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A B S T R A C T   

Neutron capture therapy (NCT) is a form of radiotherapy that exploits the potential of some specific isotopes to 
capture thermal neutrons and subsequently yield high linear energy transfer (LET) particles, suitable for cancer 
treatment. Recently, relevant technological improvements have been made in terms of accelerators as suitable 
neutron sources for NCT at hospitals. However, low selective delivery of current drugs to cancer cells remains as 
the main challenge for successful clinical application of NCT. This work presents an innovative and previously 
unexplored approach for the design of nanotherapeutic NCT agents. Herein, a new concept based on carbon 
nanomaterials that seal 6Li active NCT nuclides is investigated. The 6Li active species are located in the inner 
cavity of the nanocarrier (carbon nanohorns or carbon nanotubes) and therefore, completely protected from the 
biological environment, avoiding toxicity and degradation. After encapsulation of the active cargo, the external 
surface of the nanocarrier is modified for improved biocompatibility. The developed 6Li-filled carbon nanohorns 
offered the possibility to explore 6Li compounds as active NCT agents by delivering therapeutic doses to cancer 
cells. We envisage that nanoencapsulation of 6Li can trigger the successful development and implementation of 
Lithium Neutron Cancer Therapy (LiNCT).   

1. Introduction 

Cancer is one of the leading diseases worldwide accounting for 
nearly 10 million deaths in 2020 [1]. Neutron capture therapy (NCT) is a 
highly effective form of hadron-therapy that exploits the potential of 
some specific isotopes for cancer treatment, based on the neutron cap
ture and emission of particles. The short range of the particles, compa
rable to the average cell diameter, produced in NCT can limit the 
destructive effects to the cells where the isotopes are localized, thus 
conferring high therapeutic precision to this type of radiotherapy. The 

recent technological developments that allow the installation of accel
erators at medical institutions will bring NCT closer to established 
clinical applications [2,3]. 

Since the early days of NCT, many different delivery agents have 
been developed and studied [4]. However, only two pharmaceuticals 
have been currently employed in clinical trials, namely sodium 
mercaptoundecahydro-closo-dodecaborate (BSH; Na2

10B12H11SH) and 
L-BPA (C9H12

10BNO4) derivatives [5,6]. However, over the years the NCT 
scientific community has focused on the need of new carriers charac
terized by higher tumour specificity [7–9]. In this respect nanomedicine, 
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the application of nanotechnology to medicine, has become one of the 
most promising routes for the targeted diagnosis and treatment of cancer 
[10]. Therefore, novel nanocarriers are currently being explored as de
livery platforms for NCT, in an effort to overcome the limitations of the 
classical delivery compounds [11–14]. 

Despite there is a wide number of nuclides with high affinity for the 
capture of thermal neutrons, the vast majority of research has been 
devoted to 10B. Another element that holds great interest for NCT is 6Li. 
In fact, the nuclear reactions of 6Li resultant from neutron irradiation 
produce higher energetic particles than the ones resultant from 10B. 
Therefore the use of 6Li can improve the efficiency of NCT in the erad
ication of cancer cells. 

The particles generated from its capture reaction are high linear 
energy transfer (LET) particles, following the reaction depicted below. 
Because of their size and energy, they are confined to a radius of 
approximately 9–10 μm, comparable to the dimensions of a single cell 
[15]. 

n +
6
3Li → 4

2He(2.05MeV)+ 3
1H(2.73MeV)

Interestingly, in the early days of NCT, eighty years ago, both 6Li and 
10B were considered as potential candidates for NCT [16–18], but 
shortly after, boron took the leading role and research with lithium was 
discontinued. The reason most likely resides in the different chemistry of 
both elements [15]. Boron can form stable bonds with other elements 
such as carbon, oxygen or nitrogen, thus allowing the synthesis of many 
different compounds, including boron clusters [19,20]. In contrast, 
lithium is an alkali metal typically encountered as a cation in inorganic 
salts and intercalation compounds. Therefore, under biological condi
tions it would be present as lithium cations. Research with 6Li has thus 
been very limited. Rudimentary experiments involving crude neutron 
sources were performed back in the 40s [21]. Despite the scientific 
limitations on those early studies, a significant increase in tumour 
regression was observed upon neutron irradiation of a mixture of 
lithium and boron (using lithium meta-borate) [16]. In a posterior work, 
Cooper et Zahl investigated the energy absorbed by tissue containing 
either lithium salts or boron. Even though enriched elements were not 
available at that time, by extrapolation, they could provide evidence of 
the potential that 6Li held for NCT [17,18]. Note that naturally occurring 
lithium is composed by only 4.85% of 6Li. 

More recently, in 2010 Louis Rendina addressed the following 
challenge to the scientific community “can lithium salts herald a new era 
for neutron capture therapy?” [21]. For the past 70 years, lithium has 
mostly been utilized to treat bipolar disorder in the clinical setting [22] 
and it is on the World Health Organization’s list of essential medicines 
[23]. Herein, we intent to expand the use of lithium and provide evi
dence that lithium (6Li) can indeed herald a new era for NCT. To over
come the limitation that the intrinsic properties of lithium presents to 
control its biodistribution, lithium salts are sealed in the interior of 
nanocapsules. The use of nanocapsules offers versatility in terms of 
biodistribution, because it will be insensitive to the innate affinity of the 
lithium cation, and it will be merely determined by the physico-chemical 
properties of the nanocapsules (size, morphology, functional-groups, 
etc.). Our approach also compensates for the lower cross-section of 6Li 
vs. 10B because a large amount of 6Li is confined in each nanocapsule. 
This is a paradigm shift in the strategic development of NCT agents, 
since it will prevent the release of lithium cations in biological media. 
The possibility of encapsulating a high density of 6Li in the form of 
inorganic crystals, plus the fact that the nuclear reaction of 6Li with 
neutrons produces more energetic particles than the ones resulting from 
10B, can improve the efficiency of NCT in the eradication of cancer cells. 

We will focus on the use of carbon nanomaterials as 6Li nanocarriers, 
because they are an emerging platform for disease treatment and tissue 
repair [24–28]. Carbon nanocapsules (CNCs) based on closed-ended 
filled carbon nanotubes (CNTs), can provide the perfect shelter for the 
biological stability of high doses of payload [29]. Indeed, filled CNTs 

have been already successfully explored for high resolution bioimaging 
[30–32] and more recently for radioisotope therapy [33–35]. In NCT, 
the employed isotopes are non-radioactive and only become therapeu
tically active once they are irradiated with neutrons, reducing in this 
way the risk of secondary effects. In this study, we investigate the 
nanoencapsulation of enriched 6Li halides into various types of nano
capsules to provide experimental evidence of the potential that the 
encapsulation of 6Li holds for Lithium Neutron Capture Therapy 
(LiNCT). Moreover, to the best of our knowledge, this study provides for 
the first time biological data using isotopically enriched 6Li for NCT. 

2. Experimental section 

2.1. Material synthesis 

2.1.1. Preparation of CNCs from MWCNTs and CNHs 

2.1.1.1. Purification, shortening and tip-opening of MWCNTs. The raw 
multi-walled carbon nanotubes (MWCNTs) used in this work were ac
quired from NanoAmor. The oxidative cutting of the MWCNTs was 
performed using a combination of acid treatment and ultrasonication, as 
previously reported [36]. Briefly, 150 mg of MWCNTs were dispersed in 
150 mL of a mixture of H2SO4/HNO3 (3/1) and sonicated during 24 h at 
a temperature of ca. 40 ◦C. The resulting suspension was washed with 
distilled water and filtered under vacuum using a 0.2 μm PTFE mem
brane (Omnipore), until the filtrate reached neutral pH. After that, the 
MWCNTs were dispersed again in ultrapure water (200 mL) by ultra
sonication, and then centrifuged at either 4000 or 20000 rpm (1503 and 
37569 rcf respectively) during 30 min. Two different centrifugation 
speeds were initially employed to assess the degree of removal of large 
bundles and long carbon nanotubes. The precipitate was discarded 
(bundles or long nanotubes), and the process was repeated twice. The 
MWCNTs suspension was collected by vacuum filtration and dried in the 
oven overnight at 100 ◦C. Finally, the prepared short MWCNTs were 
reduced by thermal treatment in order to remove oxygen functional 
groups introduced during the shortening step. For this purpose, 
short-MWCNTs (50 mg) were inserted in a silica tube and the sample 
was left under vacuum for 2 h. The tube was then placed inside a furnace 
and annealed at 800 ◦C under vacuum during 2 h (heating rate 
3.3 ◦C⋅min− 1). 

2.1.1.2. Oxidizing thermal treatment of CNHs for opening the tips. Carbon 
nanohorns (CNHs) were acquired from Carbonium. The CNHs were 
thermally treated at two different temperatures (in order to open the tips 
and improve the access to the inner cavity) following the protocol 
described by Utsumi et al. [37]. Briefly, 50 mg of CNHs were placed in a 
silica boat and then placed in a tubular furnace. The thermal treatment 
was carried out under dry synthetic air, reaching a maximum temper
ature of 400 or 500 ◦C (heating rate of 1 ◦C⋅min− 1). The samples were 
immediately cooled down after reaching the maximum temperature. 

2.1.2. Synthesis of 6LiI@CNCs 
The filling of MWCNTs was attempted with different lithium com

pounds via molten capillarity wetting, following a modified protocol 
from the one reported by Sloan et al. for the encapsulation of LiI into 
single-walled CNTs [38]. Briefly, 10 mg of shortened MWCNTs were 
mixed with 100 mg of the selected lithium compound inside an Ar filled 
glovebox (using an agate mortar and pestle), until the sample presented 
homogenous colour. Subsequently, the powder was sealed under vac
uum in a silica tube of ca. 10 cm in length. The silica ampoule was placed 
into a furnace and the mixture was annealed at 5 ◦C⋅min− 1 until 
reaching the first dwell step (50 ◦C above the melting point of the cor
responding salt: LiI, LiCl and LiF acquired from Sigma-Aldrich with 
purity >99%). After 4 h, the temperature was increased (5 ◦C⋅min− 1) up 
to 1100 ◦C, where the system was dwelled for 10 min. Finally, the 
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sample was cooled down (1 ◦C⋅min− 1) until a temperature 50 ◦C below 
the melting point of the inorganic salt and subsequently the cooling rate 
was increased to 5 ◦C⋅min− 1 until room temperature. This thermal 
treatment was designed to allow the formation of filled closed-ended 
carbon nanotubes in a single step [39]. For the filling of CNHs with 
lithium salts, slight variations to the annealing procedure were applied. 
The silica ampoule (sealed under vacuum), containing the correspond
ing mixture (lithium salt/CNHs) was placed inside the tubular furnace 
and then annealed at 950 ◦C for 12 h. The system was subsequently 
cooled down to 600 ◦C at 1 ◦C⋅min− 1 and finally to room temperature at 
5 ◦C⋅min− 1. Once the best filling rate of CNCs was obtained for LiI, the 
enriched form of this compound (6LiI) was explored during the NCT 
studies. 

After the filling step, CNCs were purified by washing the excess of 
inorganic material that remained external to the CNCs. The mixture was 
first dispersed in water (sonication for 15 min) and then refluxed at 
110 ◦C during 4 h. This cycle was repeated three times, in order to 
guaranty the complete removal of the excess of non-encapsulated 
lithium compounds. The purified CNCs were collected by vacuum 
filtration using a 0.2 μm PTFE Membrane (Omnipore). Afterwards, the 
sample was dried overnight at 100 ◦C. 

2.1.3. Synthesis of EuCl3@CNCs 
The sample of EuCl3@CNHs was prepared following a similar pro

tocol to that described for the encapsulation of lithium halides into 
CNHs. For that purpose, 15 mg of oxidized CNHs were mixed with 200 
mg of EuCl3 and then sealed in a silica tube under an inert atmosphere. 
The silica ampoule was then placed into a furnace, and the mixture was 
annealed at 5 ◦C⋅min− 1 until reaching 950 ◦C. After 12 h, the temper
ature was lowered to room temperature at a rate of 10 ◦C⋅min− 1. After 
the filling step, CNCs were purified by washing the excess of inorganic 
material that remained external to the CNCs, as previously described. 

2.1.4. External surface functionalization of 6LiI@CNCs 
The external surface functionalization of the CNCs with free amine 

groups was performed using diazonium-based arylation reaction [40]. 
First, the CNCs (20 mg) were dispersed in DMF (20 mL) by ultra
sonication during 30 min. After that, 200 mg of 4-[(N-Boc)amino
methyl]aniline were added to the dispersion and dissolved by 
mechanical stirring. The mixture was cooled down to 0 ◦C and then 200 
μL of isopentyl nitrite were added. The reaction temperature was raised 
to 80 ◦C and kept stirring during 4 h. The sample purification was per
formed by cycles of washing and filtering under vacuum using the 
following sequence of solvents: DMF/water/methanol/diethyl ether. 
Finally, the sample was dried under vacuum overnight. 

The deprotection of Boc group at the surface of the CNCs was per
formed by treatment with a 4 M HCl solution in dioxane. The resulting 
CNCs were initially well dispersed in 20 mL of dioxane solution by 
ultrasonication during 15 min and then, the dispersion was kept stirring 
overnight at room temperature. The sample purification was performed 
by vacuum filtration using the following sequence of solvents: water/ 
methanol/diethyl ether. Finally, the samples were dried under vacuum 
overnight. 

2.2. Characterization 

Samples for microscopic characterization were prepared by soni
cating a small amount of CNCs in absolute ethanol. The sample was then 
placed dropwise onto a holey carbon grid. Transmission electron mi
croscopy (TEM) images were obtained using a JEOL 1210 microscope, 
operating at 120 kV. High resolution TEM (HRTEM), high angle annular 
dark field scanning transmission electron microscopy (HAADF STEM) 
and energy dispersive X-ray spectroscopy were carried out in a FEI 
Tecnai G2 F20 microscope operated at 200 kV coupled to an EDAX super 
ultra-thin window (SUTW) X-ray detector. Scanning electron micro
scopy (SEM) images were acquired using a Quanta FEI 200 ESEM FEG 

microscope operating at 5 kV. 
Brunauer-Emmett-Teller (BET) analysis was performed on 15–30 mg 

of raw CNHs after being annealed at 400 ◦C or 500 ◦C dry air. The 
samples underwent a treatment of adsorbed gas removal at 150 ◦C for 2 
h. This was followed by nitrogen adsorption/desorption. 

Thermogravimetric analyses were performed on a Netzsch instru
ment, model STA 449 F1 Jupiter®, under flowing air at a heating rate of 
10 ◦C⋅min− 1. 

Samples for X-ray photoelectron spectroscopy (XPS) were prepared 
by placing dropwise a dispersion prepared by sonicating the sample in 
dry ethanol onto a silicon wafer (5 mm × 5 mm, previously washed in 
water/acetone). XPS measurements were performed at room tempera
ture with a SPECS PHOIBOS 150 hemispherical analyzer (SPECS GmbH, 
Berlin, Germany) in a base pressure of 5 × 10− 10 mbar using mono
chromatic Al Kalpha radiation (1486.74 eV) as excitation source. High 
resolution spectra of C1s, O1s, N1s and I3d regions were also registered. 

2.3. Computer modelling of LiI@CNCs 

Semiempirical quantum chemical calculations were used to explore 
the molecular structure and energetics of LiI adsorbed and encapsulated 
in nanocarbon materials. The xtb-GFN1 method [41], previously used to 
explain graphene-inorganic interfaces [42], was used within the peri
odic DFTB+ 22.1 software [43]. The LiI@graphene and LiI@CNT in
terfaces were built and modified with the aid of Virtual NanoLab [44] 
and the Atomic Simulation Environment (ASE) [45]. A (38,0) semi
conducting single wall carbon nanotube was selected to represent LiI 
encapsulation. To compute the relative Li at. %, semiconducting 
MWCNTs were built by repeatedly adding CNTs with a 3.52 Å larger 
radius [46]. 3D periodic cells with 50 nm and 10 nm perpendicular axis 
to the molecular directions, i.e. layer and axis, were used to simulate the 
2D and 1D systems respectively. The periodic cells used fixed slab and 
axis dimensions of 3.33 nm and 3 nm for graphene and the CNT 
respectively and were computed at the Γ point. 

2.4. Internalization studies by confocal microscopy 

To evaluate CNHs internalization in HeLa cells, EuCl3@CNH were 
employed because europium allows their direct detection in confocal 
microscopy by light reflection. HeLa cells were selected as they repre
sent a highly used in vitro model that it is proven to be useful as a starting 
point for research. A large amount of information is available about their 
properties and growing conditions. 

To prepare the samples, sterile 20 mm × 20 mm coverslips were put 
inside 35 mm dish and 3 × 104 cells were seeded on them. EuCl3@CNHs 
were sterilized under UV light for 1 h and then dispersed in culture 
medium and ultrasonicated obtaining a concentration of 0.02 mg⋅mL-1. 
Cells were allowed to grow for 24 h at 37 ◦C and 5% of CO2, and then 1 
mL of EuCl3@CNHs solution was added to each dish without removing 
the previous millilitre obtaining a final concentration of 0.01 mg⋅mL-1. 
Cells were incubated with CNHs for 24 h; after the contact time, medium 
was removed and cells were washed with DPBS (Dulbecco’s phosphate 
buffered saline: 200 mg⋅mL-1 KCl, 200 mg⋅mL-1 KH2PO4, 8000 mg⋅mL-1 

NaCl and 2160 mg⋅mL-1 Na2HPO4–7H2O; ThermoFisher Scientific). 
Then, cells were fixed with paraformaldehyde (PFA) 4% for 20 min and 
washed with DPBS. Once they were fixed, HeLa cells were stained with 
Hoechst 33342 10 mg⋅mL-1 (InvitrogenTM), which stains the nuclear 
DNA, and Cell Mask Deep Red Membrane 5 mg⋅mL-1 (InvitrogenTM), 
which stains the plasma membrane. Dye dilutions in DPBS (1:1000) 
were prepared and 1 mL of them was added to the cells, they were 
incubated for 10 min at room temperature and shielded from light 
before being washed with DPBS, staining first the membrane and then 
the nucleus. After the staining, coverslips were transferred to glass slide 
using mounting media prolong glass to attach them; they were kept in 
the fridge until they were analysed with the confocal microscope. 

For the acquisition, Leica TCS SP5 (Servei de Microscòpia de la UAB) 
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was employed using HCX PL APO lambda blue 63x/1.4 OIL UV objec
tive. Lasers used for image acquisition were HeNe 633 nm (10%) for Cell 
Mask Deep Red Membrane (detection range from 643 nm to 782 nm), 
Diode UV 405 nm (6%) for Hoechst 33342 (detection range from 413 nm 
to 478 nm) and Argon laser at 488 nm (20%) for europium reflection 
(detection range from 483 nm to 497 nm). Final images were processed 
using ImageJ software. 

2.5. Neutron irradiation experiments 

2.5.1. Sample preparation for neutron irradiation 
Neutron irradiation experiments with 6LiI@CNCs were performed 

using KBr pellets. The pellets were prepared by grinding 200 mg of KBr 
with 2 mg of 6LiI@CNCs using an agate mortar and pestle. The resulting 
mixture was pressed (5 tons) using a mould pellet press die with a 
diameter of 1.0 cm. These pellets were prepared to study the presence 
and the uniformity of lithium in nanomaterials, by means of qualitative 
autoradiography (see below). 

2.5.2. Cell preparation and treatment with 6LiI@CNCs 
To evaluate the uptake, a rat osteosarcoma UMR-106 cell line was 

employed, as extensive experience of BNCT has been acquired using this 
model [47]. Cells were cultured in medium composed by DMEM high 
glucose, 10% FCS and 1% gentamicine. Then seeded at the density of 3 
× 106 cells in two 75 cm2 flasks. After 48 h, the culture medium was 
replaced, and cells were allowed to grow for 4 h in the medium enriched 
with the 6LiI@CNCs. The 6LiI@CNCs contained in each vial (4 mg or 0.4 
mg), were dispersed in 20 mL of culture medium hand shaked until 
dissolved and then ultrasonicated for 30 min, leading to final concen
trations of 0.2 and 0.02 mg⋅mL-1. Before adding the enriched cell culture 
medium to the cell culture flasks, the enriched medium was exposed to 
UV light for 15 min to avoid cell contamination. At the end of the fixed 
contact time, after the medium removal, the cells were washed five 
times in DPBS (Euroclone Cat n◦ ECB4004L), trypsinized and counted. 
Finally, four million cells were selected and centrifuged, forming a 
condensed cell pellet. The pellet was then deposited on a mylar disk and 
left drying. 

2.5.3. Neutron autoradiography 
Neutron autoradiography is based on the use of passive detectors 

sensitive to the charged particles radiation. In this work, we used rect
angular polyallyldiglycol carbonate (PADC) CR39 films. Samples con
taining elements capturing neutrons and emitting charged particles are 
irradiated in contact with the detector. After irradiation, the detector is 
etched in a chemical solution that enlarges the latent tracks and makes 
them visible for microscopical analysis. Depending on the calibration of 
the technique (neutron fluence, etching parameters), it can be employed 
to obtain quantitative information on the element concentration in 
sample or qualitative imaging of its spatial distribution. 

Quantitative neutron autoradiography was used to check the lithium 
uptake in cell samples and the presence of lithium in KBr pellets, by 
detecting α tracks produced in the thermal neutron capture reaction on 
6Li. 

The dry cell samples on the mylar disks were irradiated two times in 
contact with CR39 in the thermal neutron column of the TRIGA MARK II 
nuclear reactor at Laboratorio Energia Nucleare Applicata (LENA) of the 
University of Pavia. For the first irradiation, samples were irradiated for 
30 min at 2 kW reactor power, receiving a thermal neutron fluence of 1.9 
± 0.1 × 1010 cm− 2. This neutron autoradiography set-up can provide 
quantitative autoradiography analysis by counting tracks generated by 
the α particles in the CR39 detector using a LEICA MZ16A microscope 
[48]. The results are presented as a composition of 40 (8 × 5) sequential 
pictures. Each image has an area of 0.3 mm2 (0.632 mm × 0.474 mm), 
giving a total measured area of 12 mm2, which is a representative 
portion of the entire sample. 

Qualitative images were obtained both for cell samples and for KBr 

pellets with a second irradiation. KBr pellets were placed on mylar disks 
and irradiated in contact with the CR39 films in the same way as cell 
pellets. Cell samples were placed on another CR39 and irradiated in the 
same position for 2 h at 250 kW. The higher neutron fluence causes a 
higher track density on the detector, which constitutes a map of Li dis
tribution in the samples [49]. Qualitative autoradiography results in a 
black and white picture, where the gray halo represents the region with 
lithium uptake. The whiter parts of the images are the ones with higher 
lithium concentration. 

2.5.4. In vitro neutron irradiation experiments 
NCT effects were studied using the same cell line described above. To 

evaluate the effect of neutron capture in lithium, four flasks were pre
pared: 2 serving as the control, without any treatment (non-enriched 
cells) and 2 where cells were exposed to the 6LiI@CNCs (enriched cells). 
Rat osteosarcoma UMR-106 cells were cultured in medium composed by 
DMEM high glucose, 10% FCS and 1% gentamicine, then seeded at the 
density of 3 × 106 cells in four 75 cm2 flasks. After 48 h, for two flasks, 
the culture medium was replaced and cells were allowed to grow for 4 h 
in the medium enriched with the carbon nanomaterials containing 
lithium, following the same procedure as described in Section 2.2.2. At 
the end of the contact time, cells were washed, and fresh medium was 
added to the flask. The same procedure was performed for the other two 
control flasks. Finally, a non-enriched and an enriched cell flask were 
irradiated in the thermal column of the TRIGA Mark II reactor for 11 min 
at 250 kW. The irradiation position is characterized by a thermal 
neutron flux of about 1010 cm− 2 s− 1 at 250 kW. Cell survival was eval
uated by means of cloning assay, measuring the plating efficiency. 

3. Results and discussion 

3.1. Preparation of CNCs from MWCNTs and CNHs 

Within this work, two different types of carbon nanostructures, 
namely MWCNTs (Fig. 1a) and CNHs (Fig. 1e) were explored as nano
carriers for the delivery of enriched 6Li into cancer cells. We notice that 
the preparation of viable carbon nanomaterials for melt filling is 
dependent on the employed carbon nanostructure. In the case of 
MWCNTs, a two-step treatment was usually needed for the preparation 
of nanocapsules. The first step consists in an oxidizing protocol, which 
combines a mixture of H2SO4/HNO3 and ultrasonication. Acid treatment 
is a simple and efficient approach that allows cutting MWCNTs, removes 
metal particles (catalyst employed for the growth of CNTs) and induces 
the formation of oxygen-containing functional groups along the CNTs 
surface [36]. With the aim to discard long CNTs or bundles that can still 
be present after the oxidative cutting, we took advantage of the water 
dispersibility of the acid treated MWCNTs to fractionate them by length 
via centrifugation (at 4000 and 20000 rpm). The precipitated material at 
the bottom of the centrifuge tube was discarded and the supernatant was 
collected. In this way, we could obtain purified open-ended and very 
short MWCNTs with a narrow length distribution (Fig. 1b). 

Fig. S1 shows the length distribution of the acid cut MWCNTs after 
applying different centrifugation speeds, namely, 4000 and 20000 rpm. 
The length distribution was determined by measuring over 1000 spec
imens from SEM images. Statistical analysis reveals an average length 
distribution of 186.2 ± 81.9 and 144.3 ± 53.9 nm for the MWCNTs 
centrifuged at 4000 rpm (Figure S1 a) and b)) and 20000 rpm (Figure S1 
c) and d)), respectively. Therefore, due to the small average size and 
narrow distribution, MWCNTs obtained at the highest centrifugation 
speed were employed in subsequent studies. It is important to notice that 
the obtained length distributions are within the range of improved 
biocompatibility for CNTs [50]. AFM imaging corroborates the very 
short length of MWCNTs observed by SEM and give an additional 
overview of the morphology of the samples (Fig. S2). Subsequently, 
short MWCNTs were thermally reduced in order to remove the 
oxygen-based functionalities introduced on their graphitic structure by 
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the acid treatment. The elimination of the aliphatic fractions was 
confirmed by thermogravimetric analysis (TGA, Fig. S3). Whereas the 
TGA curve of the acid treated MWCNTs shows a continuous weight loss 
due to the removal of adsorbed water and functional groups (red line), 
the vacuum annealed sample becomes thermally stable until its com
plete combustion at ca. 550 ◦C (green line). 

The preparation CNHs suitable for the synthesis of CNCs is simpler 
and only requires a single oxidizing step for the controlled tip hole 
opening of their carbon structures (Fig. 1e) [37]. This controlled thermal 
oxidation can be applied because disruption of CNHs preferentially oc
curs through the tips, where a high density of structural defects or high 
strain is commonly present. As received CNHs were independently 
treated at 400 ◦C and 500 ◦C in air. The collected samples were analysed 
by BET to determine the specific surface area (SA), which allows esti
mating the degree of tip opening at each treatment temperature. Com
parison of the SA of raw CNHs (CNHs = 419 m2⋅g− 1) and after being 

annealed at 400 ◦C (CNHs400◦C = 1317 m2⋅g− 1) and 500 ◦C (CNHs500◦C 
= 1857 m2⋅g− 1) reveals the impact that temperature has on the degree of 
tip opening (Fig. S4). The largest surface area is reached at the highest 
employed temperature. The value of SA achieved for CNHs500◦C is 
significantly higher than that reported by Fan et al. (1450 m2⋅g− 1). It 
almost reaches the value achieved for graphene [51], showing that both 
sides of the single carbon layer in CNHs are fully accessible [37]. 
Additional characterization using TGA, under flowing air, reveals that 
both thermally treated CNHs present a similar combustion curve to 
as-received CNHs (Fig. S5). This indicates that the controlled oxidation 
at 400 ◦C and 500 ◦C takes only place in the tips and preserves the 
structural integrity of CNHs. Consequently, the CNHs with highest SA 
were selected for the development of nanocapsules. By having a large 
number of opened tips, it is expected to maximize the filling rate with 
the lithium compounds. 

Fig. 1f shows a TEM image of CNHs after the oxidizing thermal 

Fig. 1. Synthesis and characterization of carbon nanocapsules, short-MWCNTs and CNHs, filled with 6LiI. a) Schematic representation of the synthesis of 
6LiI@MWCNTs. b) TEM image of the short-MWCNTs before filling with red arrows indicating the open tips; the inset shows the size distribution determined by SEM. 
c) HAADF STEM image of 6LiI@MWCNTs showing high contrast of I (corresponding to 6LiI) in the inner cavity of short-MWCNTs. d) HR-XPS spectrum of I3d 
corresponding to 6LiI@MWCNTs. e) Schematic representation of the synthesis of 6LiI@CNHs. f) TEM image of the CNHs before filling, with the inset showing the 
diameter distribution determined by SEM. g) HAADF STEM image of the 6LiI@MWCNTs showing homogeneously distributed high contrast of I (from 6LiI) in the 
inner cavities of CNHs. h) HR-XPS spectrum of I3d from 6LiI@MWCNTs. 
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treatment at 500 ◦C. Statistical analysis reveals a median diameter of 
59.3 ± 16.9 nm (inset Fig. 1f) determined by measuring over 500 
specimens from SEM images. AFM and SEM images of CNHs are shown 
in Fig. S2 and Fig. S6. 

3.2. Encapsulation of 6Li onto CNCs (6LiI@CNCs) 

To maximize the lithium loading in short MWCNTs, via molten phase 
capillary wetting, several lithium salts were attempted, namely lithium 
iodide, lithium chloride and lithium fluoride. These salts were inde
pendently ground with a given amount of MWCNTs and sealed under 
vacuum in a silica ampoule. The mixture was then heated above the 
melting temperature of the salt to allow capillary wetting of the inner 
cavities of the open-ended MWCNTs by the molten halide. The obtained 
results showed that the high reactivity of lithium chloride and lithium 
fluoride with the silica ampoules at the temperatures employed for the 
filling step restrict their use in this approach (Fig. S7). Consequently, 
only lithium iodide (6LiI) was explored on this work for the preparation 
of CNCs. In general, bulk filling of carbon nanomaterials results in the 
presence of a large amount of non-encapsulated compounds [52]. 
Therefore, after the filling experiment, 6LiI that remained external to the 
MWCNTs or CNHs was removed from the sample by extensive washings 
in water (LiI solubility = 1.67 g⋅mL− 1 at 25 ◦C). 

The successful filling of MWCNTs and CNHs with 6LiI was initially 
determined by Z-contrast imaging. Imaging of the encapsulated com
pound by Z-contrast STEM was possible because a large contrast is 
observed between I (Z = 53) and C (Z = 6) as a result of the Rutherford 
scattering used to form Z-contrast images, which scales approximately 
with the square of the atomic number [53,54]. This imaging modality 
has been widely employed to determine the crystal structure of inor
ganic compounds [55,56]. In the presence case, iodide atoms, from 6LiI, 
are expected to appear much brighter than carbon. On the other hand, 
lithium, with a Z = 3, cannot be observed in this imaging modality. The 
presence of bright fragments inside the darker carbon shells confirms the 
successful loading of 6LiI in the inner cavities of MWCNTs and CNHs 
(Fig. 1c and g, respectively, and Fig. S8). Moreover, bright particles were 
not observed external to the walls of the CNCs, confirming the full 
removal of the excess of 6LiI employed in the synthesis. The selective 
dissolution of free 6LiI while preserving the encapsulated material, of the 
same nature, indicates that the ends/tips of the carbon nanomaterials 
became closed during the filling experiment. This hermetically sealed 
carbon system isolates the encapsulated compound from the external 
medium, which is an essential aspect for the development of CNCs for 
biomedical purposes. It has been previously reported that the ends of 
MWCNTs can be sealed by thermal annealing, provided when a high 
enough temperature is given to the system [39]. Here we also provide 
evidence that the tips of CNHs are also able to be regenerated by 
adequate thermal treatment. Thermal regeneration of the ends of carbon 
nanostructures depends on their diameter. A higher temperature is for 
instance needed to seal multi-walled CNTs compared to their 
single-walled counterparts [39,57,58]. In the case of short-MWCNTs we 
employed 1100 ◦C, whereas in the case of CNHs we used 950 ◦C to 
promote simultaneously the process of filling and end closing. 

Energy dispersive X-ray analysis (EDX) was next carried out to 
confirm the presence of I and for the semi-quantitative determination of 
the atomic composition of the synthesized materials. An estimated 
concentration of 0.25 at. % I and 0.63 at. % I was determined for 
6LiI@MWCNTs and 6LiI@CNHs, respectively (Figs. S9–S10) indicating a 
higher metal halide loading in CNHs than in MWCNTs. X-ray photo
electron spectroscopy (XPS) data also confirm the presence of I (from 
6LiI) filled into both MWCNTs and CNHs cavities, with signals at ca. 620 
eV corresponding to I3d (Fig. S11). The signal intensity of lithium was 
too low to be measurable by this technique. Therefore, the concentration 
of enriched lithium was determined based on the quantification of 
iodine in the I3d5/2 high-resolution spectrum (Table S1). Considering 
that I and Li are equimolar (1:1 ratio), the atomic percentage of 6Li in the 

sample turns out to be 1.4 at. % for 6LiI@MWCNTs and 3.5 at. % for 
6LiI@CNHs (Table S1), corroborating the higher loading of the CNHs 
cavities with respect to MWCNTs already shown by EDX. 

The successful formation of hermetically sealed nanostructures with 
6LiI nanometric crystals in the interior of MWCNTs and CNHs was 
confirmed by HRTEM (Fig. 2). Furthermore, it is also possible to confirm 
through visual inspection that the graphitic ends of the MWCNTs and 
CNHs (yellow arrowed) are reconstructed, forming in this way the 
desired hermetically sealed carbon nanocapsules (see Fig. S12 for 
additional images). Through intensity profiles acquired on different 
crystals we could determine interplanar spacings of 3.5 Å and 3.0 Å. 
These are in good agreement with the (111) plane and (200) of cubic LiI 
(Fm-3m (225), ICSD), respectively, and computer models of encapsu
lated LiI (see below). 

3.2.1. Computer modelling of LiI@CNCs 
To get insight into the filling and interaction of LiI with the graphene 

layers of the CNCs, computer models of LiI encapsulated into and onto 
graphene sheets and inside CNTs were studied. First, we investigated the 
interface of an increased number of LiI (100) monolayers ranging from 
one to six on a graphene square surface 3.3 × 3.3 nm containing 418 
carbon atoms. The binding energy of LiI on graphene increases mono
tonically with the number of layers and is mostly converged from four 
LiI layers with a binding energy of 28 meV per carbon atom (Fig. S13). 
This is equivalent to an energy for the graphene-LiI interface of 0.17 J⋅m- 

2, which is roughly half the energy binding two graphene layers 
computed with the same model (0.30 J⋅m-2). Next, to understand better 
encapsulation, we computed systems with four, five and six LiI mono
layers between two graphene layers. These monolayers were found to be 
2.3, 2.0 and 1.7 nm apart, respectively, from which a LiI interlayer 
distance of 3.00 Å can be easily derived, in good agreement with the 
experimental measurements. 

In addition, an analysis of the binding energies of both systems 
(Fig. 3) reveals that the binding between LiI adsorbed and encapsulated 
on layered Csp2 materials are virtually equivalent for the studied 
systems. 

The molecular structure and energetics of LiI encapsulated in a 3 nm 
wide CNT containing 1064 carbon atoms was also studied. Two systems 
were computed, namely a LiI nanowire and a monolayer of LiI coating 
the inner CNT wall (Fig. 3 and Fig. S14), yielding binding energies of 21 
meV and 15 meV per carbon atom, respectively. This means that, if 
needed, the release of Li would be energetically more likely for the 
monolayered LiI than for fully filled-up systems. The relative atomic 
percentages of Li are 16 at. % and 9 at. % for the LiI nanowire and LiI 
monolayer respectively. However, these values depend on the number of 
CNT walls, and for instance, for a MWCNT with six walls, the atomic 
percentages of Li get reduced to 2 at. % and 1 at. % for the LiI nanowire 
and the monolayer of LiI respectively, which are in the range of the 
experimental quantification. 

3.3. Cell internalization studies 

Cell internalization of CNCs is necessary for their application in 
6LiNCT. Therefore, after having proved that both CNTs and CNHs can be 
successfully filled, cell internalization studies were performed using 
CNHs. We focused on CNHs because filled CNTs have been extensively 
studied for biomedical imaging and therapy [59]. For this purpose, LiI 
was replaced by EuCl3 using exactly the same protocol for the prepa
ration of the nanocapsules. EuCl3@CNHs were used to evaluate inter
nalization since europium can be visualized by confocal microscopy. 
HeLa cells were exposed to 0.01 mg⋅mL-1 of EuCl3@CNHs for 24 h. Then, 
they were fixed and dyed with Cell Mask Deep Red Membrane to stain 
the cell membrane and Hoechst 33342 to stain the nucleus, allowing the 
definition of cellular compartment and the better interpretation of 
particles location. Due to the fixation of the cells before the staining, Cell 
Mask Deep Red Membrane dyed not only the membrane but also the 
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cytoplasm of the cells. Confocal images revealed the presence of the 
EuCl3@CNHs (in green) inside HeLa cells. To precisely determine the 
location of EuCl3@CNHs in the cells, orthogonal projections were per
formed. This allows the localization of the compounds in the three di
mensions (x, y, z). Fig. 4 shows the orthogonal projections of two cells. 

Fig. 2. Electron microscopy characterization of carbon nanocapsules. HRTEM images of a, b) 6LiI@MWCNTs and c, d) 6LiI@CNHs. Lattice fringes can be observed for 
several crystals of 6LiI. As guide to the eye, white arrows point to encapsulated 6LiI, and yellow arrows to closed ends. 

Fig. 3. Quantum chemical models of LiI@CNT, namely: a) six monolayers of LiI 
adsorbed on graphene, b) six monolayers of LiI encapsulated between two 
graphene sheets, c) LiI nanowire filling up a 3 nm wide CNT and d) LiI 
monolayer in a 3 nm wide CNT. Fig. 4. Orthogonal projections of confocal images of HeLa cells incubated with 

0.01 mg⋅mL-1 EuCl3@CNHs in medium for 24 h. White lines determine the cut 
in each plane and the white circle indicates the position of some of the inter
nalized EuCl3@CNHs. EuCl3@CNHs are shown in green, nucleus in blue and 
cytoplasm in red. 
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As a guide to the eye, some of the internalized EuCl3@CNHs are marked 
with a white circle in each plane, showing their location inside the 
cytoplasm of HeLa cells. This analysis confirms internalization of the 
CNHs into the cells even at the low studied concentration of 0.01 
mg⋅mL-1. 

3.4. Quantitative neutron autoradiography 

To test whether the developed 6LiI@CNCs held potential for LiNCT, 
an initial assessment was performed by neutron autoradiography using 
6LiI@MWCNTs dispersed in KBr pellets. 6LiI@MWCNTs were chosen for 
these initial measurements because they have a lower content of 6Li than 
6LiI@CNHs. Therefore, if 6Li nuclei reacting with neutrons are already 
detected, the same would be expected for 6LiI@CNHs. Fig. 5 shows the 
imaging of lithium distribution in KBr pellets. In the upper part, the 
qualitative neutron autoradiography is reported. This analysis allows 
pointing out the presence of neutron-capture elements and to evaluate 
their distribution over the surface of the detector. In fact, it is possible to 
see a distribution of clear structures over the black background. These 
structures are the tracks left by charged particles produced by neutron 
capture in lithium, enlarged by means of chemical etching and illumi
nated by a microscopy light field. In Fig. 5b, the quantitative analysis of 
a portion of the upper imaging (Fig. 5a) has been reported. Quantitative 
analysis refers to the count of tracks in single frames taken with the 
microscope in the same sample but irradiated with lower fluence to 
obtain a track distribution without superpositions. Another CR39 film is 
employed for this analysis. Each box in the zoomed part of the figure 
reports the number of tracks counted in the frames. It is important to 
notice that tracks are distributed over the entire pellet. Since MWCNTs 
tend to aggregate in bundles and the KBr pellet was prepared by simple 
grinding, the distribution of tracks is inhomogeneous. The in
homogeneities are shown by the white dots, which are track clusters 
caused by aggregates of lithium atoms. The quantitative neutron 

autoradiography analysis resulted in 44 ± 8 tracks mm− 2, where the 
uncertainty is the standard deviation of the tracks computed over the 40 
images. These analyses confirm the presence of active lithium species in 
the sample. 

3.5. External surface functionalization of CNCs (NH2_6LiI@CNCs) 

The external surface functionalization of the 6LiI@CNCs was per
formed using diazonium-based arylation reaction in presence of [(N- 
Boc)aminomethyl]aniline [40]. Fig. 6 a) shows a schematic represen
tation of the included functional groups. After deprotection, the pres
ence of ammonium groups on the external aromatic structure of the 
nanocarbon shelter confers good dispersibility in water and cell culture 
medium (Figs. S15 and S16) and it is expected to enhance its 
biocompatibility. 

The composition of 6LiI@CNC after chemical modification was 
determined by XPS analysis (Fig. 6 c and d). High resolution XPS spectra 
of the C1s, N1s and I3d were employed to quantitatively assess the 
concentration of C, N and I in the benzylamino functionalized samples. 
After considering the presence and stoichiometric ratio of both Li (from 
LiI) and H (present in the benzylamonium group), analyses reveal a 
similar relative atomic content of N1s for both 6LiI@CNCs (1.9 at. %). 
The degree of functionalization was calculated taking into account the 
slights variations in C and I (the latter being higher in the case of 
NH2_6LiI@CNHs (1.0 at. % of I) than NH2_6LiI@MWCNTs (0.7 at. % of 
I)), the presence of H (7 H atoms per benzylamonium group containing 
moiety) and the equimolar concentration of I and 6Li. This led to a 
surface chemical functionalization of 1.61 and 1.67 mmol⋅g− 1 of CNHs 
and MWCNTs, respectively. These results indicate that the yield of the 
arylation for the covalent surface modification of the employed carbon 
nanostructures is barely affected by their morphology. 

3.6. Biocompatibility and neutron autoradiography 

Cytotoxicity studies of NH2_6LiI@CNCs were performed using UMR- 
106 cells, a well-known cell line in BNCT. Results showed that for both 
concentrations tested, namely 0.02 and 0.2 mg⋅mL-1, the 
NH2_6LiI@MWCNT presented a lower cell viability, of about 75%, when 
compared with NH2_6LiI@CNHs that is >90% (Fig. 7a). The higher 
cytotoxicity of NH2_6LiI@MWCNT can be attributed to the morphology 
of the CNCs in this case, because cells are not in contact with the 
encapsulated 6LiI, and the external functional groups are the same in 
both types of carbon nanostructures. Other groups have also compared 
these two types of nanocarbons. For instance, He et al. recently reported 
an improved biocompatibility of CNHs over four different types of CNTs 
in macrophages [60]. In fact, it is well known that the physico-chemical 
properties of nanomaterials, which can be tuned during their synthesis, 
determine their biological behaviour [61]. 

As the cell toxicity was acceptable, at least for one of the two for
mulations proposed, the next step consisted in studying the uptake of 
lithium in cells. When a cell is irradiated after the absorption of lithium, 
the neutron capture reaction releases charged particles that are 
responsible of the inactivation of the tumour cell itself, as shown in 
Fig. 7b. This same reaction is exploited by neutron autoradiography. The 
cell pellet previously treated with lithium-containing nanocapsules were 
irradiated in contact with the detectors, again applying the protocols of 
qualitative and quantitative autoradiography. Fig. 8a and b shows the 
qualitative neutron autoradiography of the 6Li@CNC respectively pro
duced by MWCNTs and CNHs, where the distribution of nanotubes is 
again represented by the white structures visible over the black back
ground. The image in Fig. 8a shows that the distribution of nanoparticle 
produced via MWCNT inside cells is not uniform: they are concentrated 
in fact in two areas, while the large majority of the cell pellets does not 
evidence presence of lithium. This inhomogeneity may reflect a poor 
dispersibility of the compound in the cell culture medium and conse
quently a limited or no availability of lithium for the majority of the cells 

Fig. 5. a) Qualitative neutron autoradiography of the KBr pellet containing 
6LiI@MWCNTs. b). Quantitative distribution of lithium in a portion of 
the sample. 
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in the flask. This result suggests that this production route is not optimal 
for LiNCT: if only part of the tumour cells absorbs lithium, neutron 
irradiation would generate a non-uniform dose deposition and portion 
of tumour may survive. On the other hand, lithium enriched nano
particles produced by CNH absorb lithium more homogeneously, as 
demonstrated by Fig. 8b. In this image, the white structures are evenly 
distributed on the surface of the pellet, corresponding to a uniform 
lithium concentration in cells. This is also confirmed by the quantitative 
analysis, resulting in an average track density of 23 ± 5 mm− 2. The 
uncertainty associated to this measure is the poissonian error of the 
counted tracks, reflecting the track distribution in the sample: a low 
relative uncertainty means that track density is very regular and does 
not fluctuate much between one frame (0.3 mm2 image) to another. 
Therefore, the 6LiI@CNCs based on CNHs hold higher potential for 
LiNCT as they would guarantee the deposition of a uniform dose in the 
tumour. See Figs. S17 and S18 for additional images. 

3.7. In vitro neutron irradiation experiments 

The NH2_6LiI@CNCs were used for a preliminary measurement of 
cell (Rat osteosarcoma UMR-106 cells) survival curves with plating 

efficiency after neutron irradiation; results are shown in Table 1. When 
the cells are not irradiated but are enriched with lithium, the cell sur
vival is 92%, confirming the preliminary results obtained in the 
described experiments of biocompatibility. When cells are irradiated 
without lithium treatment, the survival drops at 4.2%, mainly due to 
neutron interaction with hydrogen and nitrogen in cells (background 
dose). When cells are irradiated after treatment with NH2_6LiI@CNHs, 
the survival is halved (1.8%) due to effect of neutron interaction with 
lithium. Being an initial test, a high neutron fluence was employed to 
increase the chances of observing an effect. Under the present dose 
conditions, it was observed a cell survival of 4.2%, that is consistent with 
previously reported results [47]. For lithium-treated cells, irradiated 
with the same fluence, a remarkable reduction in cell survival of more 
than 50% was achieved when compared with untreated ones (Table 1). 

With the present approach the encapsulated 6Li remains inactive 
until it is activated by an external neutron irradiation. This allows for the 
nanocapsules to be internalized by cells or even to be delivered to the 
diseased tissue in vivo with no biological effect (the latter being outside 
the scope of the present study). Only when the nanocapsules are located 
into the targeted site, they would be irradiated with external neutrons 
and emit lethal products, thus behaving as carbon nuclear nanobombs 

Fig. 6. a) Schematic representation of the chemical surface modification of 6LiI@CNHs using diazonium-based arylation reaction in presence of [(N-Boc) 
aminomethyl]aniline. b, c) High-resolution XPS spectra over C1s, N1s and I3d for functionalized CNCs. 
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(CNBs). Next steps for the implementation of LiNCT include in vitro 
neutron dose optimization, a higher encapsulation efficiency of 6Li and 
the use of targeted nanocapsules for the selective accumulation of 6Li at 
the tumor site. 

4. Conclusions 

We have successfully developed new CNCs for the containment of 
6LiI using both CNHs and MWCNTs. With neutron autoradiography we 
have shown that 6Li can be efficiently internalized by UMR cells. The 
accumulation of 6Li in the cells is more homogeneous when using 
NH2_6LiI@CNCs produced with CNHs compared to that produced with 
MWCNTs. In fact, in the first case the concentration of 6Li present in the 
cells produced an average spatial track density of 23 ± 5 mm− 2 in the 
CR39, while in the second case this was very inhomogeneous. In addi
tion, the NH2_6LiI@CNHs demonstrated low toxicity at the cellular level. 
A first preliminary test of thermal neutron irradiation of UMR cells 
treated with NH2_6LiI@CNHs showed that, with the concentration of 
0.2 mg⋅mL-1, the survival of the cells is reduced compared to an 

irradiation without 6Li. In addition, the NH2_6LiI@CNHs demonstrated 
low toxicity at the cellular level in absence of irradiation. These results 
give a first indication of the possibility of using these CNCs for LiNCT 
and encourage us to plan a systematic study to estimate the dose in cells 
due to the reaction, with the aim to produce a complete cell survival 
curve. This will allow to evaluate the effective therapeutic potential of 
the developed lithium-filled nanocapsules. The present study expands 
the potentialities that LiNCT holds for the treatment of cancer. 
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nanomaterials for phototherapy of cancer and microbial infections, Carbon N. Y. 
190 (2022) 194–244, https://doi.org/10.1016/j.carbon.2021.12.084. 

[29] C.J. Serpell, K. Kostarelos, B.G. Davis, Can carbon nanotubes deliver on their 
promise in biology? Harnessing unique properties for unparalleled applications, 
ACS Cent. Sci. 2 (2016) 190–200, https://doi.org/10.1021/acscentsci.6b00005. 

[30] S.Y. Hong, G. Tobias, K.T. Al-Jamal, B. Ballesteros, H. Ali-Boucetta, S. Lozano- 
Perez, P.D. Nellist, R.B. Sim, C. Finucane, S.J. Mather, M.L.H. Green, K. Kostarelos, 
B.G. Davis, Filled and glycosylated carbon nanotubes for in vivo radioemitter 
localization and imaging, Nat. Mater. 9 (2010) 485–490, https://doi.org/10.1038/ 
nmat2766. 

[31] H. Ge, P.J. Riss, V. Mirabello, D.G. Calatayud, S.E. Flower, R.L. Arrowsmith, T. 
D. Fryer, Y. Hong, S. Sawiak, R.M.J. Jacobs, S.W. Botchway, R.M. Tyrrell, T. 
D. James, J.S. Fossey, J.R. Dilworth, F.I. Aigbirhio, S.I. Pascu, Behavior of 
supramolecular assemblies of radiometal-filled and fluorescent carbon 
nanocapsules in vitro and in vivo, Chem 3 (2017) 437–460, https://doi.org/ 
10.1016/j.chempr.2017.06.013. 

[32] C.J. Serpell, R.N. Rutte, K. Geraki, E. Pach, M. Martincic, M. Kierkowicz, S. De 
Munari, K. Wals, R. Raj, B. Ballesteros, G. Tobias, D.C. Anthony, B.G. Davis, Carbon 
nanotubes allow capture of krypton, barium and lead for multichannel biological 
X-ray fluorescence imaging, Nat. Commun. 7 (2016), https://doi.org/10.1038/ 
ncomms13118. 

G. Gonçalves et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.carbon.2023.03.034
https://doi.org/10.1016/j.carbon.2023.03.034
https://doi.org/10.1089/neu.2007.0468
https://doi.org/10.1007/s10147-019-01480-4
https://doi.org/10.1016/j.ijrobp.2019.06.1625
https://doi.org/10.1016/j.ijrobp.2019.06.1625
https://doi.org/10.1186/s40880-018-0280-5
https://doi.org/10.1186/s40880-018-0280-5
https://doi.org/10.1111/1759-7714.13232
https://doi.org/10.1111/1759-7714.13232
https://doi.org/10.3390/biomedicines9070722
https://doi.org/10.1186/s40880-018-0299-7
https://doi.org/10.1186/s40880-018-0299-7
https://doi.org/10.2174/0929867326666190603123838
https://doi.org/10.3390/cancers13246367
https://doi.org/10.3390/cancers13246367
https://doi.org/10.1038/s41568-022-00496-9
https://doi.org/10.1016/j.ccr.2019.213139
https://doi.org/10.1016/j.jconrel.2018.04.043
https://doi.org/10.1021/acsami.0c17575
https://doi.org/10.1021/acsami.0c17575
https://doi.org/10.3390/biomedicines9010074
https://doi.org/10.1021/cr941195u
https://doi.org/10.1073/pnas.26.10.589
https://doi.org/10.1148/37.6.673
https://doi.org/10.1148/37.6.673
https://doi.org/10.1126/science.93.2403.64
https://doi.org/10.1126/science.93.2403.64
https://doi.org/10.1021/acs.chemrev.6b00198
https://doi.org/10.1021/acs.chemrev.6b00198
https://doi.org/10.1039/C2CS35441A
https://doi.org/10.1039/C2CS35441A
https://doi.org/10.1021/jm100836m
https://doi.org/10.1186/s40345-019-0151-2
https://doi.org/10.1186/s40345-019-0151-2
http://refhub.elsevier.com/S0008-6223(23)00188-4/sref23
http://refhub.elsevier.com/S0008-6223(23)00188-4/sref23
https://doi.org/10.1016/j.carbon.2021.04.073
https://doi.org/10.1016/j.carbon.2021.04.073
https://doi.org/10.1016/j.carbon.2020.04.040
https://doi.org/10.3390/pharmaceutics14071365
https://doi.org/10.1016/j.carbon.2022.04.015
https://doi.org/10.1016/j.carbon.2022.04.015
https://doi.org/10.1016/j.carbon.2021.12.084
https://doi.org/10.1021/acscentsci.6b00005
https://doi.org/10.1038/nmat2766
https://doi.org/10.1038/nmat2766
https://doi.org/10.1016/j.chempr.2017.06.013
https://doi.org/10.1016/j.chempr.2017.06.013
https://doi.org/10.1038/ncomms13118
https://doi.org/10.1038/ncomms13118


Carbon 208 (2023) 148–159

159

[33] J.T.-W. Wang, R. Klippstein, M. Martincic, E. Pach, R. Feldman, M. Šefl, Y. Michel, 
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