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Radiotherapy is a cornerstone of cancer treatment. However, due to the low tissue specificity of ionizing
radiation, damage to the surrounding healthy tissue of the tumor remains a significant challenge. In
recent years, radio-enhancers based on inorganic nanomaterials have gained considerable interest.
Beyond the widely explored metal and metal oxide nanoparticles, 2D materials, such as MXenes, could
present potential benefits because of their inherently large specific surface area. In this study, we highlight
the promising radio-enhancement properties of TizC,T, MXenes. We demonstrate that atomically thin
layers of titanium carbides (TizC,T, MXenes) are efficiently internalized and well-tolerated by mammalian
cells. Contrary to MXenes suspended in aqueous buffers, which fully oxidize within days, yielding rice-
grain shaped rutile nanoparticles, the MXenes internalized by cells oxidize at a slower rate. This is consist-
ent with cell-free experiments that have shown slower oxidation rates in cell media and lysosomal buffers
compared to dispersants without antioxidants. Importantly, the MXenes exhibit robust radio-enhance-
ment properties, with dose enhancement factors reaching up to 2.5 in human soft tissue sarcoma cells,
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while showing no toxicity to healthy human fibroblasts. When compared to oxidized MXenes and com-
mercial titanium dioxide nanoparticles, the intact 2D titanium carbide flakes display superior radio-
enhancement properties. In summary, our findings offer evidence for the potent radio-enhancement

Open Access Article. Published on 13 October 2023. Downloaded on 3/12/2026 10:34:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/biomaterials-science

Introduction

Cancer is the third-leading cause of death in the developed
world,"” and while treatments are improving continuously, the
side effects often remain severe. Radiation treatment con-
tinues to be an integral component of cancer therapy.
Approximately half of all cancer patients receive radiotherapy
as part of their treatment plan in order to locally destroy or
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capabilities of TizC,T, MXenes, marking them as a promising candidate for enhancing radiotherapy.

control cancer growth.> To improve the therapeutic ratio, ie.,
the balance between therapeutic success and side effects,
radio-enhancing and/or radio-sensitizing nanoparticles may be
introduced into the tumor. Despite encouraging results in
both preclinical and more recent clinical studies - including
the approval of HfO, nanoparticles as radio-enhancers in the
treatment of soft tissue sarcoma®” - there is a lack of mechan-
istic and comparative studies. This scarcity largely precludes
rational selection of material candidates.®”

The current understanding suggests that the radio-enhance-
ment mechanism relies on the much higher photoelectric
cross-section of high-Z nanoparticles, compared to that of soft
tissue, at photon energies up to several hundred keV.*° The
ejection of an inner-shell electron close to the atomic nucleus
leads to a cascading emission of several low-energy electrons
(known as the Auger cascade) when the electron vacancy is
refilled. These electrons interact with the cell environment sur-
rounding the nanoparticles, causing the radiolysis of water,
which is the cells’ main constituent. This leads to the for-
mation of reactive oxygen species (ROS).”'® ROS, in turn,
cause damage to DNA, the cell membrane, and other vital cell
components, including mitochondria.”" In addition to
material effects, biological factors such as the cells’ suscepti-

This journal is © The Royal Society of Chemistry 2023
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bility to radicals and their DNA repair capacity may also con-
tribute to the overall treatment response and success.'>™*> At
clinically used higher irradiation energies, ie., in the MeV
range, the photoelectric effect becomes negligible.'® Catalytic
effects,® as well as biological sensitization,'® have been identi-
fied as driving mechanisms for radio-enhancement, either via
ROS production (chemical enhancement) or through cellular
pathways (biological sensitization). Nanoparticles capable of
altering intrinsic cell radiosensitivity by inhibiting specific
targets linked to treatment resistance hold great promise.
However, a deeper mechanistic understanding is still needed.”

Historically, the radio-enhancement field has been strongly
focused on gold nanomaterials.®'”>° The prevailing hypoth-
esis was that gold atoms, having a high atomic number (2),
would interact strongly with photon radiation compared to cell
tissue/water. Indeed, the probability of the photoelectron
absorption directly scales with (Z/E)", where n is a coefficient
that varies between 3-4, and E is the incoming photon
energy.”’ While the main focus of the field has been on high-Z
materials, there is increasing evidence that certain lower-Z
materials may offer additional benefits due to radiocatalytic
activity,® especially at high photon energies. Catalytically active
candidate systems include, amongst others, titanium-based
materials.®>* Due to the surface-specific nature of the catalytic
enhancement, the morphologies and architectures enabling
maximization of the number of accessible catalytically active
sites seem particularly appealing. Thus, nanomaterials with
ultra-high specific surface area become a natural choice.
Among such materials, MXenes, and in particular Ti;C,T,
single flakes, are promising candidates due to their high
cytocompatibility.>*** MXenes are a relatively new class of 2D
transition metal carbides and carbonitrides®® with a general
formula of M,,,,X,,Ty, where n + 1 (n = 1-4) layers of early tran-
sition metals (M) are interleaved with n layers of carbon or
nitrogen (X). T, represents the surface terminations, such as O,
OH, F, and/or Cl, which are bonded to the outer M layers. In
the delaminated form of (hydrophilic) single 2D flakes,
Ti;C,T, MXenes satisfy some necessary and important criteria
for drug formulation, including water-dispersibility, tailorable
size and acceptable stability. Ti;C,T, MXenes have already
been successfully employed for photothermal therapy appli-
cations,”® also in combination with chemotherapeutics,”” or
modified with iron oxide for theranostics.>® Also MXenes of
other compositions, including Ta,C;T,, have been engineered
for similar applications.>® MXenes have also shown promising
antibacterial properties,”® making them a very versatile
material class with a diversity of biomedical applications.
However, the utility of MXenes in the realm of radiotherapy
remains largely unexplored. Given the established practices of
direct intratumoral injection or peritumoral delivery of radio-
enhancers, such as HfO, nanoparticles, MXenes could present
a highly promising avenue for further application in radiotherapy.

