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ARTICLE INFO ABSTRACT

Keywords: Combination of nanoagents with radiations has opened up new perspectives in cancer treatment, improving both
Nanf’Pf‘fﬁdes tumor diagnosis and therapeutic index. This work presents the first investigation of an innovative strategy that
Radiations combines porous metal-organic frameworks (nanoMOFs) loaded with the anti-cancer drug Gemcitabine mono-
E;’g;’:;l:therapy phosphate (GemMP) and particle therapy-a globally emerging technique that offers more precise radiation
MOFs targeting and enhanced biological efficacy compared to conventional radiotherapy. This radiochemotherapy has

been confronted with two major obstacles limiting the efficacy of therapeutics when tested in vivo: (i) the
presence of hypoxia, one of the most important causes for radiotherapy failure and (ii) the presence of a
microenvironment, main biological barrier to the direct penetration of nanoparticles into cancer cells.

On the one hand, this study explore the effects of hypoxia on drug delivery systems in combination with
radiation, demonstrating that GemMP-loaded nanoMOFs significantly enhance the anticancer efficacy of particle
therapy under both normoxic (pOz = 20 %) and hypoxic (pO2 = 0.5 %) conditions. Notably, the presence of
GemMP-loaded nanoMOFs allows the irradiation dose to be reduced by 1.4-fold in normoxia and at least 1.6-fold
in hypoxia, achieving the same cytotoxic effect (SF=10 %) as carbon or helium ions alone. Synergistic effects
between GemMP-loaded nanoMOFs and radiations have been observed and quantified. On the other hand, we
also highlighted the ability of the nanoMOFs to diffuse through an extracellular matrix and accumulate in cells.
An higher effect of the encapsulated GemMP than the free drug was observed, confirming the key role of the
nanoMOFs in transporting the active substance to the cancer cells as a Trojan horse. This paves the way to the
design of “all-in-one” nanodrugs where each component plays a role in the optimization of cancer therapy to
maximize cytotoxic effects on hypoxic tumor cells while minimizing toxicity on healthy tissue.

3D cell model
Drug delivery

1. Introduction

The combination of chemotherapy with radiations treatments, called
chemoradiation, is the standard of care for many solid cancers(Pauwels
et al., 2003; Song et al., 2017). In comparison with other therapeutic
alternatives, this strategy exhibits clinical benefits, such as organ pres-
ervation and improved tumoral control(Seiwert et al., 2007). The spatial
cooperation between the locoregional action of the radiotherapy and the
systemic properties of the chemotherapy reduces the risk of metastasis
(Gordon Steel and Peckham, 1979). Gemcitabin (Gem) is an efficient
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radiosensitizer already used in clinic which exerts its cytotoxic effect by
targeting DNA(Carmichael et al., 1995). The anticancer nucleoside
analog Gem is a prodrug which needs to be converted by cellular kinases
into the pharmacologically active triphosphate form. However, in some
cases, this intracellular conversion is not efficient leading to drug
resistance and systemic toxicity. The direct administration of the phos-
phorylated form of Gem is hampered by its poor stability in biological
media, low intracellular penetration and low tissue specificity(Bouffard
et al., 1993).

A promising approach was proposed by Gref and coworkers to
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improve the stability and intracellular delivery of Gem to tumor cells
(Rodriguez-Ruiz et al., 2015). It consists in encapsulating with high ef-
ficiency the phosphorylated form of Gem, Gem-monophosphate
(GemMP), in highly porous hybrid metal-organic nanoparticles (nano-
MOFs). Encapsulated GemMP is then released to the target after a pro-
gressive degradation of nanoMOFs by the phosphates contained in the
biological medium(Li et al., 2020; Simon-Yarza et al., 2017). These
biodegradable(Li et al., 2017) and biocompatible(Baati et al., 2013)
nanoparticles (NPs) protect the drug against degradation and signifi-
cantly improve drug delivery in tumor cells(Ding et al., 2022). An
important advantage of iron-based nanoMOFs, such as MIL-100(Fe)
(MIL stands for Material of Institute Lavoisier), is their ability to
enhance the effects of radiation(Li et al., 2020b). Additionally, these
nanoMOFs possess intrinsic properties as contrast agents for MRI,
making them multifunctional tools in cancer therapy(Horcajada et al.,
2010).

Our group already reported the efficiency of GemMP-loaded nano-
MOFs to improve the effect of radiations. This proof of concept was
performed under normal incubator conditions, i.e. normoxic (pOy = 20
%) using monolayer cell cultures(Li et al., 2020). An 80 % increase of
cell killing was observed when cells were exposed to gamma radiation
(Cs-137, energy = 662 keV (y)). This increase was among the strongest
ever reported for tumor treatment with gamma irradiation and nano-
particles (NPs).

In response to the challenge of radioresistant cancers, our new study
evaluates the effectiveness of combining these nanoagents with a more
promising irradiation technique than conventional radiotherapy: parti-
cle therapy. This approach uses high-energy charged particles (carbon or
helium ions of MeV/u) for highly targeted energy deposition, with
maximum impact at the end of the particle trajectory (Bragg peak),
thereby minimizing damage beyond the tumor and sparing surrounding
healthy tissues (Porcel et al., 2014).

Compared to photons, charged particle beams exhibit greater bio-
logical effectiveness, inducing more complex DNA damage, including
multiple damage sites or clustered lesions that enhance tumor cell
destruction(Durante and Cucinotta, 2008; Durante et al., 2017; Hagi-
wara et al., 2019, 2017; Lorat et al., 2015; Nakano et al., 2022; Sage and
Shikazono, 2017). Consequently, particle therapy is emerging as a
preferred technique for treating tumors located near critical structures
or organs, in patients where minimizing radiation dose is paramount, or
for radioresistant tumors that are refractory to conventional treatments.
In this perspective, treatment plans based on the use of carbon and he-
lium ions appear particularly promising to exploit relative biological
effectiveness and the dose reduction distal to the tumor(Graeff et al.,
2018; Mazzucconi et al., 2018; Volz et al., 2020).

Radio-resistant tumors are mostly composed of hypoxic cells (oxygen
concentration below 1 %) at the origin of poor treatment outcomes, high
probability of relapse and increased risks of metastases(Brown and
Wilson, 2004; McKeown, 2014; Vaupel and Mayer, 2007). This patho-
logical phenomenon occurs because tumor cells consume more oxygen
than the blood supply can provide, due to their high metabolism,
disorganized vasculature, and limited oxygen diffusion.

The primary objective of this work was to evaluate the impact of
hypoxia on the efficiency of GemMP-loaded nanoMOFs when combined
with radiation, by monitoring oxygen concentration in cells under both
normoxic and hypoxic conditions using 2D HelLa cell cultures.

On the other hand, the microenvironment often compromises the
antitumor efficiency of the treatments in vivo (Jain, 1997; Minchinton
et al., 2006; Tchoryk et al., 2019). In tumors, cells interact with and
through an extracellular matrix (ECM), structural and biochemical
support, which can constitute an obstacle to the penetration and the
accumulation of nanoagents in solid tumors after extravasation from the
blood vessels. It was reported that the ECM natural barrier can disrupt
the cells’ response both to a variety of nanoagents such as metallic NPs
and to irradiation(Goodman et al., 2007; Li et al., 2022; Magzoub et al.,
2008; Minchinton and Steichen et al., 2013; Tannock, 2006; Netti et al.,
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2000). The cellular uptake and penetration in tumors is strongly
dependent on NPs characteristics such as size, shape, surface charge,
surface properties, and chemical composition (Tchoryk et al., 2019). The
other objective of the work was to study if ECM limits nanoMOFs
diffusion and hampers the effect of irradiation. To mimic the tumor
environment, a realistic 3D cell model was set up and a comparison of
the effects produced on cells in 2D cultures or embedded in a collagen I
matrix was conducted.

2. Materials
2.1. Materials

Iron (III) chloride hexahydrate (98 %) was purchased from Alfa
Aesar (Schiltigheim, France). 1,3,5-benzenetricarboxylic acid (BTC, 95
%) and absolute ethanol (99 %) were from Sigma-Aldrich (Saint-
Quentin-Fallavier, France). These materials were used for the synthesis
of nanoMOFs. 20,20- difluorodeoxyxytidine monophosphate (Gem-MP)
from Toronto research Chemicals (North York, Canada) was the drug
used in this study.

2.2. NanoMOFs synthesis and Gem incorporation

The synthesis and characterization of nanoMOFs loaded with
GemMP have been the subject of a previous publication (Li et al., 2020).
Synthesis of iron trimesate MIL-100(Fe) nanoMOFs (MIL stands for
Material of Institute Lavoisier) was performed by microwave-assisted
solvent-free “green” hydrothermal techniques as previously
described!3. Briefly, a mixture of iron chloride (8.97 mmol) and tri-
mesic acid (4.02 mmol) in 20 mL of deionized water was placed in
Pyrex reactors and heated for 6 min at 130 °C under stirring. The
applied power was 1600 Watts (Mars-5, CEM, US). The reactors were
cooled in ice bath and the synthesized nanoMOFs were recovered by
centrifugation (10,000g, 15 min) and were purified by washing with
absolute EtOH six times to remove the residual non-reacted trimesic
acid. The nanoMOFs were stored in EtOH until final use. GemMP was
incorporated by coordination with the accessible unsaturated sites of Fe
trimers. Encapsulation efficacy was close to 100 %, for a drug loading of
GemMP in nanoMOFs of 5 wt% ensuring a loading of these frameworks
without size modification (220 + 25 nm & 226 + 28 nm before and after
GemMP encapsulation (Li et al., 2020a). TEM images of nanoMOFs
empty or loaded with 5 % Gem MP are provided in the Supplementary
section (Supplementary Material, ‘NanoMOFs synthesis and GemMP
incorporation’). For microscopy studies, the nanoMOFs (0.5 mg/mL)
were labelled with the fluorescent tags Rhodamine B or Alexa 568. After
an overnight incubation (GemMP:nanoMOF weight ratio of 1:10), the
free fluorophores were eliminated by successive water washing as pre-
viously reported(Li et al., 2020). Further details on nanoagents char-
acterization are provided in the supplementary section.

2.3. Cell cultures

The experiments were performed with the human cervical adeno-
carcinoma cell line (HeLa), purchased from RIKEN. Cells were cultivated
in Eagle’s Modified Eagle Medium (E-MEM) supplemented with 10 %
heat-inactivated foetal bovine serum (FBS), 1 % penicillin/streptomycin
(P/S) and 1 % L-glutamine (Life Technologies). 2D experiments were
performed from monolayer cultures of Hela cultured in flasks while 3D
cell collagen based models (3D-CCMs) were prepared by embedding ~
350 000 HeLa cells in a collagen I matrix using a commercially available
system (RAFT™ 3D cell culture kit, Lonza, Basel, Switzerland). As
detailed in a previous study(Maury et al., 2021), 3D-CCMs were pre-
pared by mixing a cell suspension of 2.4-2.6 cells/mL with 10X MEM,
neutralizing solution and 2 mg/mL rat-tail type I collagen solution. 320
uL of the final solution were dispensed in each 96 well plate and kept in
the incubator for 15 min. RAFT™ absorbers were finally disposed on top
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of each well for 15 min.
3. Methods
3.1. Toxicity of nanoagents

Monolayer cells were incubated with these concentrations for 6 h
while 3D-CCMs were incubated during 18 h to allow homogeneous
migration of the agents in the matrix. 2D toxicity studies were per-
formed from the control samples of the clonogenic assay (see section
3.4.4 for detailed protocol). Toxicity of GemMP-loaded nanoMOFs for
cells embedded in the 3D-CCMs were determined for a concentration
equivalent to the 2D study (i.e. 17 ug/mL of nanoMOFs loaded with 0.85
pug/mL of GemMP) using an MTT test. In this purpose, 3D-CCMs were
exposed to 125 pL of tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide in a 96-well plate at 37 °C for 4 h.
Then, 125 pL of lysis buffer was added to dissolve the formazan crystals.
The proportion of living and metabolically active cells, was quantified
from the absorbance measured with a Glomax® Microplate reader
(Promega®©) (absorbance 560 nm). A sample consisting of 3D-CCM
incubated with a volume of water equivalent to the volume of
GemMP-loaded nanoMOFs was used as positive control. A sample
composed of 3D-CCM treated for 4 h with 200 uL of menadione (500
umol/L) was used as negative control.

3.2. Localisation of nanoagents

The localisation of the nanoMOFs in cells was characterized using
two techniques of fluorescence microscopy, namely confocal and
multiphoton microscopies for the 2D and 3D samples, respectively.

3.2.1. Confocal microscopy protocol (for the 2D cultures)

Monolayer living cells incubated with nanoMOFs labelled with
Adamantane-Rhodamine for 6 h were imaged on sterile glass slides
using a LEICA SP5 confocal system according to the protocol described
in our previous study(Li et al., 2020). Briefly, the images were acquired
at 514 nm excitation wavelength, in the 560 to 600 nm range of emis-
sion. During the acquisition, the temperature was kept at 37 °C and the
CO4 was regulated at 5 %.

3.2.2. Multiphoton microscopy protocol (for the 3D samples)
Multiphoton microscopy was used to study the nanoMOFs migration
in 3D-CCMs. 3D-CCMs were incubated with nanoMOFs-Alexa 568 in the
conditions specified above (i.e. 17 pg/mL nanoMOFs concentration, 18 h
incubation time). After PBS washing, nuclei were stained for 20 min
with 1 umol/L Hoescht 33,342 solution. 3D multimodal multiphoton
images were recorded with a commercial multiphoton microscope (TriM
Scope II, LaVision BioTec), using an objective lens (25 x 1.05NA,
XLPLN25XWMP2, Olympus). Collagen of the 3D-CCMs was imaged
without any labelling by taking advantage of its intrinsic second har-
monic generation (SHG) signal. Excitation was provided by an ultrafast
oscillator (Insight DeepSee, Spectraphysics) set at A = 1140 nm. The
SHG signal at 570 nm was collected in the forward direction by a
condenser (U-AAC achromatic aplanatic condenser 1.40NA, Olympus),
separated from the laser by a dichroic mirror (Di02-R635, Semrock),
selected with an interference filter (FF02-575-25, Semrock) and detec-
ted by a photomultiplier tube (H7422-40, Hamamatsu). Cell nuclei and
nanoMOFs were imaged simultaneously using a common excitation at A
= 830 nm by a second ultrafast oscillator (Mai Tai HP DeepSee, Spec-
traphysics). The two-photon excitation fluorescence (2PEF) signals were
collected in epidetection with the microscope objective and a dichroic
mirror (T695lpxr, Chroma). The signals were then split in two using a
dichroic mirror (FF495-Di03, Semrock), selected with interference fil-
ters (FF01-450-70 or FF01-466-40 for the cell nuclei labelled with
Hoescht 33,342 and FF01-607-70 for the nanoMOFs labelled with Alexa
568 — Semrock) and detected by photomultiplier tubes (H6780-01 and
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H7422-40, Hamamatsu). Data acquisition was performed on a 350 pm
square field of view with a pixel size of 0.192 pm and an acquisition
frequency of 400 Hz. 3D images were captured with a z-step of 1 um.

3.3. Quantification of nanoagents

The method used to quantify the nanoMOFs concentration in cells of
2D cultures is described elsewhere (Li et al., 2020). Briefly, the intra-
cellular amount of nanoMOFs was determined using a method based on
iron staining with potassium ferrocyanide(Wuttke et al., 2015).
Although reliable, this method is time-consuming as it requires the
establishment of a calibration curve. So, the quantification of the
nanoMOFs concentrations contained in (i) entire 3D-CCM and (ii) in the
295 680 cells extracted from the 3D-CCM, was performed by faster
method, the Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS)
(UT2A - Technological Center, Pau, France). To collect the cells from the
3D-CCMs, an addition step of enzymatic degradation with 1 mg/mL
collagenase from Clostridium histolyticum (Sigma-Aldrich©) was
needed.

3.4. Irradiation experiments

3.4.1. Preparation of 2D samples to study the influence of oxygen influence
on irradiation effects

Around 200 000 cells per sample were prepared onto 3.8 cm glass
dishes 24 h prior to irradiation. The cells were incubated 6 h before
irradiation with the agents at respective concentrations in the solution
(17 pg/mL nanoMOFs, 0.85 pg/mL GemMP and 17 pg/mL of nanoMOFs
containing 0.85 pug/mL of GemMP). After 5 h, the volume of the medium
was reduced from 3 mL down to 0.9 mL. For the experiments performed
with hypoxic conditions (setup environment composed of approxi-
mately 0.5 % Og, 94.5 % N3 and 5 % COj, respectively), the samples
were disposed 1 h prior to irradiation in a gas chamber flushed with a
mixture of No/COy/air of 950/50/25 mL/min respectively to reach the
required oxygen concentration. For normoxic conditions, the dishes
were placed in the radiation chamber under atmospheric conditions (20
% 0O32) 30 min before irradiation.

3.4.2. Preparation of 3D samples to study the influence of the matrix on
irradiation

3D-CCMs were prepared in 96 wells plates 24h before irradiation
(see 2.1.2). 18 h before irradiation, 3D-CCMs were put in contact with
solution of free drug or nanoMOF formulation containing equivalent
amounts of GemMP and empty nanoMOFs as controls. Incubation con-
centrations were the same as for 2D experiments (i.e. 17 ug/mL nano-
MOFs, 0.85 pug/mL GemMP and 17 pg/mL of nanoMOFs containing 0.85
ug/mL of GemMP). Samples were incubated at 37 °C until irradiation.
Just before irradiation, these solutions were replaced by fresh cell cul-
ture medium. After irradiation, the cells were extracted from the 3D-
CCM matrix using 1 mg/mL collagenase as indicated in a previous
study(Maury et al., 2021).

3.4.3. Irradiations

The irradiations were performed using passive beam delivery sys-
tems at the Heavy Ion Medical Accelerator in Chiba (HIMAC), QST,
Chiba, Japan(Porcel et al., 2014). Two 10 cm diameter beams of
different LET were used: a beam of carbon ions, '2C®* (initial energy =
290 MeV/u, LETq = 50 keV/um) and a beam of helium ions, ‘He?+
(initial energy = 150 MeV/u, LETq = 12 keV/um). Dishes were irradi-
ated vertically and one by one, at the center of a 6 cm-SOBP (spread-out
Bragg peak) with a dose rate of 3 Gy/min.

3.4.4. Analysis by clonogenic assay

The effects of radiation combined with nanoagents was analyzed by
clonogenic assay as described elsewhere(Maury et al., 2021). Briefly,
harvested cells were seeded in Petri dishes to determine the ability of
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cells to proliferate and form colonies. For each condition, cell survival
curves were established and simulated with a linear-quadratic model
(LQ) as commonly used.

3.4.5. Quantitative parameters of analysis

Statistical F-tests, based on a maximum likelihood (ML) method,
were performed using the CFAssay package included in the R software
(Braselmann, 2019; Braselmann et al., 2015). They allow concluding
about the significance of the difference observed:

i. between the cell survival curve of the control and those obtained in
the presence of nanoagent (nanoMOFs, GemMP or GemMP-loaded
nanoMOFs)

ii. between the curves with nanoMOFs alone or loaded with GemMP.

Statistical analysis was applied from the experimental points and
significance of the p values was indicated on the survival curve as fol-
lows: 0 “****/0.001 “**’, 0.01 “**, 0.05 ‘", 0.1 ‘¢, 1.

Efficiency of combined strategies was quantified calculating the dose
enhancement factor (DEF) which is the ratio between the radiation dose
needed to achieve a surviving fraction of 10 % in the control and the
radiation dose needed to obtain the same biological effect in the pres-
ence of nanoagents (Equation (1).

C

D
DEFsp_10% = D’f”F’ (€)]
SF

Hypoxia-induced radio-resistance was quantified by the oxygen
enhancement ratio (OER). It is defined as the ratio between the dose of
radiation needed when oxygen concentration is reduced (here pO, =
0.5 %) and the radiation dose required in fully oxygenated conditions
(air, pO3 ~ 20 %) to produce the same level of biological effect (here
SF=10 %) (Equation (2). OER is related to indirect effects and thus to the
quality of the beam (LET dependency).

DgF
OER = —.2poxc @)
Dflgrmoxic
To characterize the nature of the effects produced by combing the ra-
diations with GemMP-loaded MOFs, an isobologram analysis was per-
formed using the software CompuSyn(Chou and Martin, 2005). This
method, introduced by Chou-Talalay(Chou, 2010; Chou et al., 1984), is
based on the calculation of the combination index (CI) according to the
Equation (3). The value of the CI determines the nature of the effects:
antagonist when CI>1.0, additive for CI=1.0 or synergetic when CI<1.0
(Huang et al., 2019).
o D), (D),

=1, " Do), ®

(Dy); and (Dx), are the doses that give a survival fraction (Fa) for the
treatments of the cells by radiation only (labelized 1) or GemMP-loaded
nanoMOFs alone (labelized 2). (D); and (D), are the doses that repro-
duce the same cytotoxic effect when a combination of nanoagents with
radiation is used. Values of (Dy); and (Dy), are directly extracted from
the median-effect equation of Chou (Equation (4) (Chou et al., 2010)
where D, is the median effect dose (e.g SF=50 %).

1
)m 4

Dp,(more precisely log(Dr,)) is obtained from the x-intercept of the dose
effect plot (linearization of the Equation (4) which is y = log(lf )
function to x = log(D). m is the dynamic-order signifying the shape of
the dose—effect curve where m = 1, >1, and < 1 indicate hyperbolic,
sigmoidal, and flat sigmoidal, respectively. In this study, the cell frac-
tions obtained at different doses for the treatments by (i) nanoagents
alone (ii) radiation alone and (iii) nanoagents combined with radiation,
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were implemented in the CompuSyn. Median-Effect Plot was generated
by the software, which also provides the values of m, Dy, (D)1,2 and
(Dx)1,2 and finally the CI values.

4. Results
4.1. Toxicity of nanoagents

4.1.1. Toxicities for cells cultivated in 2D monolayers

In presence of empty nanoMOFs (17 ug/ mL), the surviving fraction
of HeLa cells was higher than 95 %, indicating the absence of cytotox-
icity, namely mitotic death, due to the nanoMOFs. In contrast, free
GemMP or GemMP incorporated in nanoMOFs induced cytotoxicities
that are similar and presented in Table 1. An equivalent GemMP con-
centration of ~ 1.7 pg/ mL (10 wt%) led to surviving fractions in
monolayer cultures around 50-55 %, in accordance with our previous
experiments(Li et al., 2020). The equivalent GemMP concentration of ~
0.85 pg/ mL (5 wt%) resulted in a surviving fraction of 74 % for the free
GemMP and 78 % for GemMP-loaded nanoMOFs. This last drug con-
centration was therefore chosen for the present study so in these con-
ditions we considered both agents as non-toxic since the cell survival
was over 70 %, in agreement with the international standard for bio-
logical evaluation of medical devices (ISO 10993-5:2009-Part 5).

4.1.2. Toxicities in cells embedded in 3D-CCMs

The toxicity of the working concentration of 0.85 pg/mL GemMP
(free or encapsulated in nanoMOFs) was assessed for cells embedded in
3D-CCM. The Table 2 presents the survival fraction obtained for both
conditions, without irradiation. The difference between the free GemMP
and GemMP-loaded nanoMOFs doesn’t appear significant. The MTT
assay (Fig. 1B) showed that the concentration of 5 wt% GemMP loaded
nanoMOFs was non-toxic for cells cultured in 3D. Mitochondrial activity
of cells incubated with GemMP-loaded nanoMOFs (in black) was found
identical to that of the control cells (in green), while results were
significantly different from the negative control (in red).

4.2. Localisation of GemMP-loaded nanoMOFs in cells

In order to avoid interfering with the entrapped GemMP drug, empty
nanoMOFs were surface-labelled with fluorescent dyes as previously
described. Confocal images of nanoMOFs labelled with rhodamine B
internalized in 2D cells are presented in Fig. 1a. NanoMOFs were found
exclusively in the cytoplasm and not in the nuclei. Multiphoton micro-
scopy images of nanoMOFs internalized in 3D-CCMs are presented in
Fig. 1 b-c-d. For the first time, we observed that nanoMOFs can diffuse
through the collagen matrix of 3D-CCM. After 18 h, they have infiltrated
the entire sample in depth and are homogeneously distributed in the
matrix. The nanoMOFs penetrated the cells and localized as clusters in
the cytoplasm but not in the nuclei, as demonstrated in the case of 2D
monolayers(Li et al., 2020).

4.3. Quantification of GemMP-loaded nanoMOFs in cells

The quantification of GemMP free nanoMOFs in 2D monolayers
cultures was performed in a previous study where we showed that
monolayer cells incubated with 17 ug/mL of empty nanoMOFs during 6
h internalized around 8 pg of nanoMOFs per cell.

In this work, we quantified GemMP free nanoMOFs in the 3D-CCMs

Table 1
Comparison of the surviving fractions of cells (2D monolayer) in the presence of
GemMP (5 or 10 wt%), free or loaded in 17 ng/mL nanoMOFs.

Concentration in GemMP  SF for free GemMP  SF for GemMP-loaded nanoMOFs

1.70 pg/mL (10 wt%)
0.85 pg/mL (5 wt%)

50% +7%
74 % + 15 %

55% +4%
78 % + 8 %
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Table 2

Comparison of the surviving fractions obtained on cells contained in the 3D-CCM
in the presence of free GemMP (5 wt%) or GemMP loaded in nanoMOFs (17 pg/
mL).

Concentration in GemMP  SF for free GemMP  SF for GemMP-loaded nanoMOFs

0.85 pg/mL (5 wt%) 67.3 % + 12.5 % 88.7 % + 10.2 %

(cells and collagen matrix). After 18 h of incubation, 1.7 ug — out of 4.08
ug of available nanoMOFs in the medium — penetrated in the 3D-CCMs.
It corresponds to an uptake of 42 %. From this quantity, 0.74 pg (43.5 %)
of nanoMOFs was internalized by the cells themselves. The rest (56.5 %)
remained in the collagen matrix. In each cell, the amount of nanoMOFs
is thus ~ 2.51 pg. The nanoagents used for the irradiation experiments
were composed of 5 wt% GemMP-loaded nanoMOFs, which corresponds
to ~ 0.125 pg of GemMP per cell in average.

4.4. Impact of nanoMOFs, GemMP and GemMP-loaded nanoMOFs on
radiation effects — comparison of normoxic (pO2 = 20 %) and hypoxic
conditions (pOz = 0.5 %) (in 2D cell cultures)

4.4.1. Carbon irradiations

The normalized surviving curves obtained by the exposition of
monolayer cultures with 290 MeV/u carbon ions beam (LETq = 50 keV/
um) in normoxic conditions (pOs = 20 %) and hypoxic conditions (pOs
= 0.5 %) are presented in Fig. 2. As expected, the survival fractions
decrease with increasing the irradiation dose, following the LQ model.
The addition of GemMP-free (not loaded) nanoMOFs do not amplify the
radiation effect, in normoxic nor hypoxic conditions. On the other hand,
the cell response to irradiation was strongly increased when cells were

International Journal of Pharmaceutics 665 (2024) 124721

incubated with free GemMP or GemMP-loaded nanoMOFs. For the two
oxygenation conditions, the surviving fraction at 2 Gy is reduced by
more than 40 % (44 % and 57 % for GemMP and GemMP-loaded
nanoMOFs, respectively). The DEF value is close to 1.4 in normoxia
and 1.5—1.6 in hypoxia (Table 3). The OER is lower when the cells are
loaded with GemMP-loaded nanoMOFs, from 1.4 (control) to 1.2
(GemMP-loaded nanoMOFs) (Fig. 2C and D).

Combination indexes (CI) were calculated to determine the nature of
the effects generated by the combination of irradiations with the
nanoagents: antagonist (if CI>1.0), additive (if CI=1.0) or synergetic (if
CI<1.0). For GemMP, the effect is synergetic when the irradiation dose
> 1 Gy and additive below. With GemMP-loaded nanoMOFs, the effect is
synergetic for all the doses and maximal at high radiation dose.

4.4.2. Helium irradiation

The survival curves obtained by the exposition of monolayer culture
with 150 MeV/u helium ions beam (LETq = 12 keV/um, lower than
carbon LET) are presented in Fig. 4. Similarly to carbon ions irradiation,
nanoMOFs did not exhibit any effect cell on radiation response but the
presence of GemMP induced a radio-sensitization of cells, in particular
in hypoxic conditions. As observed before, the DEF values (Table 4) are
similar for GemMP free and loaded in the nanoMOFs, which shows that
the encapsulation of GemMP has no significant influence on the treat-
ment efficiency. Here also, the OER decreases (from 1.6 to 1.3) in the
presence of GemMP-loaded nanoMOFs (Fig. 3 C-D), showing that the
effect of oxygen decreases.

For the same conditions of incubation (control, GemMP, free nano-
MOFs or GemMP-loaded nanoMOFs), the cell survival fractions were
systematically lower under carbon ions radiation as to compare with
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QUANTIFICATION
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— 1.7 pg nanoMOFs
(42%)

Fig. 1. (A) Localisation of nanoMOFs in (a) monolayer cultures after 6 h incubation (adapted from Li et al., 2020) (b-c-d) 3D-CCMs at different z-depths after 18 h
incubation. 2PEF from nanoMOFs is depicted in red, SHG from collagen in green and 2PEF from nuclei in blue. The (b) and (c) images represent the same slice in the
sample: (b) is the merged image (SHG+2PEF) while (c) represents the nanoparticle 2PEF channel in red exclusively. (d) corresponds to images (SHG+2PEF) of the
area framed in orange in (b), performed at different depths (z). (B) Evaluation of the cytotoxicity of GemMP-loaded nanoMOFs (MG) based on the mitochondrial
activity measurement of cells contained in 3D-CCM (in black) (absorbance at 560 nm) compared to positive control i.e. 3D-CCM without any treatment (green) and
negative control i.e. 3D-CCM treated with menadione (red). (C) Quantification of nanoMOFs available in the incubation medium and internalized in 3D-CCMs after
18 h. The internalized nanoMOFs are found in the collagen or in the cells according to the distribution shown in the diagram.
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Fig. 2. Survival curves obtained with 290 MeV/u carbon ions irradiation (LETd = 50 keV/um) in (A) normoxic and (B) hypoxic conditions. Differences between the
control and GemMP or GemMP-loaded nanoMOFs are significant (p values < 0.001 (***)), but not significant between GemMP and GemMP-loaded nanoMOFs (p
value < 0.1 (.)) Oxygen effect for cells without nanoagents (C) and cells incubated with GemMP-loaded nanoMOFs (D).

Table 3

DEF values for HeLa cells irradiated with 290 MeV/u carbon ions beam (LETd =
50 keV/um) in normoxic and hypoxic conditions for cells loaded with GemMP or
GemMP-loaded nanoMOFs.

DEF (SF=10 %) Normoxic (pOz = 20 %) Hypoxic (pO2 = 0.5 %)

GemMP
GemMP-loaded nanoMOFs

1.4
1.4

1.5
1.6

Table 4

DEF values for HeLa cells loaded with GemMP or Gem-loaded nanoMOFs and
irradiated with 150 MeV/u Helium ions beam (LETq = 12 keV/um) in normoxic
or hypoxic conditions.

DEF (SF=10 %) Normoxic (pOy = 20 %) Hypoxic (pO2 = 0.5 %)

GemMP
GemMP-loaded nanoMOFs

1.3
1.4

1.6
1.7

helium ions (comparison of data not shown - see supplementary), which
confirms the increase of radio-toxicity with the incident beam LET.

The isobologram analysis (Fig. 5) shows that, the effect of free
GemMP is antagonist at low dose (1 Gy), additive at 2 Gy and synergetic
for doses > 1 Gy. With GemMP encapsulated in nanoMOFs, the effect is
additive at the dose of 1 Gy and synergistic for doses > 1.

Moreover, the synergistic effects of the two nanoagents are observed
at higher doses for helium ions than for carbon ions (for free GemMP:
above 2 Gy with helium ions and 1 Gy with carbon ions; for GemMP-
loaded nanoMOFs): above 1 Gy with helium ions).

4.5. Impact of nanoMOFs, GemMP and GemMP-loaded nanoMOFs on
radiation effects — impact of the extracellular matrix (3D cell cultures)

The survival curves of HeLa cultivated in 3D-CCMs and exposed to
different conditions (w/o nanoagents) and irradiated with carbon and
helium ions (in normoxic conditions) are provided in Fig. 6.

In line with the 2D experiments, the presence of loaded-free nano-
MOFs do not influence radio-toxicity of the two irradiation beams.

Interestingly, for the two irradiation beams, the survival curves ob-
tained with free GemMP (red) and GemMP-loaded nanoMOFs (black)
are significantly different (p values of 10~* (carbon) and 3.10~* (heli-
um)). DEF values(see Table 5) increased from 1.1 to 1.4 (carbon) and
from 1.1 to 1.3 (helium) when the GemMP is encapsulated. It shows that,
unlike the results obtained with monolayer cultures (see section 4.4.1
and 4.4.2), the effect of the agents on the radio-toxicity is affected by the
presence of the ECM.

5. Discussion

This study aimed to evaluate the efficiency of combining GemMP-
loaded nanoMOFs with particle therapy to treat normoxic as well as
hypoxic radioresistant tumors. The effect of oxygen on radiation ther-
apies is well documented in the literature: in normoxic conditions, after
irradiation, the production of superoxide radicals O; —known to be very
reactive towards biological components — causes severe toxicity
(Baldacchino et al., 2019). Oy can also directly react with the bio-
molecules, fixing lesions by the formation of peroxydized species mak-
ing the cell damage non-repairable and permanent(Scifoni et al., 2013).
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When O, concentration is reduced (hypoxic conditions), the production
of O; and the fixation of biomolecular damage decrease, thus enhancing
the competitive interaction of biomolecule radicals with radical-
reducing species and resulting in “chemical repair” of damage
(Furusawa et al., 2000). These phenomena explain the challenge of

treating hypoxic tumors.

Here, we demonstrated that the presence of GemMP-nanoMOFs en-
hances the deleterious effect of radiation (carbon and helium), both in
normoxic and hypoxic conditions. In the presence of GemMP-loaded
nanoMOFs, the dose can be reduced 1.4-fold in normoxia and at least
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GemMP are significant for carbon (p values < 0.001 (***)) and helium ions (p values < 0.05 (*)). Differences between the control and GemMP-loaded nanoMOFs are

significant (p values < 0.001 (
for the two beams.

Table 5

DEF values for 3D-CCM Hela cells irradiated with 290 MeV/u Carbon ions
(LET4 = 12 keV/um) or 150 MeV/u Helium ions (LETq = 50 keV/um) in nor-
moxic conditions for cells loaded with GemMP or Gem-loaded nanoMOFs.

DEF (SF=10 %) Carbon Helium
GemMP 1.1 1.1
GemMP-loaded nanoMOFs 1.4 1.3

1.6-fold in hypoxia to achieve the same cytotoxic effect (SF=10 %) than
with irradiation alone. The presence of the nanoagent reduces the oxy-
gen dependence of the cell radio-sensitization, by 14 % (carbon) and 19
% (helium) ions.

As expected, the radiotoxicity was found systematically higher for
high LET radiation (carbon ions (50 keV/um)) than for helium ions (12
keV/um). This is well explained by the increase of the ionization density
along the ion track and the consecutive induction of complex biodamage
and cell killing efficiency(Hirayama et al., 2009). Consequently, because
of the high lethality of these lesions, the radio-toxicity of high LET ra-
diation is less sensitive to the presence of molecular oxygen, and the

)) for carbon and helium ions. Differences are significant between GemMP and GemMP-loaded nanoMOFs (p value < 0.001 (***))

oxygen fixation mechanisms plays a minor role (OER tends to 1)
(Hirayama et al., 2005; Hirayama et al., 2009). In addition, the increase
of the ionization density in the track at high LET induces a drop in the
radical concentration due to their recombination into molecular species
(Ito et al., 2006; LaVerne, 2000). Thus, the component of indirect
damage in cell killing (beta) is drastically reduced, as well as the
dependence on oxygen concentration(Scifoni et al., 2013).

From a medical point of view, the resulting high relative biological
effectiveness and low dependence on the O concentration make heavy
ion beams a modality superior to conventional radiotherapy to treat
hypoxic tumors. Their physical characteristics such as a finite beam
range and their dosimetric advantages are now well understood,
explaining why the use of particle therapies in cancer treatment con-
tinues to expand, with carbon and helium ions as leading therapies.
Carbon ions benefit from a clinical advantage over helium, as numerous
studies have already been published showing their efficacy for most
malignant tumors(Malouff et al., 2020). Nevertheless, helium ions
exhibit intermediate physical and radiobiological properties between
protons and carbon ion beams, in terms of linear energy transfer (LET),
biological efficacy (RBE) and targeting (sharp lateral penumbra)
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(Mairani et al., 2022). They even have advantages over carbon ions,
namely reduced radiobiological uncertainties and less neutron dose.
Moreover, helium ions open up new perspectives for imaging and
treatment monitoring, reducing imaging dose (with comparable image
quality) compared to carbon ions(Mazzucconi et al., 2018; Volz et al.,
2020). Last but not least, treatment with helium ions is also interesting
for its economic aspects since the technical effort needed to accelerate
helium ions is less compared to carbon ions and deliverable with a
cyclotron. They may provide a “streamlined economic steppingstone
towards an era of widespread use of different particle species in light and
heavy ion therapy” (Mairani et al., 2022).

In this context, the addition of GemMP-loaded nanoMOFs could
further boost the performance of helium ions beyond that of carbon ions,
in particular to overcome the radioresistance of hypoxic tumors.

After demonstrating that GemMP-loaded nanoMOFs could coun-
teract the effects of oxygenation, the second objective was to charac-
terize the influence of the microenvironment. We showed that these NPs
are able to diffuse through the ECM (collagen matrix) and penetrate
cancer cells. They are found in the cytoplasm, suggesting internalisation
in the cells by endocytic process, which agrees with other works with
NPs of this size (~200 nm) (Meng et al., 2016). When released in cell,
GemMP may exert its intracellular cytotoxic action as reported in the
literature(Li, Salzano, et al., 2020): (i) inhibition of DNA synthesis and
post radiation damage repair (ii) incorporation into DNA as fraudulent
base, making the defect significantly more difficult to repair (iii) inter-
ference with the cell cycle arresting in the most radio-sensitive phase
(Herscher et al., 1999; Seiwert et al., 2007; Shewach and Lawrence,
1996). The cytotoxic effects of the drug cumulated with the induction of
complex damage by the ions, explains the remarkable efficacy (+55 %
for carbon ions and + 45 % for helium ions at 2 Gy, whatever the
oxygenation degree). It is even greater than the already reported effect
of other metallic NPs combined with ions. For example, for gold NPs
(0.5 mmol/L), under identical hypoxia conditions (pOz = 0.5 %),
DEFsg_109 of 1.05 and 1.26 were reported for monolayer cultures irra-
diated with the same carbon and helium ion beams (versus 1.63 and
1.70 in our study)(Bolsa Ferruz, 2017).

Toxicity results based on 3D cell models showed that the selected
working concentration of nanoagents was compatible with in vitro ex-
periments (ISO 10993-5:2009-Part 5). Nevertheless, the variability re-
flected in the error bars makes it challenging to determine statistical
significance and draw definitive conclusions about the differences in
toxicity between GemMP-loaded nanoMOFs and free GemMP. However,
while the radio-sensitization experiments carried out in 2D showed
similar efficiencies between the free GemMP and the GemMP encapsu-
lated in nanoMOFs, a significant difference was observed in 3D. In this
case, free GemMP interact with the ECM, which decreases its penetra-
tion in cells compared to the 2D sample. The “Trojan horses” property of
the nanoMOFs is thus more significant in 3D as in 2D samples. Thus, the
radiosensitivity was found higher with 3D-CCM. GemMP-loaded nano-
MOFs showed a greater effect than with metallic gadolinium nano-
particles for example. With the same 3D cell models, with the same
carbon ions beam, the DEFgg_1¢9, was 1.06 (compared with 1.4 in this
study). To the best of our knowledge, this is the first time that the effi-
cacy of a drug delivery system combined with a particle beam has been
studied and demonstrates the promising potential of such a combination
to treat tumors.

While recognizing the limitations of the in vitro models used in this
study, they provided an essential first step in evaluating the effectiveness
of the strategy. They allowed precise control of hypoxia and drug de-
livery, offering key insights into the interactions between GemMP,
nanoMOFs, and radiation. The promising in vitro results establish a
strong foundation for future in vivo studies, ensuring that these more
complex investigations are both ethically guided and better informed.
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6. Conclusions

The multimodal approach proposed in this study aims at combining
particle therapy and chemotherapy to advance cancer treatment. We
demonstrated the significant potential of GemMP-loaded nanoMOFs to
improve local tumor control while minimizing toxicity to healthy tis-
sues. Notably, this nanoagent effectively enhances the impact of radia-
tion under both normoxic and hypoxic conditions, with comparable
efficiencies. We also showed that nanoMOFs successfully deliver nearly
100 % of the drug to cancer cells, even in the presence of a microenvi-
ronment. The nanoagents’ ability to diffuse into tissues and maintain
efficacy under hypoxic conditions highlights their potential. These
encouraging outcomes and lack of obstacle bring the research closer to in
vivo application, opening new avenues for the treatment of hypoxic tu-
mors, which remain a major therapeutic challenge.
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