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Neutron-activated, plasmonically excitable Fe-Pt-Yb,0O5
nanoparticles delivering anti-cancer radiation against
human glioblastoma cells

Klaus M. Seemann,’28* Andras Kovacs,> Thomas E. Schmid,* Katarina llicic,* Gabriele Multhoff,*
Rafal E. Dunin-Borkowski,®> Caterina Michelagnoli,® Natalia Cieplicka-Oryriczak,>® Soumen Jana,’
Giacomo Colombi,®> Michael Jentschel,> Claus M. Schneider,!’ and Bernd Kuhn’

SUMMARY

Magnetic nanoparticles can be functionalized in many ways for biomedical applications. Here, we combine
four advantageous features in a novel Fe-Pt-Yb,03 core-shell nanoparticle. (a) The nanoparticles have a
size of 10 nm allowing them to diffuse through neuronal tissue. (b) The particles are superparamagnetic
after synthesis and ferromagnetic after annealing, enabling directional control by magnetic fields,
enhance NMRI contrast, and hyperthermia treatment. (c) After neutron-activation of the shell, they carry
low-energetic, short half-life B-radiation from 175Yb, 177Yb, and "77Lu. (d) Additionally, the particles can be
optically visualized by plasmonic excitation and luminescence. To demonstrate the potential of the parti-
cles for cancer treatment, we exposed cultured human glioblastoma cells (LN-18) to non-activated and
activated particles to confirm that the particles are internalized, and that the B-radiation of the radioiso-
topes incorporated in the neutron-activated shell of the nanoparticles kills more than 98% of the LN-18
cancer cells, promising for future anti-cancer applications.

INTRODUCTION

Core-shell magnetic nanoparticles have a wide range of biomedical applications, for example, as contrast enhancers in magnetic resonance
imaging (MRI) or as an externally heatable substrate in hyperthermia treatment of cancer.' Their core-shell morphology allows versatile com-
binations of their magnetic core properties with a wide range of functional features of the shell.”™

Among the magnetic nanoparticles, Fe-Pt core-shell>™ is easy to synthesize with different diameters in a one-pot precipitation.” Important
for biomedical applications, the Fe-Pt core shows low cytotoxic effects.® Additionally, the Fe-Pt core is chemically stable and allows the com-
bination with a wide variety of shell materials. For example, Fe-Pt particles coated with an oxide shell, such as MgO, has been reported to
facilitate water dispersibility compared to the non-coated particles.”

An interesting feature to add to magnetic nanoparticles is radioactivity.'® Radioactive magnetic nanoparticles could be useful for the
treatment of otherwise incurable types of human brain cancer. The idea is to guide radioactive magnetic nanoparticles by external magnetic
fields to the malignant tissue and eliminate the cancer cells by B-radiation while leaving the rest of the body unharmed. A promising radio-
isotope for therapeutic purposes is 77 Lu. The radioisotope "’ Lu is currently widely used for targeted cancer therapy either chelated by mo-
lecular therapeutic agents’ or tagged to targeting ligands'' such as antibodies.'”'® 77Lu can be generated by exposure of '7°Yb to thermal
neutrons, that, when derived from the abundantly occurring natural element Yb, is comparatively inexpensive. The natural isotope distribution
of Yb is sufficient for efficient neutron-activation and production of '">Yb, "77Yb, and ""’Lu isotopes. Yb naturally consists of 31.83% 7*Yb,
12.76% of 7°Yb, and 0.13% of ®®Yb combined with a reasonably high (n,y) cross section of interaction of 63.2 b, 2.85 b, and 3470 b,
respectively.''®
Interestingly, Fe-Pt core-shell nanoparticles can be plasmonically excited by multi-photon absorption'® and their subsequent lumines-

cence visualized with optical microscopy in vitro and in vivo."’
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Figure 1. Schematic illustration of the multi-photon microscopy setup for visualization of the core-shell nanoparticles by plasmonic excitations when
internalized in living LN18 glioblastoma brain cancer cells

Additionally, the radioactive Fe-Pt-Yb,0O3 core-shell nanoparticles offer a highly efficient anti-cancer B~ -emission and beneficial magnetic properties to locally
guide and induce hyperthermia heat generation.

Here, we present the synthesis of Fe-Pt nanoparticles with an Yb,Oj3 shell, their magnetic properties, their neutron activation to generate
75Yb, 77Yb, and '’ Lu, and their properties for optical imaging with multi-photon excitation. As an application, we exposed cultured LN-18
human glioblastoma brain cancer cells to the particles. The cells internalized the nanoparticles and nanoparticle clusters by pinocytosis.
After internalization, cancerous cells were exposed to neutron-activated nanoparticles that caused an efficient elimination of the tumor
cells.

RESULTS

Superparamagnetic core-shell nanoparticles with an iron-platinum core and ytterbium-oxide shell are shown to combine magnetic and radio-
active properties upon neutron activation with epi-thermal neutrons originating from a fission reactor research source for employment against
cancer cells. The iron-platinum core allows for a magnetic phase change from the superparamagnetic to a ferromagnetic state by high tem-
perature re-crystallization beneficial for a local control of the nanoparticles’ position in magnetic fields or hyperthermia. In addition, plasmonic
multi-photon excitations enable the localization of the nanoparticles in biological cells without using additional fluorophores coupled to the
nanoparticles surface.

The principal experimental setup using multi-photon excitation fluorescence microscopy is shown in Figure 1, utilizing the plasmonic prop-
erties of the Fe-Pt-Yb,O3 core-shell nanoparticles for localization within living cells in addition to their magnetic and radioactive properties to
introduce the accelerated cell death of malignant LN-18 human brain cancer cells.

Investigating the core-shell morphology by transmission electron microscopy with chemical contrast

The synthesis of Fe-Pt metal-oxid core-shell nanoparticles is typically a one-pot chemical co-precipitation process.”'® Here, we use Ytterbium
which forms the very stable Yb,03 during the in situ coating process of the Fe-Pt core. The nanoparticles were synthesized via the polyol pro-
cess in solution using the organic solvent oleylamine. The resulting nanoparticles can be described schematically as Fe,Pt(x.y)Yb,. The Pt
content of the nanoparticles was chosen to represent approximately one-half of the constituents of the ternary nanoparticle system, i.e.,
47at% of Pt. We used three stoichiometries, i.e., FexgPts7-(Yb203)125, Fe1gPts7-(Yb203)17.5, and FezsPtaz-(YboOs)g s. The synthesis is reliable,
simple, and can be easily upscaled.

To elucidate the morphology of the ternary element nanoparticles, we employed high resolution scanning transmission electron micro-
scopy (STEM) with chemical contrast (Figure 2). We used reduced electron acceleration voltages to maintain the original nanoparticle
composition.

After transmission electron microscopy (TEM) imaging (Figure 2A), individual core-shell nanoparticles were selected for spectrum imaging
using STEM high-angle annular dark-field (HAADF, Figure 2B) imaging and energy dispersive X-ray spectroscopy (EDX) analysis to further
investigate the morphology of the nanoparticles. The spherical nanoparticles were further analyzed based on the characteristic Fe K,, Pt
Ka and Yb L, X-ray emission lines of the specimen, resulting in the elemental maps of Pt, Fe, Yb, as well as Fe+Pt, Pt+Yb and O
(Figures 2C-2H) as detected by EDX during TEM. The element-specific cross-sectional profile of an individual core-shell nanoparticle is dis-
played in Figure 2I. The double peak in the Yb profile and the associated oxygen profile mark the Yb,O3-shell surrounding the Fe-Pt core.

The morphological analysis using TEM confirms the spherical core-shell structure of the particles and a diameter of 10.3 + 0.5 nm for in-
dividual core-shell nanoparticles. In polar solvents such as aqueous solutions we observed agglomerates with a diameter range of 0.5-2 um.
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Figure 2. Chemical composition of Fe-Pt-Yb,O3 nanoparticles

(A) TEM overview image of dispersed core-shell nanoparticles.

(B) HAADF STEM image of an individual nanoparticle recorded at 80 kV with an annular dark-field detector semi-angle of 69 mrad.

(C-H) Elemental maps of Pt, Fe, Yb, combined elemental maps of Fe+Pt, Pt+Yb and oxygen O obtained by spectrum imaging with EDX.

(Iand J) Cross-sectional EDX profiles (I) of an individual core-shell nanoparticle showing the Fe-Pt core and the double peak structure of the Yb shell surrounding
the core. The oxygen profile follows the Yb profile well and evidences the Yb,O3-coating. X-ray fluorescence (XRF) spectrum (J) of Fe-Pt-Yb,O3 nanoparticles
recorded at ambient conditions showing the Fe K lines, Yb L lines, and Pt L lines as a hallmark for the ternary nanoparticle composition.

We additionally performed X-ray fluorescence (XRF) experiments to corroborate the elemental composition and purity of the core-shell
nanoparticles, the associate XRF spectrum recorded at ambient condition is illustrated in Figure 2J, showing the main XRF emission lines for
the Fe K-lines, Yb L-lines, and the Pt L-lines. Inductively coupled atomic-emission spectroscopy (ICP-AES) served as a quantitative instru-
ment to determine the precise elemental composition of the Fe-Pt-Yb,O3 core-shell nanoparticles and the results are summarized in
Table 1.

Magnetism

Magnetic hysteresis loops were recorded at T = 4 K and 300 K by superconducting-quantum-interference-device vibrating-sample-magne-
tometry (SQUID-VSM) comparing three different compositions FezgPtaz-(Yb203)12.5, Fe1sPtaz-(Yb2O3)17.5, and FesgPtaz-(Yb,O3)s 5 in the super-
paramagnetic state (Figure 3A and inset) and additionally after a 2-h annealing at T = 1000 K (Figure 3B). A large room temperature coercivity
field of approximately 2.2 kOe was discovered for the Fe-rich Fe3sPts7-(Yb,O3)g 5 nanoparticles, illustrated in Figure 3B. As a consequence of
the high temperature annealing procedure a magnetic phase transition of the Fe-Pt core of the nanoparticles causes an evolution from super-
paramagnetism to ferromagnetism with a notable enhancement of the coercivity field at room temperature. Nanoparticles that are ferromag-
netic at room temperature can offer an additional therapeutic value in hyperthermia treatment of cancer, however, this is beyond the scope of
the present study.
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Table 1. Elemental composition of the Fe-Pt-Yb,0; core-shell nanoparticle compositions determined by ICP-AES

