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Abstract: Proton therapy allows the treatment of specific areas and avoids the surrounding tissues.
However, this technique has uncertainties in terms of the distal dose fall-off. A promising approach
to studying the proton range is the use of nanoparticles as proton-activatable agents that produce
detectable signals. For this, we developed an iron oxide nanoparticle doped with Zn (IONP@Zn-
cit) with a hydrodynamic size of 10 nm and stability in serum. Cytotoxicity, defined as half of
the surveillance, was 100 µg Zn/mL in the U251 cell line. The effect on clonogenic cell death was
tested after X-ray irradiation, which suggested a radioprotective effect of these nanoparticles at low
concentrations (1–10 µg Zn/mL). To evaluate the production of positron emitters and prompt-gamma
signals, IONP@Zn-cit was irradiated with protons, obtaining prompt-gamma signals at the lowest
measured concentration (10 mg Zn/mL). Finally, 67Ga-IONP@Zn-cit showed accumulation in the
liver and spleen and an accumulation in the tumor tissue of 0.95% ID/g in a mouse model of U251
cells. These results suggest the possibility of using Zn nanoparticles as proton-activatable agents to
verify the range by prompt gamma detection and face the challenges of prompt gamma detection in a
specific biological situation, opening different avenues to go forward in this field.

Keywords: radiotherapy; nanoparticle; proton range verification; proton therapy; iron oxide nanopar-
ticles; zinc; irradiation; prompt gamma radiation
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1. Introduction

Proton-beam therapy has attracted interest because of the unique properties of protons.
Protons and charged particles generally stop at specific depths, depending on the energy
and density of the irradiated material. They exhibit a relatively low ionization density at
the surface or entrance of the material, which increases slowly until near the end of the
beam, when there is high-dose deposition in a small area of the material known as the
Bragg peak. In the context of cancer treatment, this characteristic dose deposition enables
the use of protons to increase the dose in tumor tissue, producing different effects at the
molecular level compared with conventional radiotherapy [1], and significantly avoiding
undesirable doses in critical organs and surrounding healthy tissues [2–4].

However, the large-scale clinical use of proton beam precision is hampered by uncer-
tainties in the location of the distal dose fall-off in the patient’s body. Proton treatment-
planning strategies often only utilize the lateral penumbra of the beam in the proximity
of critical organs for dose conformation [5]. To understand the true uncertainties, reduce
delivery errors, and improve dose escalation, in vivo verification of the delivered dose or
range is highly desirable [4,6]. Different methods can be proposed and classified depending
on the measurement technique (direct or indirect), timing (online or offline), and dimension
(1D, 2D, or 3D) [4]. The obvious choice is the use of in vivo dosimetry detectors that
would allow real-time dose reporting. However, this approach is only feasible for very few
indications, such as prostate cancer, in which detectors can be placed on the rectal balloon
used for immobilization. A promising approach is the use of imaging methods. The use of
imaging devices to monitor treatment delivery is common practice in conventional photon
therapy, where each beam penetrates the patient and the exit dose can be measured. By
contrast, protons stop inside the patient; thus, imaging can only be based on the secondary
radiation generated by the primary beam. In this context, several methods have been
proposed for range verification in proton therapy, such as in vivo point dose measurements,
implanted markers, proton radiography, and tomography, or indirect methods such as
prompt gamma [7], PET, MRI, ultrasound imaging [4,8], and ion-acoustic measurements [9],
among others. Depending on the case, imaging can be performed either “online”, i.e.,
during the treatment, or “offline”, i.e., after the treatment has been completed [10].

Two of the most promising methods for online verification are based on in-elastic
collisions, in which protons undergo nuclear changes in the tissues [3,6,10]. The first is
based on the detection of positron-emitting isotopes generated by the nuclear interactions
of the proton beam in tissues that can be detected by positron emission tomography (PET).
The idea of using PET for proton range verification dates back to the 1970s. The positron
emitters of main interest are 11C and 15O, with half-lives of approximately 20 and 2 min,
respectively. However, these isotopes are produced by nuclear interactions along the proton
beam path with a relatively high energy production threshold, implying that they will
not be formed near the Bragg peak [11]. As a result, an alternative methodology has been
proposed that consists of using contrast agents [12–17] and external media that facilitate the
production of detectable activity closer to the Bragg peak. One of the proposed materials is
zinc, which leads to the production of isotopes such as 66Ga and 68Ga via proton-induced
reactions [12]. This may allow for better measurement of the dose distribution deposited
by protons at the distal end of the trajectory.

In this study, we examined the possible role of zinc in the form of nanoparticles
as a contrast agent for the target volume, as the gallium isotopes produced during the
proton therapy treatment from the natZn(p,x)Ga reactions in the zinc material may then
be measured after irradiation. The combination of the information from the nanoparticles
provided by MR and/or PET images, together with an accurate knowledge of the cross-
section of these reactions, would allow precise measurement of the dose deposited by
low-energy protons [12]. Moreover, measurements performed offline have the advantage
that it is not necessary for the PET detector to be in the same room where the treatment
is carried out, but the problem is the rapid decrease that some radioisotope signals could
have owing to decay and biological washout. Images taken offline predominantly show



Molecules 2023, 28, 6874 3 of 21

activity from radioisotopes, whose half-life is longer than the time it takes to transfer the
patient to another facility where the PET scanner is placed [5,10].

The second promising method is based on ray-gamma detection during proton irra-
diation of tissues, showing an alternative approach for in vivo range verification using
prompt γ-rays (PG). PGs are photons emitted promptly (~1 ns after proton irradiation of
the material) during the de-excitation of nuclear reaction products, resulting from collisions
between protons and nuclei of the medium along the beam path [18]. The emission of PGs is
non-isotropic, with discrete gamma characteristic peaks that correspond to unique gamma
de-excitations of nuclear states with an energy below 10 MeV. The PG distribution has
been correlated with the distal dose fall-off of a proton beam incident in a water tank and,
thus, with its range [18]. The latest technique was first introduced in 2003 by Stichelbaut
and Jongen [19], and the first clinical prototype for PG range verification during proton
therapy was developed by Gonzalez et al. [20]. It offers distinct advantages compared to
PET because of the much higher emission count rate and lack of biological washout. In
combination with a high-efficiency detector, the expected count rate theoretically allows
real-time range verification. Another advantage is that the maximum in the nuclear interac-
tion cross-section, leading to prompt γ-rays, appears at a lower energy compared to the
production of positron emitters [6,10,21]. Despite encouraging preliminary results from
several research groups, verification methods still pose challenges [18].

The relevance of nanomaterials in science and technology has significantly increased
in recent years, and technological advances in nanoparticle synthesis and functionalization
have triggered significant progress in molecular detection and imaging, targeting, and
multifunctional therapeutics [22]. The increased surface-to-volume ratio and reactivity
of nanomaterials facilitate their use in diagnostics, therapeutics, drug delivery systems,
electronics, cosmetics, personal care products, and food additives because of their mag-
netic, catalytic, semiconducting, antimicrobial, and ultraviolet-protective properties, which
are size dependent [23]. Nanoparticles (NPs) are defined by a particle size of less than
100 nm [24,25]. Iron oxide nanoparticles (IONPs) have been extensively used as imaging
probes. Their superparamagnetic behavior, biocompatibility, and chemical stability make
them particularly important NPs for biomedical applications, such as their use as hybrid
probes for multimodal PET/MRI imaging [26]. Moreover, nanomaterials can be directed
to tumors either by the enhanced permeability and retention effect (EPR) or by using
targeting moieties [26,27]. To provide signals in PET, IONPs have been radiolabeled with
different radioisotopes such as 64Cu, 68Ga, 18F, 124I, 11C, and 89Zr [26]. Some studies have
demonstrated that metal-based nanoparticles injected into tumors amplify proton radiation
treatment efficiency and increase the mean tissue density in the planning tumor volume
(PTV), resulting in a higher proton stopping power when the charged particle crosses the
tissue. Although this hypothesis has been largely studied in terms of the radiosensitization
mechanism to improve the biological effects of the physical irradiation dose [28,29], the
opportunity to use them as PET or PG signal enhancers remains poorly investigated [30],
and few studies have been conducted from a biological perspective.

The main objective of our study was to assess the feasibility of an in vivo proton-range
verification method based on iron oxide nanoparticles doped with Zn, named IONP@Zn-
cit, as an activatable agent to improve PET and PG detection. We modified previously
developed iron oxide nanoparticles (IONPs) [31], which are useful for PET imaging owing
to radioisotope labeling or themselves for MRI imaging and doped them with Zn. This
opens a window not only for their use as proton-activatable agents but also for future
modifications to use them in other emerging fields (e.g., other imaging techniques, targeting,
and treatments [32]). Cytotoxicity, nanoparticle effect on cell viability under radiation,
production of PET and prompt-gamma signals after proton irradiation, and biodistribution
in an animal model were studied in this work.
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2. Results
2.1. Nanoparticle Synthesis and Characterization

IONP@Zn-cit was synthesized for in vitro studies using a microwave-assisted proto-
col that enables highly homogeneous and reproducible synthesis in a very short reaction
time. We obtained nanoparticles with extremely small cores of around 3 nm as observed
by electron microscopy (TEM) (Figure 1a) and a 10 nm mean hydrodynamic size with a
narrow size distribution measured by dynamic light scattering. Their zeta potential was
−25.10 ± 0.20 nm (Figure 1b), as expected for citrate-coated nanoparticles. This citrate con-
fers colloidal stability, biocompatibility, and hydrophilic behavior to the NP [33]. The metal
composition was studied by ICP-MS, which yielded a core composition of 60.50 ± 0.05%
Zn and 39.50 ± 0.05% Fe.
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Figure 1. (a) TEM image of IONP@Zn-cit (scale bar: 20 nm); (b) zeta potential of IONP@Zn-cit.

Additionally, NP colloidal stability in cell culture medium was tested by incubating
different concentrations of IONP@Zn-cit in cell culture medium with and without 10% fetal
bovine serum (FBS) and checked visually after 3 h and 7 days. The nanoparticles in DMEM
without 10% FBS supplementation were unstable and tended to aggregate after only 3 h
of incubation (Figure S1). In contrast, nanoparticles incubated in DMEM supplemented
with 10% FBS did not undergo aggregation, even after 7 days of incubation, suggesting
that serum proteins would promote colloidal stability. In view of these results, all in vitro
experiments were performed using supplemented cell culture medium.

For radiolabeled nanoparticles, a core-doping, chelator-free approach was used [34].
In the 67Ga-IONP@Zn-cit synthetic process, we collected the fractions and measured their
activities to obtain a high radiolabeling yield (77%) (Figure S2). Metal concentrations were
checked by ICP-MS measurements, resulting in 1.06 mg Zn/mL and 0.69 mg Fe/mL.

2.2. IONP@Zn-cit Cytotoxicity

Nanoparticle cytotoxicity was tested in a human malignant glioblastoma multiforme
cell line (U251) using the 2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The percent-
age of surveillance data adjusted to a sigmoidal curve is shown in Figure 2. IONPs@Zn-cit
showed a dose-dependent cytotoxic effect after 24 h of exposure, with IC50 values of
64 µg Fe/mL and 100 µg Zn/mL (Table 1). Considering these data and other nanoparticle
studies [27,35–37], non-toxic concentrations for in vitro studies (1 and 10 µg Zn/mL) and a
low dosage for the in vivo biodistribution study were used.
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Figure 2. Sigmoidal adjustment was based on the results of the MTT assay when U251 cells were
incubated with different amounts of IONP@Zn-cit.

Table 1. IC50 values are in µg/mL for each metal (Fe and Zn) and both metals together, with their
95% confidence intervals.

NP Component IC50 (µg/mL) 95% Confidence Intervals

Fe 64 61 to 67
Zn 100 96 to 104

Fe + Zn 164 157 to 171

2.3. Influence of IONP@Zn-cit on X-ray Radiation-Induced Clonogenic Cell Death

The radiobiological impact of IONP@Zn-cit on the U251 cell line exposed to dif-
ferent doses of 250 kV X-rays was assessed using a clonogenic assay. Considering the
possible physical, chemical, and biological mechanisms that can influence the NP radiation–
enhancement effect, we selected non-toxic concentrations to test only the effect of NPs
on the effectiveness of radiation. For this purpose, cells were incubated for 24 h prior to
irradiation with IONP@Zn-cit nanoparticle concentrations of 1 or 10 µg Zn/mL. To further
examine the radio-sensitization/protection effect of IONP@Zn-cit NPs, a clonogenic assay
was performed. As it is shown in Figure 3, the cell surviving fraction (SF) decreased in the
presence of NPs, without X-irradiation, to 0.69 ± 0.30 (1 µg Zn/mL) and 0.72 ± 0.29 (10 µg
Zn/mL), with differences statistically significant (p = 0.003 and p = 0.009, respectively). SF
decreased with increasing doses of X-ray radiation (in the absence or presence of NPs),
with the exception of NP-treated U251 cells (1 µg Zn/mL) under 1 Gy X-ray radiation,
where SF was significantly higher than that of non-treated cells (0.45 ± 0.22 vs. 0.80 ± 0.38,
p = 0.001). The SF in NP-treated U251 cells (10 µg Zn/mL) under 1 Gy X-ray radiation
also increased, although the difference was not statistically significant (0.45 ± 0.22 vs.
0.63 ± 0.40, p = 0.149).

Table 2 lists the estimated parameters from the survival curves fitted to the linear
quadratic model (LQM). The α parameter decreased in the presence of nanoparticles
compared to the ionizing radiation alone group, whereas the β parameter exhibited a
reverse tendency and decreased. All biological endpoints (SF2Gy, D50%, D10%, and MID)
increased in the presence of nanoparticles compared with the group treated alone with
ionizing radiation. Additionally, the DEF2Gy value was used to evaluate the effect of the
NPs in a well-defined scenario (2 Gy, a clinically relevant radiation dose). The DEF2Gy mean
value was 0.490 in the combined groups (NP + X-ray); therefore, this finding indicated that
it was necessary to induce a 2-fold dose in the presence of NPs to induce the same survival
fraction of cells obtained without nanoparticles at 2 Gy. Overall, these results revealed that
IONPs@Zn-cit nanoparticles have a significant radioprotective effect on U251 glioblastoma
cancer cells.
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Figure 3. Clonogenic cell survival curve following X-irradiation for each IONP@Zn-cit concentration:
without (blue) or with NPs containing 1 (green) or 10 µg (red) Zn/mL. Data are expressed as
mean ± SEM.

Table 2. Radiobiological endpoints of U251 cell survival curves fitted to the LQM. α and β values are
expressed as mean ± standard deviation.

[IONP@Zn-cit]
(µg Zn/mL) α (Gy−1) β (Gy−2) SF2Gy D50% (Gy) D10% (Gy) MID

0 0.527 ± 0.286 −0.005 ± 0.028 0.355 1.33 4.55 2.62
1 0.206 ± 0.162 0.019 ± 0.016 0.613 2.69 6.82 3.11

10 0.056 ± 0.010 0.039 ± 0.001 0.766 3.57 7.03 2.91

2.4. Proton Irradiation of IONP@Zn-cit

To assess the feasibility of in vivo monitoring for proton range verification of newly
developed iron oxide nanoparticles doped with Zn, we investigated the PET and prompt
gamma radiation produced when the samples were irradiated by 10 MeV protons at the
CMAM facility [38]. While the PET signal was weak and could only be observed above the
background for high concentrations and long periods after irradiation, prompt signals were
observed down to lower concentrations of Zn. For prompt measurements, an experimental
setup based on four LaBr3(Ce) fast scintillator detectors, similar to those described by Vedia
et al. [39], and a fully digital data acquisition system that ensures high rate and coincidence
capabilities were used. The total full-energy peak efficiency for the detection setup was
1.3(2)% at 662 keV and 0.43(11)% at 1332 keV.

The gamma spectra obtained from the irradiation of several samples are shown in
Figure 4. A sample of Zn powder (spectrum scaled down by a factor of 20 in Figure 4
for clarity) served as a reference for the identification of the main prompt γ-rays. The
irradiated water samples provided information on background components.

The main γ-ray production channels arise from (p,p′γ) reactions on the natural isotopes
of Zn, namely 64Zn, 66Zn, 67Zn, and 68Zn, with natural abundances of 49%, 28%, 4%, and
19%, respectively [40]. For the analysis, we used the most intense γ-rays at 578, 992, and
1039 keV from the (p,p′γ) reaction on 68Zn, 64Zn, and 66Zn, respectively. The gamma yields,
expressed as the number of γ-rays per nC of the integrated proton charge, obtained as the
average of the four detectors, are plotted in Figure 5. The expected prompt gamma-ray
peaks from IONP@Zn-cit NPs with a small amount of Zn were only observed with a very
weak intensity.
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samples with 10 MeV protons for one of the four gamma detectors. Zinc powder (red) was used as a
reference. The main prompt gamma rays are labeled, arising from (p,p′γ) reactions on natural Zn
isotopes. Water irradiation was used as the background reference (blue). Samples with decreasing
concentrations of Zn nanoparticles were labeled as M3 to M6: 80, 40, 20, and 10 mg/mL of Zn,
respectively, corresponding to 2.34, 1.17, 0.58, and 0.29 mg of Zn.

Molecules 2023, 28, x FOR PEER REVIEW 8 of 22 
 

 

 
Figure 5. Prompt gamma production yields for selected γ-rays from Zn nanoparticle samples with 
different concentrations irradiated with 10 MeV protons. See text for details. 

2.5. Biodistribution and Pharmacokinetic Studies of 67Ga-IONP@Zn-cit 

The distribution profile and pharmacokinetics of nanoparticles doped with Zn and 
labeled with 67Ga (67Ga-IONP@Zn-cit) were evaluated ex vivo in a U251 xenograft subcu-
taneous tumor murine model. Mice were euthanized 6 h and 1, 3, and 7 days after intra-
venous administration of the probe. Different organs and tissues, including the tumor tis-
sue, were measured using a gamma counter, and the results are presented in Figure 6 
(detailed values in Table S1). Radioactivity was maintained at similar levels in the tumor 
tissue over time (0.61–0.95%ID/g). Major 67Ga-IONP@Zn-cit accumulation was observed 
in the liver and spleen, with maximum values at 1 d post-administration (33.72 and 
32.24%ID/g, respectively). Moreover, accumulation in the bone was observed, with values 
ranging between 4.41%ID/g at 1 d and 1.85%ID/g on the last day of the study. Taking the 
dose and concentration of 67Ga-IONP@Zn-cit administrated into account, a maximum 
value of 1.51 µg Zn/g was achieved after 1 d in the tumors (Table S2). Non-compartmental 
pharmacokinetic analysis of the plasma data determined that the terminal phase half-life 
and mean residence time were 3.9 and 2.8 days, respectively. The blood clearance was 
very low (0.43 mL/d/kg).  

Figure 5. Prompt gamma production yields for selected γ-rays from Zn nanoparticle samples with
different concentrations irradiated with 10 MeV protons. See text for details.

2.5. Biodistribution and Pharmacokinetic Studies of 67Ga-IONP@Zn-cit

The distribution profile and pharmacokinetics of nanoparticles doped with Zn and
labeled with 67Ga (67Ga-IONP@Zn-cit) were evaluated ex vivo in a U251 xenograft sub-
cutaneous tumor murine model. Mice were euthanized 6 h and 1, 3, and 7 days after
intravenous administration of the probe. Different organs and tissues, including the tumor
tissue, were measured using a gamma counter, and the results are presented in Figure 6 (de-
tailed values in Table S1). Radioactivity was maintained at similar levels in the tumor tissue
over time (0.61–0.95%ID/g). Major 67Ga-IONP@Zn-cit accumulation was observed in the
liver and spleen, with maximum values at 1 d post-administration (33.72 and 32.24%ID/g,
respectively). Moreover, accumulation in the bone was observed, with values ranging



Molecules 2023, 28, 6874 8 of 21

between 4.41%ID/g at 1 d and 1.85%ID/g on the last day of the study. Taking the dose
and concentration of 67Ga-IONP@Zn-cit administrated into account, a maximum value
of 1.51 µg Zn/g was achieved after 1 d in the tumors (Table S2). Non-compartmental
pharmacokinetic analysis of the plasma data determined that the terminal phase half-life
and mean residence time were 3.9 and 2.8 days, respectively. The blood clearance was very
low (0.43 mL/d/kg).
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3. Discussion

Proton therapy is an emerging modality for high-precision radiotherapy that po-
tentially offers a better dose conformation to the tumor than conventional radiotherapy
(photons and electrons), delivering a maximum dose in a well-defined area (Bragg peak)
and a rapid dose fall-off beyond that maximum. This allows higher doses of radiation to
be delivered to the tumor while sparing the surrounding healthy tissues. To fully utilize
the dosimetric advantages of proton beams, it would be highly beneficial to determine
the range in which protons reach the tissues of the patient. Therefore, various in vivo
techniques have been proposed to verify whether the dose deposited in each treatment
session is as expected. However, these techniques have not reached a sufficient level of
accuracy to allow their translation to the clinic. To do this, we explored the possibility of
using nanoparticle probes with Zn as activatable agents to improve PET and PG signals
after proton irradiation as a tool to verify proton range deposition because the presence of
metals in nanoparticles enhances the specific gamma signal and improves the detection
statistic. Herein, we synthesized a nanoparticle that can be modified for different purposes
(e.g., molecular imaging) and evaluated whether these zinc-doped iron oxide nanoparticles
capped with citrate (IONP@Zn-cit) could be used as PET and PG signal enhancers. In
addition, an important part of this study was to understand how NPs biologically affect
tumors before and after irradiation. To achieve this, we performed detailed in vitro and
in vivo studies before further investigation.

First, the effect of proteins present in the medium on NP colloidal stability was
evaluated by incubating different concentrations of NPs in the cell culture medium with and
without fetal bovine serum (FBS) supplementation. The nanoparticle surface composition
determines the initial formation of a protein corona and its behavior [41,42]. Citrate-
coated materials have negative surfaces and, hence, potentially more reactive surfaces and
antioxidant properties and confer stable synthesis and dispersion [43–47]. Moreover, it has
been reported that media composition and ionic strength influence these properties [43].
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For example, the use of 10% FBS supplementation or Ca2+ and Mg2+ present in the cell
medium can cause precipitation through preferential complexation with citrate ligands in
different types of nanoparticles [44,48,49]. In contrast, other types aggregate in phosphate
buffer solution (PBS) but are stable when PBS is supplemented with FBS because of the
formation of a corona that stabilizes the MNPs [50]. Albumin proteins of FBS can protect
the NP surface from contact with ions [51], and we hypothesize that this last situation
could be the case for IONP@Zn-cit in the supplemented culture medium, where they were
more stable. When nanomaterials enlarge their size, form aggregates, and/or interact with
serum proteins, cellular uptake and toxicity are strongly influenced. Consequently, we
studied the cytotoxicity induced by IONP@Zn-cit in the U251 Glioblastoma Multiforme
(GBM) cell line. GBM is one of the most common malignant tumors of the central nervous
system in adults [52] with the worst prognosis and is a good candidate for treatment with
protons to increase the dose in the target volume while protecting organs at risk (OAR)
and maintaining cognitive functions [53]. Regarding the cytotoxic effect of nanoparticles,
they can be dissolved, producing ion release in the cell culture medium [23,24,46,54,55],
or they can act as Trojan horses to produce intracellular release of these ions after cellular
uptake, inducing cytotoxicity by oxidative stress and inflammatory signals [43,46,54,56].
The cytotoxicity of metal oxide nanoparticles is generally evaluated based on cell viability,
cell membrane damage, oxidative stress, and DNA damage. In many cases, cell viability is
measured in terms of mitochondrial enzyme activity using the MTT, XTT, MTS, or WST-1
assays [54]. Other studies have used techniques such as flow cytometry [57]. Our results
by MTT assay showed a dose-dependent cytotoxicity effect after 24 h exposure, with an
IC50 of 63.80 µg Fe/mL and 99.79 µg Zn/mL obtained, in accordance with the values
obtained by Uzar et al. with the MTT assay in NRK-52E cells after 24 h exposure (IC50
of 73.05 µg/mL for ZnO) [58]. Thurber et al. studied the effect of the Fe doping levels of
ZnO nanoparticles on cell viability by the Alamar Blue cytotoxicity assay. They obtained
significantly greater toxicity for low Fe doping levels (<10% Fe) compared to undoped ZnO
NPs (IC50 values of 228 µg/mL and 370 µg/mL, respectively). This indicates the strong
role of Fe ions in increasing the cytotoxicity of the ZnO NP. Interestingly, pure iron oxide
(Fe2O3) showed negligible cytotoxicity [59]. In our study, the results were similar for metal
doping with Zn. 68Ga-C-IONP, which was our equivalent nanoparticle, but without Zn,
was tested using image-based high-content analysis, with no reduction in the number of
cells in different cell lines [34]. Ferroptosis has been defined as a new type of cell death
in which Fe(II) ions from NPs react with hydrogen peroxide and produce cytotoxic free
reactive oxygen species (ROS) through the Fenton reaction [50,60,61], similar to the presence
of Zn ions from NPs [24,59]. Wang et al. observed how ZnO NPs repressed expression
of ferroptosis-negative regulatory factors, reducing the cell viability of several cell lines
by colony formation assays [62] and pointing out the possible roles of zinc in ferroptosis,
also studied in other publications [63,64]. In conclusion, based on the definition of Horie
et al. (who defined that a nanoparticle was cytotoxic when the LD50 was <100 µg/m [54]),
we could describe IONP@Zn-cit as a cytotoxic nanoparticle, but further investigations
are necessary to determine how it could affect the use of this nanoparticle as a proton
activatable agent and what their cytotoxicity mechanism is. Several possibilities have been
proposed, such as quantifying Fe and Zn ions in the medium and in the cells and their
cellular uptake by different techniques, such as ICP [65], colorimetric assays [47,66], TEM
microscopy, and radioactivity detection [67].

Furthermore, we tested the effect of non-toxic IONP@Zn-cit concentrations on the
clonogenic survival of tumor cells in the presence of X-ray irradiation. Metallic nanoparti-
cles can be used as traceable agents in medical imaging modalities or to enhance radiation
treatment at lower costs [22,28,67,68]. The radiosensitization produced by nanoparticles de-
pends on numerous factors, including the cell line, nanoparticle type and size, concentration,
intracellular localization [69], and the energy and nature of incoming radiation. However,
the underlying mechanisms leading to increased cell death remain unclear [28]. Physical,
chemical, and biological mechanisms have been proposed, including the generation of
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high-density reactive oxygen species (ROS), cell cycle effects, and DNA repair impair-
ment [29,69,70]. According to the data obtained from the clonogenic survival assay without
X-irradiation, a decrease in the number of colonies and cell surviving fraction was observed
in the presence of IONPs@Zn-cit, although non-toxic concentrations were used (according
to the MTT assay). It is important to highlight that metabolic state and clonogenic poten-
tial are not necessarily parallel events, such that prematurely senescent cells do not form
colonies but are metabolically active. Deylam et al. described that zinc oxide nanoparticles
increase the senescence of cells treated with NPs containing 6–12 µg Zn/mL [71]. Moreover,
we found that treatment with 1 Gy X-ray irradiation failed to decrease the percentage of
living cells in the cell populations that were exposed to Zn-NPs compared to cells without
nanoparticles. This is a strong indication of the acquisition of radioresistant properties.
One possible explanation for this finding might be that non-proliferative senescent cells are
less sensitive to irradiation, as it is known that non-proliferating cells are less susceptible to
irradiation due to their altered metabolism.

A decrease in the α value and an increase in the β value were observed in U251 cells
incubated with IONP@Zn-cit nanoparticles after irradiation. Due to the rarely used α and
β values to evaluate nanoparticle effects, researchers have proposed several theoretical
tools to measure the nanoparticle-mediated effect: Endpoints for clonogenic survival such
as SF2Gy, SF4Gy, SF6Gy, SF8Gy, D10%, and D50% [72], dose modifying factor or DMF [73],
sensitizer enhancement ratio or SER [74,75], dose enhancement ratio or DER [67,76–78],
mean inactivation dose or MID [65,79], dose modifying ratio or DMRx% and dose enhance-
ment factor or DEFxGy [28,65], among others. We decided to use SF2Gy, D50%, and D10%
as endpoints; DEF2Gy to evaluate the effect at 2 Gy (a commonly used clinical dose); and
MID, which is representative of the whole cell population, minimizes the fluctuations in
the survival curves and takes into account the whole survival curve [65]. An increase in the
values of all these indicators was observed in cells incubated in the presence of the NPs,
suggesting a radioprotective effect of IONP@Zn-cit, which has already been described for
low iron and zinc doses owing to their chelation properties and metabolism [80,81] and
the effect of Zn in reducing ferroptosis [82]. Moreover, some nanoparticle coatings, such as
citric acid (coating agent in IONP@Zn-cit), are well-known hydroxyl radical scavengers that
can contribute to maintaining an optimum physiological level of ROS in cells [65]. Finally,
it is important to emphasize that these clonogenic survival assays with X-ray irradiation
have been a proof of concept to progress, and further investigations should be conducted
with different irradiation modalities and energies (protons and clinical photons) because of
the possible differences in the results [73,83].

Different concentrations of IONP@Zn-cit were irradiated with 10 MeV protons to
evaluate the production of PET and prompt gamma signals. Although the PET signal was
negligible, detectable prompt gamma activity could be observed down to 10 mg Zn/mL
with our reduced efficiency detector setup, holding the potential to improve it for the
detection of lower concentrations. Furthermore, we evaluated the biodistribution of the
NP in a subcutaneous U251 mouse model. Our 67Ga-IONP@Zn-cit accumulation profile
throughout the body was also consistent with typical nanoparticle biodistribution, in which
reticuloendothelial (RES) organs are the major clearance route for nanoparticles larger than
5 nm. RES is part of the immune system of the body, being a network of cells and tissues,
especially in the blood, general connective tissue, spleen, liver, lungs, bone marrow, and
lymph nodes [26,27,37]. The mononuclear phagocytic system (MPS) is responsible for
its accumulation in the liver and spleen. Owing to the small IONP@Zn-cit size (10 nm)
determined by characterization studies, more rapid elimination would be expected through
the kidneys [27]. However, our results of colloidal stability in supplemented medium
and the biodistribution profile suggest the formation of a larger protein corona in the
bloodstream. The relatively high accumulation in the bone and stomach observed compared
with other tissues could be explained by 67Ga accumulation because of 67Ga-IONP@Zn-
cit metabolism [84–86]. Moreover, we precisely determined a terminal phase half-life
of 3.9 days thanks to the 67Ga half-life (T1/2: 78.3 h), which allows a biodistribution
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and pharmacokinetic study up to 7 days post-injection. These results indicate a slow
clearance of IONP@Zn-cit compared to other iron oxide nanoparticles, with t1/2 values of
approximately minutes or hours [27,37]. This longer blood circulation time would allow
increased tumor accumulation and could avoid washout problems that occur with other
contrast agents or molecules.

Nevertheless, cytotoxicity should be studied because of long-term tissue exposure
to these nanoparticles [36,37]. The obtained values for tumors were consistent with pas-
sive delivery and accumulation due to the enhanced permeability and retention (EPR)
effect [27,87] and were comparable to those published by Pellico et al. with 68Ga-C-IONP
nanoparticles [34], which were approximately 2% ID/g. In our case, 0.95 ± 0.08% ID/g
supposes 1.5 µg Zn/g tissue at 1-day NPs post-injection. These results show the need for
higher Zn concentrations in tumor tissues than those obtained with our NPs to improve
PET and PG signal sensitivities and to evaluate the range of PRT. To achieve this, several
strategies can be adopted. The first proposal is to increase the amount of NP administrated.
We injected 4.8 mg Zn/kg and 3.2 mg Fe/kg of 67Ga-IONP@Zn-cit for the in vivo study.
Other researchers used a maximum NP injection of 300–600 mg Fe/kg body when toxicity
appeared [37]. Moreover, the amount of Zn due to passive targeting by the EPR effect
could be improved by changing some parameters, such as the shape of the nanoparticles,
stealth capacity of the nanoparticles, and surface charge. For example, the presence of PEG
molecules at the nanoparticle surface leads to a prolonged circulation half-life, reduced pro-
tein adsorption, and a reduced clearance by MPS, thus improving tumor accumulation [27].
However, passive targeting has the following limitations: The inhomogeneous distribu-
tion of blood vessels resulting from angiogenesis, which yields non-uniform permeability
within the whole tumor [27,70], and its lack of tumor specificity [27]. Active targeting
could be an option in the future to improve our results with the use of molecules such as
antibodies or peptides specific to the tumor tissue [34], which could increase IONP@Zn-cit
accumulation. When IONP@Zn-cit was used as a proton verification range for glioblastoma
multiforme disease, our nanoparticles did not pass across the blood–brain barrier (BBB), as
can be seen in the results obtained with the biodistribution study. Several mechanisms have
been proposed to modify IONP@Zn-cit to overcome this barrier, including conjugation
with a simil-opioid glycopeptide (g7) [88], among others [89]. Finally, another strategy to
enhance the IONP@Zn-cit PG signal, in addition to increasing the sensitivity of prompt
gamma detection by including a higher number of LaBr3(Ce) detectors [20], could be the
addition of oxygen-10-enriched water during NP synthesis instead of conventional water
to obtain several isotopes with high proton-induced reaction cross-sections in the same
contrast agent for proton range verification [15].

In summary, we presented a new iron oxide nanoparticle doped with Zn (IONP@Zn-
cit) obtained using an easy, quick, and reproducible synthesis method for proton range
verification. IONP@Zn-cit can be easily modified in several ways to obtain a contrast agent
suitable for diagnostic imaging (MRI, PET, and SPECT) and treatment. In the present study,
not only physical and chemical studies were carried out to characterize the nanoparticles but
also biological tests that allowed the study of their biodistribution and toxicity, which aimed
to determine how nanoparticles could be transferred to the clinic. The obtained results
are encouraging; however, future preclinical studies using nanomaterials for proton range
verification are needed to fully understand and exploit the benefits associated with their
use. In addition to the characterization of nanoparticles, it is essential to carry out studies
on their stability, cytotoxicity, effect in combination with different radiation modalities,
biodistribution, and pharmacokinetics.

4. Materials and Methods
4.1. Nanoparticle Synthesis
4.1.1. IONP@Zn-cit

IONP@Zn-cit was synthesized by combining 25 mg FeCl3, 25 mg ZnCl2, 58.5 mg citrate
trisodium (selected as a coating to ensure colloidal stability), and 0.5 mL hydrazine hydrate
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in H2O milliQ at a final volume of 5 mL. Immediately, the mixture was subjected to very
fast ramping (1 min) to 100 ◦C under stirring with microwave irradiation at 240 W (MW;
CEM) for 10 min, and a final cooling step with N2 gas until 55 ◦C was achieved (Figure 7).
Subsequently, 6 mL of IONP@Zn-cit was purified by gel filtration using PD-10 desalting
columns (Sephadex G-25 Medium; Cytvia) in water. The concentrations of incorporated Fe
and Zn were determined by ICP-MS. For the in vitro studies (colloidal stability, cytotoxicity,
and clonogenic assays), nanoparticle suspension medium was exchanged by ultrafiltration
(Amicon Ultra-15, membrane PLTK Ultracel-PL, 30 kDa; Merck Millipore) at 1520× g for
3 min. After that, the cell culture medium was added to resuspend the nanoparticles,
and the centrifugation step was repeated twice until the medium was adjusted to the
initial volume to maintain concentrations. Finally, the NPs were sterilized using a vented
Millex-GS filter of 0.22 µm (Merck Millipore).
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Figure 7. Different types of nanoparticles used in this study and their synthesis. As initial products,
FeCl3, ZnCl2, citrate and hydrazine were used and microwave irradiation during 10 min at 100 ◦C
with a final cooling step was done to synthesize IONP@Zn-cit. * In the case of 67Ga-IONP@Zn-cit,
67GaCl3 was added to the initial mixture.

4.1.2. Radiolabeled 67Ga-IONP@Zn-cit

For the Gallium-67 radiolabeled probe used in the in vivo study, 36.48 MBq of 67Ga-
citrate (T1/2: 78.3 h; γ-rays: 93 keV (40%), 184 keV (24%), 296 keV (22%), and 388 keV
(7%) [90]) was purchased from Curium Pharma Spain S.A. 67Ga-citrate was transformed to
67GaCl3 by an ionic exchange step to achieve good incorporation of 67Ga in the IONP@Zn-
cit structure. Silica Gel MiniSpe-ed™ Cartridges (14014; Applied Separations) and HCl
0.1 M as eluent were used; 0.2 mL fractions were collected, and 0.8 mL in total were selected
as peak activity (fractions 4th to 7th). H2O milliQ and HCl 12.07 M (Hydrochloric acid
fuming 37%; Merck) were added to adjust molarity and obtain 1 mL of 67GaCl3 in 1 M HCl.
This was added to the mixture of 25 mg FeCl3, 25 mg ZnCl2, 58.5 mg citrate trisodium,
and 3.5 mL of H2O milliQ. Finally, 0.5 mL hydrazine hydrate was added immediately
before the mixture was subjected to MW irradiation under the same conditions described
above (Figure 7). Purification was performed by size exclusion chromatography with
PD-10 desalting columns in 0.5 mL fractions to obtain 6 mL of purified 67Ga-IONP@Zn-cit
in water. The activity of the eluted fractions was measured using an activimeter (VCC-
405; Veenstra Instruments) to obtain the peak activity between fractions 2 and 7. For
in vivo studies, NPs were ultrafiltered with Amicon filters at 1520× g for 3 min, and
saline (0.9% NaCl) was added between each centrifugation step to suspend nanoparticles
and to adjust the initial volume to maintain initial concentrations at the end. Finally,
sterilization was performed using a vented Millex-GS filter of 0.22 µm (Merck Millipore).
The physicochemical properties of the different types of nanoparticles, such as surface
charge and size, DLS measurements, TEM images, and ICP-MS quantification of Fe and Zn,
were characterized after 67Ga decay.
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4.2. Nanoparticle Characterization
4.2.1. Hydrodynamic Size and Zeta Potential Measurements

The hydrodynamic size and Zeta potential of the samples were measured by dynamic
light scattering (DLS). A Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) instru-
ment was used. This device is equipped with a He−Ne laser operating at 633 nm and
4 mW, and an avalanche photodiode detector.

4.2.2. TEM Images

Sample preparation was carried out by dripping a nanoparticle suspension onto a
carbon-coated copper TEM mesh grid, allowing for solvent evaporation. In this case, a
JEOL JEM 2100 with a 3 Å resolution operating at 200 kV at the Spanish National Electronic
Microscopy Center (CNME) was used.

4.3. In Vitro Studies
4.3.1. IONP@Zn-cit Colloidal Stability in Cell Culture Medium

Different concentrations of IONP@Zn-cit (between 20.81 ± 0.84 and 665.75 ± 26.87 µg
Zn/mL) were incubated in DMEM (1×) + GlutaMax (Gibco, Billings, MT, USA) cell culture
medium with and without 10% of fetal bovine serum (FBS) at 37 ◦C for 3 h or 7 days.
Aggregation and instability were evaluated visually.

4.3.2. Cell Culture

The U251 cell line established from a human malignant glioblastoma multiforme
(provided by Dra. Francisca Mulero, CNIO, Madrid, Spania) was cultured under sterile
conditions in DMEM (1×) + GlutaMax (Gibco) supplemented with 10% fetal bovine serum
(FBS; Sigma, Burlington, MA, USA) and 1% penicillin/streptomycin (10,000 U penicillin +
10 mg/mL streptomycin; 100 mL; Sigma). The cells were maintained at 37 ◦C in 5% CO2
and 95% humidity conditions until 80–90% confluence was reached before each experiment.

4.3.3. Cytotoxicity Assay

The MTT assay was performed on U251 cells. The cells were seeded at a density
of 20,000 cells/well in 96-well culture plates. After 24 h, the medium was changed to
fresh medium containing different nanoparticle IONP@Zn-cit concentrations (from 25 to
150 µg Zn/mL) and cells were incubated for another 24 h with the nanoparticles under
normal culture conditions. Then, the medium was aspirated, followed by two washes
with 1× DPBS (Dulbecco’s Phosphate Buffered Saline; Sigma), and Cell Proliferation Kit I
(Roche, Basel, Switzerland) was used to assess the metabolic activity of the cells. Viable
cells with active metabolism convert MTT into formazan, whose absorbance at 570 nm is
proportional to the number of viable cells [91,92]. The plate was read at 570 nm (formazan
absorbance) and 690 nm (background absorbance) using a FLUOStar® