, Merck, Germany), respectively) was added to
the NLS pellets and left for overnight incubation. On the next day, the
digestion was completed through heating at 70 °C for 1 h. Before the
ICP-MS measurements, the digested samples were diluted with deion-
ized water to a final volume of 10 mL and transferred to the ICP-MS
tubes. A calibration curve of gold concentrations up to 1000 ppb (ug L™")
was obtained using the analytical gold standard TraceCERT, 1 g L~!
Au in hydrochloric acid (Merck, Germany). The NexION 1000 ICP-MS
instrument (Perkin Elmer, Shelton, CT, USA) at the University Techni-
cal Institute of Chemistry (Grenoble Alpes University) was used for the
measurements.

Statistical Analyses: ~ Statistical analyses were performed in Graphpad
Prism 7 (San Diego, CA, USA). All data were normally distributed ac-
cording to D'Agostino-Pearson omnibus tests. For ROS production and
liposome-cargo release assays, data were fitted using dose-response fits
(agonist vs response (three parameters)), and statistically compared us-
ing an extra-sum-of-squares F-test. Intergroup differences were analyzed
using a one-way ANOVA and Tukey's post hoc test for multiple compar-
isons (indicated using asterisks), or using a student’s t-test when indi-
cated (indicated using hashtags). Statistical significance was indicated
with single symbols (p < 0.05), double symbols (p < 0.01), triple symbols
(p <0.005), or quadruple symbols (p < 0.001).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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