Elemental Composition Fe [at%] Pt [at%)] Yb [at%]

Fe1gPtay-(Yb,03)17 5 18.2 + 0.2 475 + 03 348 + 0.3
FeogPts7-(Yb,03)12.5 283+ 0.4 46.9 + 0.4 249 + 0.2
FessPta7-(Yb203)s.5 36.0 £ 0.2 47.3 £ 0.4 16.7 + 0.1

Neutron activation

We use Yb of natural composition as the main constituent for the delivery of anti-cancer radiation. The important nuclear reactions of neutron
capture accompanied by prompt y -ray emission (n, ) and consecutive decay with emission of B-radiation and electron capture (EC) including
half-lifes T4/, of Yb isotopes used in this work are:

8 Tip =4.2d
7ab (n, y) 7SYb T S T 1751y (stable) (0=63.2 b),

87,Ti2 = 1.9h 8 \Tijp = 671d
N 77,

76Yb (n, v) 77Yb - 74t (stable) (6=2.85b), and

EC,Ti, = 32
—

d
1%8Yh (n, v) "°Yb 19Tm (stable) (6=3470 b).

Note, only the isotopes '">Yb and '""Yb are of biomedical importance, o denotes the cross section of interaction in barn.
Concerning the Fe-Pt core of the nanoparticles, the neutron capture reaction starting at the target **Fe (91.75% natural abundance) and
195p¢ (25.21% natural abundance) using thermal neutrons, as applied in this work, leads to >Fe and '7®Pt upon neutron capture and are both

stable nuclei:

2.7

6%, T1)p = 273
5Fe (n, v) *’Fe Kt (stable, *Fe abundance 91.75%), and

95Pt (n, v) "%°Pt (stable, '7°Pt abundance 25.21%)

Both neutron capture reactions are well observed in Prompt-Gamma-Activation-Analysis, as illustrated in Figures 4A and 4B.

Prompt-Gamma-Activation-Analysis (PGAA) spectra were recorded using a pencil-like beam of thermal neutrons to irradiate the sample of
amass of 0.8 mg for 24 h (Figures 4A-4F). The detectors consist of 14 HPGe detectors in combination with anti-Compton shields. The National
Nuclear Data Center (NNDC) database served as a reference for evaluation of the PGAA spectra. Upon corroborating the main isotopes of the
Fe and Pt constituents from the core of the nanoparticles (Figures 4A and 4B), we focus on the biomedically relevant Yb isotopes from the
shell.

In principle, "®Yb (Figure 4C) is reported to transfer upon (n,y) reaction into a stable '**Tm nucleus via EC at a half-life of 32 days, the large
cross section of interaction of 2400 b with 0.13% of natural abundance,'® which we unambiguously observe experimentally as shown in
Figure 4C.

The natural isotope 75k (Figure 4D) transfers via (n,y) reaction into 7\b, which decays first into Y7 Lu via B~ -decay at a half-life of 1.9 h
(Figure 4E) and in a consecutive step again via B~ -decay at a half-life of 6.71 days into a stable "”Hf nucleus. The neutron capture reaction of
the natural isotope 7%Yb transfers via (n,y) reaction upon irradiation with thermal neutrons into 75Yb, which in turn decays into a stable 75y
nucleus through B~ -decay at a half-life of 4.2 days (Figure 4F).

Table 2 illustrates the specific isotopes, kinetic energies of the B-radiation, half-life’s and occurrence following activation of the Ytter-
bium shell compound with thermal neutrons as used in this study.'? The isotope "°Yb delivers B-radiation with a half-life of 4.2 days. The
half-life is similar to the 6.7 days half-life known from the highly efficient anti-cancer agent '”’Lu. Also, the kinetic energies of the B-radiation
of "%Yb and "’Lu compare reasonably well, such that a similar efficiency in terminating cancerous cells via a brachytherapy approach can
be expected.

Recent work on neutron irradiation of bulk Yb has been emphasizing the convenience of Yb in natural composition for potential
radiotherapy.' %!

Multi-photon excitation of plasmonic nanoparticle luminescence and localization of Fe-Pt-Yb203 core-shell nanoparticle
clusters within cells

To test the optical properties of the nanoparticles upon excitation with fs laser pulses, the nanoparticles were absorbed on a glass surface
where they formed clusters, up to typically 1.5 um diameter. We used a custom-built combined wide-field, multi-photon microscope”
controlled by Scanlmage software.”> A femtosecond-pulsed Ti:sapphire laser under-filling the back focal plane of the objective”
used to excite luminescence. Imaging data were analyzed with FIJI software.” Figures 5A-5C illustrates the multi-photon microscopy
data obtained experimentally.

Multi-photon imaging of the particles exhibits luminescence in a broad spectral range with a wide range of excitation wavelengths. This is

most advantageous when used to reconstruct particle densities, for example, in biological tissue or live animals with multi-photon
16,17

was

microscopy.
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Figure 3. Magnetometric data of core-shell nanoparticles obtained by SQUID-VSM measurements

(A) The hysteretic loops of the superparamagnetic core-shell nanoparticles in the as-synthesized, purified and dried state, recorded to £7 kOe at 4 K and 300 K
(inset lower left corner).

(B) Magnetic hysteresis loops of lyophilized FezsPts;-(Yb,O3)s s particles (green) in direct comparison to FepgPtas-(Yb,O3)125 particles (red) and FeqgPtas-
(Yb,03)17 5 particles (blue) recorded at T = 300 K after 2 h of annealing at T = 1000 K in inert atmosphere (enlarged in the inset).

Internalization of Fe-Pt-Yb,0O; nanoparticle clusters by HEK-293 cells

To test how the Fe-Pt-Yb,O3 nanoparticles interact with cells we added non-activated particles to HEK-293 cells and imaged their distribution
with wide-field and multi-photon imaging. We examined the permeability of nanoparticle clusters in the chosen cell model by fixing the cells
after a 24-h incubation and washing step with (phosphate-buffered saline) PBS buffer to remove excess of external nanoparticle specimen.
Imaging was performed with fixed cells using (differential interference contrast) DIC and multi-photon microscopy, Figures 6D-6F. To visu-
alize the nucleus of cells, staining of cells with the fluorescence dye DAPI was performed prior to imaging with confocal microscopy
(Figures 6G-6J). The merged image in Figure 6J clearly shows the nanoparticles inside HEK cells, a further significant indicator being advan-
tageous in view of potential locally targeted tumor cell termination with radiation originating from '">Yb, "7”Yb, and ""7Lu B~ decay in direct
proximity to the nucleus of the cells.

Cell death of glioblastoma cells induced by B-radiation of neutron-activated Fe-Pt-Yb,0O; core-shell nanoparticles

A colony-forming assay was performed using human glioblastoma LN-18 cells to investigate the clonogenic cell survival. Considering the
number of seeded cells, the survival rate was determined with respect to the plating efficiency of the specimen exposed to B-radiation
from neutron-activated core-shell nanoparticles. Figure 7A shows a representative image of a culture of stained glioblastoma cells in a Petri
dish, like those used for the LN-18 human glioblastoma cells.

Almost 100% of the cells survived the treatment with non-activated nanoparticles at concentrations ranging from 0.03 to 0.25 mg/mL (Fig-
ure 7B). At a concentration of 0.5 mg/mL 82.4 + 4.5% and 1.0 mg/mL 26.5 £ 5.1% of the cells survived, emphasizing the biocompatibility of
the non-activated particles.

The radiobiological effect of the activated core-shell nanoparticles on LN-18 human glioblastoma cells after co-incubation for 24 h is
shown (Figure 7C) for two biomedically relevant nanoparticle concentrations of 0.125 mg/mL and 0.5 mg/mL (red) in direct comparison to
the cell survival obtained without radiation (blue). While 36.9 & 7.7% of the glioblastoma cells survived an exposure of 0.125 mg/mL, merely

iScience 26, 107683, September 15, 2023 5
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Figure 4. Prompt-Gamma-Activation-Analysis (PGAA) spectra obtained from a sample mass of 1.0 mg of Fe,gPt47-(Yb203)12.5 core-shell nanoparticles
illustrating the detection of characteristic y-rays emitted upon neutron capture reaction of the nanoparticles’ core isotopes

(A) %Fe, (B) '°Pt and the shell isotopes (C) "®Yb and (D) '¢Yb. The y-ray emission unambiguously associated to the B-decay of '""Yb to '"’Lu is displayed in
(E) and the neutron capture reaction of 74yb and B-decay of 75vb (inset) is shown in (F) and inset. The energy levels of the decay schemes are given in keV.

2.5 + 0.8% of the LN-18 cells survived the exposure to 0.5 mg/mL upon co-incubation with neutron activated nanoparticles. This is a first
experimental indicator of the high potential of low-energetic B-radiation from '">Yb, "”’Yb, and "’Lu in neutron activated Fe-Pt-Yb,O3
core-shell nanomagnets to eliminate LN-18 cells.

DISCUSSION

Nanoparticle sizes below 30 nm are advantageous for biomedical applications to allow particle diffusion and drift in the extracellular space
even in brain tissue.’’ Here, the Fe-Pt core diameter was 6 nm and the core-shell particle diameter was about 10 nm, thereby fulfilling the size
requirement. The ytterbium oxide shell enables a good water dispersibility allowing for direct co-incubation of the nanoparticles in aqueous
cell media without additional ligands.

The fact that the annealed FessPts7-(YbyOs)g s nanoparticles are ferromagnetic at room temperature opens new avenues for further
biomedical applications, e.g., to concentrate and guide these nanomagnets to certain areas of the tumor by externally applied magnetic
fields for a strictly localized exposure or even for a synergistic approach combined with hyperthermia treatment of cancer.

The delivery of 75Yb, 77Yb, and '’ Lu embedded in the Yb,O3 shell of our nanoparticle represents a beneficial alternative over conven-
tionally "7Lu extraction from solid Yb,Oj3 targets, for which heavy metals like Hg must be used to extract and purify '’Lu.?° Additionally, the

6 iScience 26, 107683, September 15, 2023
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Table 2. Important isotopes yielding B -radiation generated from Yb of natural abundance following activation using thermal neutrons summarized in
terms of kinetic energy of the B~ -radiation, half-life, and occurrence

Isotope B~ -Energies (keV) Half-life Occurrence [%]
75vb 73.67 keV 4.18 days 10.2
356.2 keV 4.18 days 3.3
470 keV 4.18 days 86.5
"Yb 157.8 keV 1.911h 3.9
168.59 keV 1.911h 7.2
1248.81 keV 1.911h 21
1399.2 keV 1.911h 55
Y7y 176.98 keV 6.734 days 12.2
385.35 keV 6.734 days 9.1
498.3 keV 6.734 days 78.6

simultaneous production especially of the isotope '*Yb with its potent B-radiation (Table 2) offers a highly desired symbiosis with the isotope
77LLu for brachytherapy of tumors that are otherwise very difficult to treat.

Fe-Pt-Yb,0O3 core-shell nanoparticles additionally show luminescence in response to multi-photon excitation in a wide range of exci-
tation wavelength (tested: 800-1000 nm). Also, we found a wide spectral range of luminescence as expected from previous experi-
ments."” Single particles or, more likely, clusters of particles showed a wide range of colors (red/blue ratios). The emission of photons
offers the possibility to locate and image the nanoparticles or at least nanoparticle clusters within biological tissue'” or cell cultures (Fig-
ure 6), which is a further advantage with respect to confinement of nanoparticle exposure. Here, we use this feature to show that at least
nanoparticle clusters (Figure 6J), and even more likely, also single particles, will internalize, as expected from particles up to a size of
approximately 1.5 um, the maximal diameter of clusters of nanoparticles observed in the presented specimen. The internalization sug-
gests that the nanoparticles and their clusters remain localized in the tissue after application and will not spread to other tissue without
external force.

In clonogenic cell assays performed with LN-18 human glioblastoma brain cancer cells the B-radiation of neutron-activated FeqgPts7-
(Yb,04)17.5 core-shell nanoparticles revealed a very promising radiological efficiency in neutralizing these malignant cells. During a 24-h
cell co-incubation with neutron-activated nanoparticles and a concentration of 0.5 mg/mL, merely 2.5 + 0.8% of the LN-18 cell survived, while
82.5% of LN-18 cells survived after a co-incubation with the same concentration of 0.5 mg/mL of non-activated nanoparticles. At the same
time, a co-incubation using a nanoparticle concentration of 0.25 mg/mL of non-activated specimen yields an LN-18 cell survival of 100%, pro-
posing a very low cytotoxicity of non-activated nanoparticles at low concentrations. This may prove favorable in view of potential applications
of this nanoparticle system as the metabolism pathway of eliminated malignant tissue would lead to a significant dilution of the nanoparticle
concentration within the targeted organism after the desired delivery of tumor cell death. It should be noted that also healthy cells will be
affected if exposed to the radiation. However, due to the slow or absent mitosis in healthy brain tissue, the effect is expected to be less severe
than in fast dividing cancer cells.

These encouraging results suggest a promising potential for the radiological treatment of glioblastoma cancer, however, in vivo tests ad-
dressing the general cytotoxicity are the next step to enable the evaluation of risks and benefits of a treatment in-vivo. At this point it is worth
mentioning that we had performed cytotoxicity tests in a recent work on a similar Fe-Pt based core-shell nanoparticle system, i.e., FePt-
SinOy.4 The core-shell morphology also consists of a Fe-Pt core and a metal oxide shell as is the case in the Fe-Pt-(Yb,O3) nanoparticles.
Using healthy rat cortical astrocytes as a cell model, significant cell toxicity was observed for a nanoparticle concentration of 0.25 mg/mL
and aforementioned for the identical exposure time of 24 h by flow cytometry and an annexin/propidium iodide test. A cell viability of
35.7 + 6.1% was determined for FePt-SiW, O, core-shell nanoparticles at a concentration of 0.25 mg/mL.*

Hence, to exclude toxic effects of the Fe-Pt-(Yb,O3) nanoparticles on healthy brain tissue, magnetic fields should be employed for local
confinement of the applied core-shell nanoparticles to the cancerous tissue. While the blood-brain barrier is known to be affected in late
stages of glioblastomas allowing for nanoparticles to overcome the blood-brain barrier,”’” this consequently leads to a rapid dilution of
the cortical nanoparticle concentrations and finally to a metabolization by the organism. Nonetheless, it is highly recommended to follow
a reliable magnetic confinement strategy during glioblastoma treatment in-vivo.

Two possible scenarios of clinical application to treat potentially lethal and surgically challenging forms of brain cancer such as the glio-
blastoma are envisioned:

I. The Fe-Pt-(Yb,O3) nanoparticles are first neutron-activated and subsequently suspended in cell media for direct injection via a cranio-
tomic entrance into the diagnosed tumor localized with high resolution by suitable medical imaging methods. The radioisotopes un-
fold their neutralizing effect on the glioblastoma cells by activating cell death, i.e., the tumors’ cell death. The confinement of the radio-
active nanoparticles within the tumor region is managed via small but strong permanent magnets that are transplanted into the core of
deep-sitting glioblastomas or, in the case of tumors in more shallow regions of the brain, are transplanted into the cover of the
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Figure 5. 2-photon excitation of Fe-Pt-Yb,0; nanoparticles and clusters of nanoparticles on a glass surface
(A) 2P imaging of nanoparticles in the blue (450-480 nm) and (B) red (526-631 nm) spectral range with an excitation wavelength of 800 nm (field of view: 50 pm).
(C) Ratio of red and blue spectral range (false color scale).

(D) Spectral intensity ratios of the red and green spectral range at excitation wavelengths of 800 nm, 900 nm, and 1000 nm. Mean + SD.

craniotomic entrance. The magnetic confinement in this brachytherapeutic approach is of importance to minimize negative effects
associated with radiation on healthy brain tissue. In principle, instead of using transplantable permanent magnets of biomedical qual-
ity, a 3-dimensionally rotatable magnetic field using vector magnet coils could be used, which are placed around the patients head,
such that the localized tumor is centered in this magnetic field vector. By rotating this field vector continuously in the 3-dimensional
space, a magnetic confinement of the radiological nanoparticles is achieved, preventing diffusion into healthy tissue regions. Nano-
particle concentrations in cell media prior to application should be chosen to reach at least 0.5 mg/mL within the tumor, after the tumor
volume has been determined diagnostically.

. Instead of neutron-activating the Fe-Pt-(Yb,Os3) nanoparticles specimen prior to application to the tumor, alternatively the

nanoparticles cell-media suspension with concentration as outlined in I. could be injected via a craniotomic entrance first and subse-
quently, the neutron beam of a medical neutron therapy station at a suitable nuclear facility is directed into the well localized brain
tumor to activate the nanoparticle specimen and trigger the nanoparticles B-emission neutralizing tumor cells. The parasitic effect
of high-energetic y-rays acting also on healthy tissue has to be taken into account in this approach when choosing nanoparticle con-
centrations as outlined in |. The same magnetic confinement using a vector magnet engaging a rotating magnetic field vector as
described in I. should be used for a safe brachytherapy of severe and potentially lethal brain cancers such as the glioblastoma.

Optical imaging can be combined with magnetic resonance imaging due to the particles’ magnetic properties. Multi-photon absorption

can also be used to heat the particles and thereby offering an additional path for hyperthermia treatment.

28,29

Hence, a third scenario for a biomedical application of the Fe-Pt-(Yb,Os3) core-shell nanomagnets is imaginable:

Ill. For glioblastomas located shallow in the brain cortex, the malign tissue could be treated with neutron-activated nanoparticles as

described in |, however, after a suitable period of time after the decay of the Fe-Pt-(Yb,03) core-shell nanoparticles’ main B-emitter,
approximately three half-lives of the '">Yb isotope (12-14 days), the craniotomic entrance is re-opened again for a subsequent treat-
ment of the tumor tissue using ultrafast femto-second laser pulses. The combination with multi-photon excitation laser imaging allows
for simultaneous localization of the cancerous tissue due to the nanoparticles luminescence, while a hyperthermia treatment is per-
formed via heating the nanoparticles by absorption of pulsed laser light.

In conclusion, the Fe-Pt-(Yb,O3) core-shell morphology of the nanoparticles investigated in this study has been confirmed experimentally
by high-resolution STEM, they are superparamagnetic at room temperature and exhibit a strong neutralizing effect down to less than 3% cell
survival on human glioblastoma cells upon neutron-activation of the nanoparticles and subsequent co-incubation with the LN-18 glioblas-

toma cells for 24 h. In comparison, the nanoparticles’ effect on LN18 cells in the non-neutron-activated state is low, i.e., approximately

98% cell survival for the same nanoparticle concentration and exposure time were observed.
Experimentally, we identified the '*Yb isotope originating from the Yb,O3-shell upon neutron activation to be the main emitter of anti-

cancer B-radiation, while the isotopes '””Yb and ' Lu were only observed to a lower extent. Hence, using elemental Yb of natural abundance

8
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Figure 6. Fe-Pt-Yb,O3 nanoparticle clusters enter cultured cells

HEK-293 cells were cultured for 24 h (A-C) without (control) and (D-F) with Fe-Pt-Yb,O3 nanoparticles.

(A and D) DIC images of the HEK-293 cells show the effect of 0.125 mg/mL Fe-Pt-Yb,03 nanoparticles on their viability.

(B and E) Nanoparticle clusters were visualized by multi-photon microscopy, and (C and F) overlayed with the DIC images. Different size clusters of nanoparticles
can be seen between and inside the cells.

(G-J) After 24-h incubation, the cells were fixed, washed, and labeled with DAPI to show cell nuclei. (G) Fixed HEK-293 cells were visualized with DIC, (H) DAPI with
confocal microscopy, and (I) nanoparticle clusters with multi-photon microscopy. (J) The overlay shows that nanoparticle clusters (red) can be found inside the

cells.
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Figure 7. Elimination of LN-18 human glioblastoma cells by neutron activated nanoparticles

(A) Stained brain tumor cells in a Petri dish exemplifying the LN-18 human glioblastoma strand utilized in the presented clonogenic cell assay study.

(B) Clonogenic cell survival test (%) of 1000 LN-18 glioblastoma cells after exposure to non-activated FeqgPts7-(Yb,O3)17.5 core-shell nanoparticles (0.03, 0.06,
0.125, 0.25, 0.5,1.0 mg/mL).

(C) Effect of neutron-activated core-shell nanoparticles (0.125 mg/mL and 0.5 mg/mL) on the cell survival after a 24 h exposure period.

for creating a Fe-Pt-(Yb,O3) core-shell nanomagnets may prove as a non-expensive approach for an easy-to-synthesize alternative for radio-
logical treatment upon neutron-activation of highly lethal and surgically difficult human cancer types.

Based on the results of this study, we have outlined three routes for potential clinical applications exploiting the interesting physical prop-
erties of the neutron-activated, plasmonic Fe-Pt-(Yb,O3) nanomagnets.

Limitations of study

This work does not present in-vivo experiments requiring official approval.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

DMEM, high glucose, pyruvate Gibco™ Catalog number: 11995065
Fetal Bovine Serum Sigma-Aldrich Cat number: F7524
Penicillin-Streptomycin Solution Wako Cat Number: 168-23191

VECTASHIELD® Antifade Mounting Medium with DAPI
TrypLE™ Express Enzyme (1X), no phenol red

Vector Laboratories

Gibco™

Product number H-1200-10
Catalog number: 12604013

Experimental models: Cell lines

LN-18 cells human glioblastoma cell line

HEK-293 cells human embryonal kidney cells

ATCC
ATCC

ATCC CRL-2610
ATCC CRL-1573

Software and algorithms

FIJI
ZEN Microscopy Software

Schindelin et al.?”

Zeiss

https://imagej.net/software/fiji/
https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen.html

Other

Core-shell Fe-Pt-Yb,O3 nanoparticles

K.M. Seemann

na

Fe(lll)-acetylacetonate Sigma-Aldrich Pr.-No. 517003
Pt(Il)-acetylacetonate Sigma-Aldrich Pr.-No. 523038
Yb(lll)-acetylacetonate Alfa-Aesar Pr.-No. 13159
Oleylamine Sigma-Aldrich Pr.-No. 909831
RESOURCE AVAILABILITY

Lead contact

Further Information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Klaus M. Seemann

(k.m.seemann@gmail.com).

Materials availability

There are restrictions to the availability of neutron-activated Fe-Pt-Yb,O3 core-shell nanoparticles due to safety requirements regarding ra-

diation exposure.

Data and code availability

The data reported in this study are available from the lead contact upon reasonable request. No novel code was generated for this study.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
For this study we used human embryonic kidney 293 cells (HEK-293) and human glioblastoma LN-18 cells following the institutional

regulations.

METHOD DETAILS
Nanoparticle synthesis

The nanoparticles were synthesized via the polyol process in solution using the organic solvent oleylamine. The three metal salts Fe(lll)-ace-

tylacetonate, Pt(ll)-acetylacetonate, and Yb(lll)-acetylacetonate were co-precipitated at 300°C for 1 h in 20 mL of oleylamine under argon at-

mosphere and constant stirring. The resulting nanoparticles can be described schematically as

Fe,Pt(1xyYby. The Pt content of the nanoparticles was chosen to represent approximately one-half of the constituents of the ternary nano-
particle system, i.e., 47at% of Pt. We used three stoichiometries, i.e., FegPtaz-(Yb2O3)12.5, Fe1aPtaz-(Yb203)17 5, and FesgPtaz-(Ybo,O3)s 5.
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Nanoparticle characterization
We used a high-resolution scanning transmission electron microscopy (STEM) with chemical contrast (FEI Titan G2 80-200 kV, FEI Tecnai G2).
We used reduced electron acceleration voltages to maintain the original nanoparticle composition. For spectrum imaging we used STEM
high-angle annular dark-field (HAADF) imaging and energy dispersive X-ray spectroscopy (EDX) analysis ().

Magnetic hysteresis loops were recorded at T = 4 K and 300 K by superconducting-quantum-interference-device vibrating-sample-
magnetometry (SQUID-VSM, QuantumDesign).

Neutron activation
10 mg of core-shell nanoparticle specimen enclosed in a polyethylene vial was inserted into the reactor core (FRM-II) for a duration of 1 h using
the dedicated irradiation station of the neutron source. It provides a flux of 3.6+ 10'3 n/cm?s of thermal neutrons, 6.7+10° n/cm?s of epi-thermal
neutrons and 2.0+ 10° n/cm?s of fast neutrons. A subsequent 19 h gamma decay phase using appropriate shielding ensured a safe handling of
the neutron-irradiated nanoparticle specimen, followed by a transfer into a certified radiochemical laboratory to guarantee health and safety
standards. The relevant activity of the activated core-shell nanoparticles after a mandatory safety decay phase was 330 kBg/mg.
Prompt-Gamma-Activation-Analysis (PGAA) spectra were recorded using a pencil-like beam of thermal neutrons to irradiate the sample of
a mass of 0.8 mg for 24 h. The detectors consist of 14 HPGe detectors in combination with anti-Compton shields.

Plasmonic nanoparticle luminescence

To test the optical properties of the nanoparticles upon excitation with fs laser pulses, the nanoparticles were absorbed on a glass surface
where they formed clusters, up to typically 1.5 pm diameter. We used a custom-built combined wide-field, multi-photon microscope
(MOM, Sutter Instruments) with a 25x/N.A. 1.05 (Olympus) controlled by Scanlmage software. A femtosecond-pulsed Ti:sapphire laser (Vision
II, Coherent) under-filling the back focal plane of the objective was used to excite luminescence (laser power at 800 nm: 46 mW, at 900 nm: 45—
83 mW, at 1000 nm: 135 mW), which was detected by two GaAsP photomultiplier tubes (Hamamatsu) in the spectral range of blue (450-
480 nm) and red (526-631 nm). Imaging data was analyzed with FlJI software.

HEK-293 cells exposed to nanoparticles

Human embryonic kidney 293 (HEK-293) cells were stably maintained in DMEM with high glucose and pyruvate (Gibco,11995065) supple-
mented with 10% fetal bovine serum (FBS, Sigma, F7524) and 1X penicillin-streptomycin solution (Wako, 168-23191). For cell passaging,
TrypLE Express Enzyme (1X) was used (Gibco, 12604013).

To prepare the cells for imaging, 3x10° HEK-293 cells were dissolved in 1 mL of phenol red-free DMEM (Gibco, A18967-01) supplemented
with 10% FBS (Sigma, F7524), 4 mM L-glutamine (Gibco, A2916801), 1 mM sodium pyruvate (Gibco, 11360070) and seeded in a 2-chamber
glass-bottom slide (lwaki, AGC Techno Glass Co, 5712-002). The glass bottom chamber slide was coated with poly-L-lysine (Nacalai tesque,
28358-64) which was dried before seeding the cells. 24 h post-seeding, the medium was replaced by the same media containing 0.125 mg/mL
of the Fe-Pt-Yb,0O3 core-shell nanoparticles and incubated for another 24 h. As a control, the same medium without nanoparticles was added
to the cells.

After 24 h, the cells were imaged without changing the medium. After live cell imaging, the cells were washed twice with PBS, pH 7.4,
(Gibco, 10010-031) for 3 min each, and then fixed with periodate lysine paraformaldehyde (FUJIFILM Wako Pure Chemical Corporation,
163-20145) for 5 min. Post fixation, the fixed sample was washed in PBS buffer and mounted with Vectashield antifade mounting medium
containing DAPI (Vector Laboratories, H-1200) which stains the nucleus.

For imaging, a Zeiss LSM 710 microscope combined with Ti: Sapphire laser (Coherent, Chameleon) and various objectives (10x/N.A.0.3,
20x/N.A.0.5, 40x/N.A.1.0, Zeiss) was used to excite luminescence of nanoparticles and to image cells in bright field. Zen software (Zeiss) was
used for controlling the microscope. Nanoparticle imaging was performed at an excitation wavelength of 900 nm and nanoparticles were
detected with a QUASAR array detector (Zeiss) in the spectral range of 495-704 nm. For DAPI, the excitation wavelength was 780 nm and
the detected emission wavelength band was 371-701 nm. The imaging data were analyzed with FIJI software.

LN-18 cells exposed to activated nanoparticles

A colony-forming assay was performed using human glioblastoma LN-18 cells to investigate the clonogenic cell survival. Monolayer cultures
were grown in RPMI-1640 medium supplemented with heat-inactivated fetal calf serum (FCS, 10%), 100 units of penicillin, 100 pg of strepto-
mycin per mL of culture medium, 2 mM L-glutamine, and T mM sodium pyruvate. A frozen aliquot of cells was thawed and 24 h prior to irra-
diation the LN-18 cells were seeded in T25 flasks. The cell monolayers were incubated in a humidified atmosphere containing 5% CO, and
95% air at 37°C. Two weeks after plating, 0.03, 0.06, 0.125, 0.25, 0.5 and 1.0 mg/mL of dispersed non-activated or neutron-activated core-shell
nanoparticles were added to the cells. After 24 h, the cells were detached by trypsinization, counted, and reseeded into 12-well plates. After a
7-day incubation period, the colonies were fixed with methanol for 5 min and stained with 0.1% crystal violet for 2 min. Colonies consisting of
at least 50 cells per colony, were counted automatically using a Bioreader (BIO-SYS GmbH) with identical settings for each experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data is presented as mean + standard deviation.
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