In this work, we demonstrate promising radio-enhance-
ment properties for Ti;C,T, MXenes in human soft tissue
sarcoma cells and high cytocompatibility in absence of
irradiation. We show that Ti;C,T, MXenes fulfill key require-
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ments, including low toxicity in absence of ionizing radiation
and in non-cancerous cells, as well as promising radio-enhanc-
ment properties in carcinoma cells, supporting the investi-
gation and exploitation of this emerging class of materials for
biomedical use.

Results & discussion

Physicochemical characterization of MXenes and dispersant-
dependent oxidation

Multilayered and delaminated Ti;C,T, MXenes were syn-
thesized according to previously reported procedures.*®?
Briefly, TizAlC, was etched with hydrochloric acid during 24 h
before being thoroughly washed with deionized water and
delaminated with lithium chloride. X-ray diffraction (XRD) pat-
terns, Raman and inductively coupled plasma spectroscopy
(ICP) analysis of synthesized Ti;C,T, MXenes confirm its
phase purity and absence of unreacted TizAlC, precursor or
oxidized phases such as TiO, (Fig. 1a and b). While the as-syn-
thesized Ti;C,T, phase shows a characteristic layered structure,
single or few-layer flakes of as-synthesized MXenes become the
dominant solid species after dispersion in water and soni-
cation for 5 minutes or more. Transmission electron
microscopy (TEM) shows such MXene flakes with lateral
dimensions of below 4 um (Fig. 1c).

A clear understanding of MXene aging behavior as function
of the environment is imperative, especially as it provides
insights concerning the MXene phase present during cell
culture and radio-enhancement experiments (vide infra). We
utilized STEM EDX and TEM to track evolution of the MXene
flakes upon aging in different media: water, lysosomal buffer
containing citrate,* and cell culture medium. Pristine MXene
flakes are characterized by a homogeneous lateral distribution
of Ti with a minute number of TiO, nanoparticles (Fig. 1d of
STEM with EDX on fresh MXenes shows some small regions of
higher oxygen concentration), however after 1 week of aging at
37 °C of the Ti;C,T, in water dispersions, TiO, nanoparticles
become a dominant phase and the initially black dispersions
gradually turn white, yielding rice-grain shaped rutile-domi-
nant (ca. 70% rutile, 30% anatase) nanoparticles (TEM in
Fig. 1e and XRD in Fig. 1a). Rapid oxidation of MXenes in
water is well-known.”*” In contrast, we observe a notably
decreased oxidation rate of the MXenes in the media contain-
ing antioxidants, ie. artificial lysosomal buffer containing
citrate (Fig. 1f) and cell culture media (Fig. 1g), which is in
line with other recent reports on antioxidant-containing dis-
persants.*® Within a week, MXenes were only partially oxidized
and the characteristic morphology of the MXenes was
preserved.

For the cytotoxicity and radio-enhancement investigations
(described below), fresh and aged MXenes (i.e. oxidized for 1
week in water at 37 °C) were compared and benchmarked
against titanium dioxide nanoparticles (P90, Evonik, 80%
anatase, 20% rutile®”) that have well-known radio-enhance-
ment properties.®*® P90 was selected because of its cytocom-
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Fig. 1 (a) X-ray diffraction (XRD) patterns of fresh TizC,T, MXenes with no evidence for non-Ti contaminants. XRD patterns for aged MXenes shown

along with commercially available TiO, nanoparticles (P90); a.u.: arbitrary units. (b) Raman spectra for fresh and aged TizC,T, MXenes as well as P90
TiO, nanoparticles. (c) Transmission electron micrograph of as-synthesized (=fresh) MXenes. (d) Dark-field scanning transmission electron micro-
graphs and corresponding energy-dispersive X-ray spectroscopy maps for carbon (C), titanium (Ti) and oxygen (O) illustrating the partial oxidation of
MXenes in water (<1 day). Transmission electron micrographs of MXenes aged in physiologically relevant fluids, including (e) water, (f) lysosomal
buffer and (g) cell culture medium over a period of 1 week. (h) Schematic overview illustrating the gradual aging of MXenes in aqueous fluids over
time, which can be delayed by addition of antioxidants, such as the ones present in cell culture media or citrate-based lysosomal buffers. In water,
MXenes fully oxidize to form rice-grain shaped rutile-dominant nanoparticles over a period of 1 week at 37 °C (denoted as “aged” MXenes, as

opposed to “fresh” MXenes).

patibility, favorable cellular uptake and larger specific surface
area compared to P25 (BET surface areas of 90-100 m”> g™*
50 m”> g7 ).

Cytocompatibility, uptake and cellular fate of MXenes

High cell compatibility and uptake are prerequisites for
efficient radio-enhancement. Cytotoxicity and cellular uptake
were thus quantitatively assessed for fresh Ti;C,T, MXenes,
aged (in H,O) Ti;C,T, MXenes and P90 TiO, nanoparticles.
Toxicity was measured in human soft tissue sarcoma cells
(HT1080, Fig. 2a and b) and normal human fibroblasts
(NHDF, Fig. 2c and ESI Fig. S1}) exposed to MXenes for
24 hours in an acute response and a long-term (6 days, full
duration of the radio-enhancement study) scenario. While
HT1080 cells were included as target cells, normal human
fibroblasts served as non-cancerous healthy control cells to
account for cancer and healthy cell compatibility. Cell viability
was measured based on metabolic activity (adenosine tripho-
sphate (ATP) assay). A dose-dependent viability decrease was
observed for the fresh MXenes, however, the overall metabolic
activity of the human sarcoma cells remained almost
unaffected for concentrations up to 40 pg ml™" and was still

7828 | Biomater. Sci, 2023, 1, 7826-7837

>60% of that of untreated control cells for all investigated
MXene doses, i.e. up to 160 pug ml~" (see Fig. 2a) and exposures
for 24 hours. Interestingly, equi-dosed aged MXenes were toler-
ated by cells even better, showing no effect on cell viability up
to 40 ug ml™" at the 24 h time point. The higher effects of
fresh MXenes on cell viability can likely be attributed to the
following factors: (i) a change in oxygen availability in the cell
environment>*! through (slow) oxidation of as-synthesized
MXenes (in contrast to the more stable aged MXenes); (ii) the
sharp edges of MXenes inducing membrane damage;**** or
(iii) further more complex (biological) mechanisms. However,
oxidative stress caused by MXene exposure has been subject to
controversy>>*** and is likely dependent on the cellular
environment and exposure times. The P90 TiO, nanoparticles
were tolerated similarly well as equi-dosed aged MXenes and
showed no detectable effect on cell metabolic activity up to
concentrations of 320 ug ml™".

In normal human fibroblasts, both fresh and aged MXenes
caused no measurable effect on cell viability and were excel-
lently tolerated up to doses of 160 pg ml™" (see ESI Fig. S17).
This is well in line with previous results indicating increased
tolerance of non-cancerous cells towards oxidative stress*>**

This journal is © The Royal Society of Chemistry 2023
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(a) Cell viability for 24 h and (b) 6 days exposure of human soft tissue sarcoma cells and (c) 6 days exposure of healthy human fibroblasts to

fresh TisC,T, MXenes, aged TizC,T, MXenes and commercial TiO, nanoparticles (P90). (d) Uptake of the respective nanomaterials into human soft
tissue sarcoma cells after 24 h of incubation, expressed as Ti metal mass measured by inductively coupled plasma spectroscopy. For the uptake
experiments as well as the 6 day radio-enhancement and toxicity study, only subtoxic doses (up to 20 ug ml™) have been included. * in the cell via-
bility plots (a—c) indicates p < 0.05 (Bonferroni post-hoc corrected) and a significant difference to untreated control cells.

and Ti;C,T, MXenes.”> With regard to the long-term viability
(see Fig. 2b and c), reduction in viability was more pronounced
compared to the 24 hours timepoint for both the fresh
MXenes, with 6-day viabilities of ~70% for doses of 20 ug ml™
(compared to >95% at 24 h) and aged MXenes with >65% via-
bility for doses of 40 pg ml™* (compared to unaffected cell via-
bility at the 24 h time point). All in all, we observed moderately
decreased cell viability at 24 hours and more pronounced long-
term effects of MXene-related materials in sarcoma cells and
an overall attenuated response in healthy fibroblasts. These
findings further support the postulated selective toxicity of
Ti;C,T, towards cancerous cells.*®

To account for potentially different sedimentation and
uptake rates for the different materials,*® the cell viability
results were also contextualized with cellular uptake data.
Elemental analysis based on inductively coupled plasma mass
spectroscopy (ICP-OES) shows a cell-associated Ti-content
(metal mass) of 0.015-0.04 ng per cell for the fresh TizC,T,
MXenes, about double of it for aged MXenes, and even higher
Ti-content for P90 TiO, nanoparticles with 0.06-0.8 ng per cell
for concentrations from 5-320 pg ml™', with a non-linear

This journal is © The Royal Society of Chemistry 2023

increase (Fig. 2d). The uptake results for TiO, nanoparticles
are well in line with previous work,*® attesting to the high
reproducibility of these cellular uptake measurements.

The interaction with cells and the cellular uptake of the
Ti;C,T, MXenes was further investigated by TEM and STEM
with EDX to investigate the intracellular accumulation and
account for any potential biotransformation (e.g. oxidation,
changes in elemental composition, or morphological changes,
Fig. 3 and ESI Fig. S2t). MXenes can be readily localized intra-
cellularly, and their characteristic sheet-like structure is pre-
served for MXenes taken up by cells. While most intracellular
MXenes display lateral dimensions of below 4 pum (also caused
by the sectioning during TEM/STEM sample preparation),
occasionally, large arrays of sheets exceeding dimensions of
10 pm are observed intracellularly. These findings align closely
with observations of other 2D materials, such as graphene
sheets,*®*” which are internalized through both endocytosis
and phagocytosis processes.”® In contrast, the aged MXenes
have lost their characteristic sheet-like form and mostly
consist of loosely clustered rice-grain shaped TiO, particles, or
in rare cases remainders of sheets covered with TiO,.

Biomater. Sci, 2023, 11, 7826-7837 | 7829
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Fig. 3 Left: Transmission electron micrographs of human sarcoma cells after 24 hours of incubation with (a) fresh TizC,T, MXenes, (b) aged TizC,T,
MXenes (aged for 1 week at 37 °C in milliQ H;O), and (c) P90 TiO, nanoparticles. Center: High-angle annular dark field (HAADF) scanning trans-
mission electron micrographs. Right: Corresponding energy-dispersive X-ray spectroscopy (EDX) maps of Ti and O. Fresh MXenes show an overall
lower oxygen content compared to aged MXenes or TiO, nanoparticles. Aged MXenes present a morphology similar to P90 TiO, nanoparticles.

TEM and STEM micrographs show fresh and aged MXenes
localized in the cytoplasm, mostly as agglomerates. The intra-
cellular MXenes, whether fresh or aged, retain a morphology
closely resembling the original materials - sheets for the
former and particles for the latter. When introduced to cell
cultures, there was no evident major oxidation in the fresh
MXenes, as confirmed by morphological and semi-quantitative
compositional analysis using EDX, with the oxygen content
being comparable to the background. The aged MXenes
present a morphology, elemental contents and a cellular distri-
bution more similar to the P90 TiO, nanoparticles rather than
the original MXenes, which showed an overall lower oxygen
content.

The STEM data also hint a possible reason for the lower
uptake of fresh TizC,T, MXenes caused by their larger (longi-
tudinal) size (~1-3 pm) compared to their (partially) oxidized
counterparts and the fully oxidized P90 TiO,.*° P90 TiO, nano-
particles were taken up by cells most likely via an endocytic
pathway,’>" and formed intracytoplasmic agglomerates con-
tained in membrane-bound vesicles with characteristic sizes of
~500-2000 nm, which is well in line with previous studies on
flame-sprayed titania nanoparticles.*® The aged MXenes show
intracellular agglomeration and distribution similar to the

7830 | Biomater. Sci, 2023, 11, 7826-7837

TiO, nanoparticles. Importantly, these electron microscopy
investigations show that nanomaterials were exclusively loca-
lized in the cytoplasm and no evidence for particles in the
nucleus was found in any of the investigated samples. This is
well in line with the reported size threshold of the nuclear
pores of 9 nm.>?

In vitro dose enhancement effects

Following the investigation of the Ti;C,T, MXene cytotoxicity
and cellular uptake, the radio-enhancement performance in
human sarcoma (HT1080) and fibroblast (NHDF) was quanti-
fied for both fresh and aged Ti;C,T, MXenes, and bench-
marked against commercial TiO, nanoparticles (Fig. 4 and ESI
Fig. S3f). After 24 h-incubation with the respective nano-
particles at concentrations ranging from 5-320 pg ml™,
HT1080 cells were irradiated with 0, 2, 4, 6 and 8 Gy with a
150 kVp X-ray beam and analyzed 5 days later. The surviving
fraction relative to the non-irradiated control cells exposed to
the same concentration of the corresponding nanoparticles
decreased in a logarithmic fashion, which can be fitted with
the linear quadratic model commonly used in radiobiology.>?
Amongst the three different materials investigated, the fresh
Ti;C,T, MXenes showed the most pronounced dose-dependent

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Surviving fractions of human soft tissue sarcoma cells irradiated
at different X-ray doses, relative to untreated, non-irradiated control,
treated with (a) fresh TizC,T, MXenes, (b) aged TizC,T, MXenes and (c)
TiO, (P90). (d) Dose-modifying ratio (DMR) at 50% cell survival for afore-
mentioned particle types and different concentrations in HT1080 (* indi-
cates p < 0.05). (e—g) Surviving fractions of normal human dermal fibro-
blasts irradiated at different X-ray doses, relative to untreated, non-irra-
diated control, treated with (e) fresh TizC,T, MXenes, (f) aged TizC,T,
MXenes and (g) TiO, (P90).

radio-enhancement effects in radio-resistant human soft tissue
sarcoma cells, followed by the aged MXenes (Fig. 4a—c). At the
highest tolerable nanoparticle concentration (defined as >80%
viability of cells after 24 h exposure) and an irradiation dose of
8 Gy, <20% of the cells - compared to the nanoparticle-treated
control cells - survived. The dose-modifying ratio (DMR) for
50% cell death reached 2.5, thereby surpassing previously
reported values for TiO, studied in similar conditions.®

An interesting observation can be made based on the corre-
lation between the effectively taken up nanoparticle concen-
tration and the ensuing radio-enhancement effect: by asses-
sing the cellular uptake of Ti metal atoms from MXenes and
P90 (as shown in Fig. 2d) and considering the respective molar
masses of both particle types, one can deduce that at an initial

This journal is © The Royal Society of Chemistry 2023
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concentration of, for instance, 20 pg ml™", cells take up
roughly 10 times more P90 than aged MXenes, and about 20
times more than fresh MXenes. However, despite this, the
radio-enhancing potential of both fresh and aged MXenes at
the 20 pug ml™" concentration was significantly greater than
that of P90 TiO,, suggesting a higher activity for the MXenes
(see also ESI Fig. S4t). The DMRs5q, values obtained for fresh
and aged MXenes also exceed the ones previously observed for
TiO, and HfO, nanoparticles in an equivalent setting.® Taken
together, the respective surviving fractions at different nano-
particle concentrations and the effective uptake quantities
indicate a significantly higher radio-enhancement efficiency
per nanoparticle mass of MXenes than of P90 and other pre-
viously investigated metal oxides (HfO,, WO;) and metals (Au).
While metal oxides and gold affect the cell viability to a lesser
extent than the fresh MXenes, and thus can potentially be
applied at higher doses, the DMR5(0, values of the latter does
not exceed the one observed for low-dose MXenes (DMRsq, of
2.5) even at maximally tolerated doses.’ Importantly, equi-
valent dose administration of fresh and aged MXenes to
normal human dermal fibroblasts does not lead to any mea-
surable radio-enhancement (Fig. 4e-g, DMRso, ~ 1 for all
nanomaterials and concentrations), suggesting a very promis-
ing therapeutic ratio.

The strong radio-enhancement effects of MXenes may be
caused by their ability to generate radicals when irradiated,”*>*
as well as their ability to interfere with the natural antioxidant
machinery of the cells. As the MXenes only contain low-atomic
number elements (Ti, C, and potentially O), no significant
physical dose enhancement is expected. This can further be
supported by mass calculations of the macroscopic DEF for a
Ti-water mixture to be expected from a 150 kVp source based
on physical enhancement as well as Monte Carlo (MC) simu-
lations. Due to the macroscopic material homogenization the
macroscopic DEF calculations overestimate the DEFs com-
pared to MC simulations based on actual cell geometries by
Gerken et al.,’ which showed no relevant physical enhance-
ment of Ti-related nanoparticles (TiO, and TiN) for the
150 kvp source (ESI Fig. S51). The high dose enhancement
observed in cell experiments for low mass fractions of MXenes
compared to the expectedly low physical enhancement, along
with the considerably lower (DEF ~ 1) radio-enhancement
effects observed in healthy fibroblasts, which are much more
resistant towards oxidative stress,” strongly support a radical-
based mechanism. Indeed, in our experiments where the anti-
oxidant dimethyl sulfoxide (DMSO) was added to the cell cul-
tures, the radio-enhancement was partially attenuated for both
MXenes and P90, supporting an OH -mediated radio-enhance-
ment mechanism for fresh MXenes (ESI Fig. S67).
Mechanistically, these pronounced radio-enhancement effects
are further supported also by recent findings suggesting that
MXenes may hinder the activity of antioxidant enzymes and
make ROS accumulate intracellularly causing oxidative
damage to biomacromolecules and cell membranes.*® It has
further been shown that MXenes treatments may damage the
antioxidative system and reduce superoxide dismutase (SOD)
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activity leading to the elevated intracellular ROS level and oxi-
dative damage.”® In sum, this research underscores the prom-
ising radio-enhancement potential of MXenes, particularly
noting a more pronounced enhancement effect in cancerous
cells compared to healthy ones. Future endeavors could delve
into addressing the delivery challenges and deepening our
understanding of the underlying mechanisms based on emer-
ging ROS detection technologies.

Conclusions

Taken together, the present work shows potent radio-enhance-
ment properties for Ti;C,T, MXenes, and to a lesser extent
also for aged (oxidized) Ti;C,T, MXenes at subtoxic concen-
trations. Interestingly, the MXenes do not undergo complete
oxidation in the cell cultures and their characteristic sheet
structure remains well preserved, in contrast to MXenes
exposed to antioxidant-devoid aqueous environments. The
high dose enhancement ratios enabled by MXenes together
with their negligible toxicity towards non-cancerous cells at
therapeutically effective concentrations make them a promis-
ing candidate material for radiotherapy augmentation. The
fact that a substantially larger mass (approx. 8 times more) of
P90 TiO, is needed to achieve the same radio-enhancement
effect as with oxidized Ti;C,T, suggests that the effect from
the latter does not (only) stem from the TiO, formed on top of
the MXene sheets during partial oxidation. This indicates that
other mechanisms of radio enhancement might be at play,
such as reactive oxygen species generation and interference
with the antioxidant machinery of the cells. While a deeper
mechanistic understanding of the ROS production would be of
great interest, commonly used fluorescence ROS assays show
strong assay interference, therefore alternative strategies are
warranted. In addition, the identification of optimal routes for
MXenes delivery is a major research priority, extending on
strategies such as intratumoral injection (similarly to what is
done for hafnium dioxide nanoparticle delivery to soft tissue
sarcoma tumors today’) or peritumoral delivery via catheters,
as well as encapsulation for the targeting of difficult-to-reach
tumors. Importantly, comparative studies,”® such as this one
including TiO, benchmarks, and an in-depth understanding
of toxicity and long-term effects are imperative for the rapid,
evidence-based and sustainable advancement of the nano-
material radio-enhancement field.

Materials & methods
Materials
Titanium dioxide

nanoparticles (Aeroxide®, P90) were

obtained from Evonik Industries AG (Essen, Germany).

Ti;C,T, MXenes synthesis

TizC,T, MXene colloidal suspension was produced similarly to
previous reports.>>*! Briefly, 1 g of Ti;AlC, powder (Carbon-
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Ukraine, <44 pm particle size) was added gradually to a
mixture of 6 ml DI water, 12 ml of concentrated hydrochloric
acid (HCl, Sigma-Aldrich, 35%) and 2 ml of concentrated
hydrofluoric acid (HF, Sigma-Aldrich, 48 wt%). Then, the
mixture was stirred at 300 rpm under a constant temperature
of 25 °C for 24 hours. After etching, the multilayer Ti;C,T,
powder was washed with DI water several times via centrifu-
gation at 3500 rpm for 5 min until neutral pH was reached.
The obtained multilayer Ti;C,T, powder was delaminated by
using 1 g of lithium chloride (LiCl, Carl Roth, 99%) in 50 ml of
DI water. After the addition of Ti;C,T,, the mixture was then
stirred at 300 rpm, for 24 hours at 25 °C. Then, the solution
was centrifuged at 3500 rpm for 10 min for several times until
the supernatant became dark. The dark solution containing
the delaminated single/few layer flakes was collected. To
obtain aged MXenes, fresh MXene dispersion was diluted 1:1
with milliQ water and put at 37 °C for 7 days while being con-
stantly slightly shaken.

Nanomaterial characterization

Transmission electron microscopy (TEM) imaging was per-
formed on a Zeiss EM 900 microscope (Carl Zeiss Microscopy
GmbH, Germany) at 80 kV. Samples of as-synthesized MXenes
were prepared by drop-casting a dispersion of 50 pg ml™ in
ultrapure (milliQ) H,O after 5 min sonication quickly onto a
lacey carbon-coated grid (200 mesh copper, EM Resolutions).
The grid was then immediately placed into a vacuum chamber
to prevent further oxidation in air. For a MXenes sample as
administered to cells, the MXenes were dispersed in milliQ
H,O for 2 h by sonication and then drop-casted onto a lacey
carbon-coated grid (200 mesh copper, EM Resolutions) at
0.1 pg ml™". For aged MXenes samples, a stock of 0.5 mg ml™*
was incubated for 1 week at 37 °C in milliQ H,O, artificial lyso-
somal buffer (citric acid buffer 0.01 M, pH 4.5) or cell culture
medium (Eagle MEM, Sigma-Aldrich or Gibco), diluted in
milliQ H,O to 50 pg ml™", drop-casted onto a holey carbon-
coated grid (200 mesh copper, EM Resolutions) and washed
three times with milliQ H,O. These grids were then also stored
in a vacuum chamber. Dark-field scanning transmission elec-
tron microscopy and corresponding energy-dispersive X-ray
spectroscopy (EDX) mapping of the described grids with
MXenes in water (<1 day) as administered to cells and MXenes
aged for 1 week in biological fluids, including milliQ H,O,
lysosomal buffer and cell culture medium was performed on a
FEI Talos F200X (Thermo Fisher Scientifc) microscope at
200 kv. X-ray diffraction patterns were obtained with a Bruker 2D
Phaser with a step size of 0.01°. For the Raman measurements
of fresh and aged MXenes a WiTec Raman alpha 300R micro-
scope was used with a 63x/1.0 M27W “Plan-Apochromat” water
immersion lens (Zeiss, #421480-9900-000) and a 532 nm laser
at a laser power 20 mW and an integration time of 2 s and 10
accumulations. Cosmic ray removal and smoothing were
carried out using the Project 5 WiTec software. In addition,
TiO, P90 was analysed on a Renishaw “inVia” with the “Wire”
software (Renishaw plc, Gloustershire, Great-Britain).

This journal is © The Royal Society of Chemistry 2023
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Cell lines and culture conditions

Human soft tissue sarcoma HT1080 cells (ATCC®CCL121TM)
were cultured in minimum essential medium Eagle (MEM,
Sigma-Aldrich or Gibco) supplemented with 10% fetal bovine
serum (FBS, Sigma-Aldrich), 1% r-glutamine (Sigma-Aldrich),
1% non-essential amino acids (NEAA, Sigma-Aldrich), 1%
penicillin-streptomycin  (PS, Sigma-Aldrich) and 1 mM
sodium-pyruvate at 37 °C under a humidified atmosphere con-
taining 5% CO,. Subculturing was conducted at 70-80% con-
fluency by treatment with 0.5% Trypsin-EDTA (Sigma-Aldrich).
Normal human dermal fibroblast cells (NHDF, PromocCell,
Germany) were cultured in Dulbecco’s Modified Eagle’s
medium - high glucose (#RNBG3787, Sigma-Aldrich) sup-
plemented with 10% fetal calf serum (FCS), 1% PS and 1%
L-glutamine. Cells were sub-cultured once a week upon 80%
confluence.

Cell sample preparation for S/TEM imaging

To image intracellular nanoparticles, 150’000 cells were seeded
in T25 flasks, diluted in 8 ml cell medium. After letting them
attach overnight, the relevant nanoparticle suspension (diluted
in ultrapure water) was added such as to reach a final nano-
particle concentration of 20 pg ml™" in the flask. We let them
incubate for 24 h, then washed the cells twice with PBS, fol-
lowed by detaching them with trypsin (Accutase, Sigma-
Aldrich) and washing them again with PBS. After centrifu-
gation, 2.5% Glutaraldehyde (Sigma-Aldrich) in 0.1 M Na-caco-
dylate buffer (Electron Microscopy Sciences) was added to fix
the cell pellets for one hour, followed by washing away the fix-
ation solution with 0.1 M Na-cacodylate buffer. To store the
cell pellets for later embedding procedures, 0.1 M Na-cacody-
late was added, and the samples were centrifuged and sub-
sequently stored at 4 °C for several days. The cell pellets were
then stained with 1% osmium tetroxide (Electron Microscopy
Sciences) in 0.1 M Na-cacodylate buffer for one hour in the
dark at room temperature; this step was omitted for fresh and
aged MXenes as osmium was observed to accumulate
especially along fresh MXenes (see SI). After washing with
water, the cell pellets were gradually dehydrated via an Ethanol
series (30%, 50%, 70%, 90%, 100%), then incubated in 1:1
ethanol 100% and Epon 812 substitute resin (Epoxy embed-
ding kit 45359, Sigma-Aldrich) for one hour and subsequently
left in 100% Epon overnight. The cell pellets were then
embedded into molds with fresh Epon and cured in the oven
at 60 °C for at least 2 days. Thin sections of 70-100 nm thick-
ness were then cut with an ultra 35° diamond knife
(DIATOME) from the resin blocks with an ultramicrotome
(Leica EM UC6) and placed onto Formvar-coated copper grids
(200 mesh copper, EM Resolutions). The sections of fresh
MXenes and P90 were stained with 2% uranyl acetate for
15 min and 1 min with lead citrate to enhance cell contrast.
All sections were then imaged by TEM using a Zeiss EM
900 microscope (Carl Zeiss Microscopy GmbH, Germany) at
80 kV and by high-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) with energy-disper-
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sive X-ray spectroscopy (EDX) using a FEI Talos F200X (Thermo
Fisher Scientific) microscope at 200 kV. For fresh MXenes
embedded in cells, standard embedding protocols including
osmium staining was performed at first, however, due to
Osmium accumulation around MXenes (see ESI Fig. S27),
osmium-free embedding was used in order to avoid confound-
ing of the images by Os.

Cell viability assessment and number of cell quantification

The CellTiter-Glo (CTG) assay (CellTiter-Glo® Luminescent
Cell Viability Assay, Promega, G7571) was employed to
measure the viability of cells, following the manufacturer’s
specifications with slight adaptions to our setup. CTG buffer
and substrate were thawed and mixed. For viability measure-
ments after irradiation where 48-well plates were used, of the
500 pl total cell medium per well, 300 pl were replaced by
200 pl CTG reagent. For 24 h cytotoxicity measurements, where
96-well plates were used, after washing of the nanoparticles
100 pl of MEM and 100 pl of CTG were added to each well.
After incubation in the dark on a shaker for 20 min and equili-
bration for 30 min in the dark, luminescence (integration time
1 s) was measured with a microplate reader (Mithras LB 943
Multimode). An in-house made black titanium adapter was
applied to eliminate crosstalk between the transparent wells.
This method was established in an earlier study® using a very
similar setup, where an even distribution of the luminescence
signal on the plate was achieved through elimination of the
luminescence cross-talk by the adapter.

Irradiation conditions

For all X-ray irradiation experiments, an in-house made MPPA
phantom consisting of two equally sized slabs (4 x 40 x
40 cm?®, for details see Gerken et al® (Fig. S151)) was placed
above and beneath the 48-well plates containing the cells (TPP,
Techno Plastic Products AG, Switzerland). The photons thereby
went through ~4 cm PMMA material before reaching the cover
of the well plate. A tube source (Seifert ISOVOLT 450, GE
Sensing & Inspection Technologies GmbH, Germany) with a
7 mm beryllium filter window was placed 50 cm above the
lower phantom slab and operated at 150 kV and 20 mA. The
dose rate deposited on the well plate was ~1.5 Gy min,
which was measured with a calibrated ionization chamber
(N31003, PTW, Freiburg, Germany) that was guided via an
8 mm inlet to the center of the plate and was connected to a
UNIDOS dosimeter (PTW, Freiburg, Germany). This allowed to
measure the dose rate deposited in the middle of the phantom
alone, and during the cell irradiation to monitor the dose

supply.
Cell irradiation and in vitro dose-enhancement quantification

48-well plates were used to seed 2000 HT1080 or NHDF cells
diluted in 300 pl cell medium per well, and let to adhere for
24 h. Then, 200 pl of nanoparticle dispersion (or control solu-
tion) was added to each well such as to reach the desired final
nanoparticle concentrations. The different nanoparticle solu-
tion were prepared by mixing the nanoparticle stock solution
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(nanoparticles dispersed in milliQ water and sonicated) with
cell medium and milliQ water such as to have a constant water
content of 10% in each solution. The control (i.e. nanoparticle-
free) solutions were made of cell medium and 10% milliQ
water. After letting the cells incubate with the nanoparticles
for 24 h, they were washed twice with 250 pl PBS, and 500 pl
cell medium was added to each well. The travel time from the
incubator to the irradiation facility was ~1 h, during which the
cells were kept in a cooled box, and equilibrated to room temp-
erature again before irradiating them. They were transported
again in a cooled box back to the incubator. Every 2 days, cell
medium was replaced, and on the 5™ day (for HT1080) or 7
day (for NHDF) after irradiation, cell viability was measured
with the CellTiter-Glo® assay. One biological repeat per nano-
particle concentration consisted of triplicates (n = 3), and for
control cells of sextuplicates (n = 6). A linear relation between
luminescence and number of cells was assumed, based on pre-
vious observations. The surviving fraction of cells, SF, was
computed for a given radiation dose D (measured in Gy), as

# luminescence(D, with or without NPs)

SF(D) = - p P
(D) # luminescence(D = 0 Gy, with or without NPs)

The SF for 0, 2, 4, 6 and 8 Gy was fitted with the linear
quadratic model using Origin (OriginLab Corp, MA, USA):

SF = e~ 0/’

where a and f are two constant parameters for a given biologi-
cal situation.

The dose-modifying ratio (DMR) at lethal doses leading to
50% cell survival (LDsq,) is defined as

LDsy, (without NPs)

DMRsy, =
50% = T LDsgy (with NPs)

Cell digestion and nanoparticle uptake quantification using
ICP-OES

To analyze the quantity of nanoparticles effectively taken up by
the cells, cells were seeded, let to attach for 24 h, and again
incubated with nanoparticles for another 24 h, as in the radio-
enhancement experiments described above. Consequently,
they were washed twice with 250 pl PBS, and trypsinized
(80 pl). To stop the trypsination, 220 ul of cell medium was
added and the cells were transferred to Eppendorf tubes and
stored at —20 °C. Since the number of cells per well was
needed to compute the uptake per cell, three experimental
wells with control cells were pooled, centrifuged at 200g for
5 min and counted using a hematocytometer, repeating the
operation twice. The stored cells (300 pl, corresponding to
~6500 cells) were digested in 1 ml HNO;, 3 ml HCI and 0.5 ml
HF during a 1 h bath sonication treatment at room tempera-
ture. Samples containing Ti;C,T, MXenes were additionally
treated in a pressurized microwave (Ultraclave, MLS GmbH) at
250 °C and 120 bar pressure for 18 minutes. Afterwards, all
samples were filled up to 50 ml with milliQ water and their
Ti;C,T, MXene and P90 TiO, content determined using an
Agilent 5110 ICP-OES (Agilent Technologies, Santa Clara, USA).
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To build ICP-OES elemental standard curves, ionic metal stan-
dards of Ti and Al were prepared matrix-matched to the
samples in concentrations from 0.01 to 10 ppm. A 1 ppm
quality control (IV71B, Inorganic Ventures, Christiansburg, VI,
USA) served as reference and ensured correctness of the stan-
dard curve. Furthermore, for quality assurance, known
amounts of Ti;C,T, MXene were digested along with the
samples. Recoveries for Ti were 99%. Elemental masses were
then normalized to cell number using the number of cells
counted in the control wells. The surface terminations of our
MXene sample not having been quantified, we estimated its
molar mass by measuring the Ti proportion of a given mass of
pure MXenes via ICP-OES, and extrapolating the corres-
ponding molar mass. The result of 70.55% of Ti mass pro-
portion matches well with the value of 47.867 x 3/202 =
71.09%, where 47.867 ¢ mol™" is the molar mass of Ti and
202 ¢ mol™" is the molar mass of Ti;C,T, MXenes as deter-
mined by Lukatskaya et al.*®

Hydroxyl radical scavenging using DMSO

To study the production of hydroxyl radicals (OH™) during
irradiation with/without nanoparticles, sterile DMSO was
diluted in cell medium at a concentration of 0.66 M, and
added to the pre-incubated cells ~2 h before irradiation. In
order to minimize the DMSO cytotoxicity, it was replaced by
pure cell medium ~2 h after irradiation, just before putting
the cells back into the incubator. The rest of the procedure was
very similar to the radio-enhancement experiments described
above. 2000 cells were seeded on 48-well plates, left to adhere
for 24 h, and cell medium mixes with pre-sonicated nano-
particles were added to the wells. A control without nano-
particles was added on every plate. Each condition was
measured in quadruplicates (n = 4). The outer wells of the
plates were filled with 500 pl sterile PBS to achieve the same
humidity in every well. The total water content was fixed at
10% in all experimental wells, in order to have the same con-
centration of nutrients in each condition. After 24 h of incu-
bation, cells were washed with PBS as usual, after which
DMSO in medium was added and 150 kVp X-ray irradiation
took place. Cell viability was analyzed 5 days after irradiation,
as usual.

The nanoparticle radiation enhancement ratio (NER) at
6 Gy irradiation is computed as follows:

SF(6 Gy, no NP)

NER =
SF(6 Gy, NP)

Statistical analysis

Cell viabilities and DMR data have been analysed using ANOVA
and Bonferroni post-hoc tests to correct for multiple
comparisons.
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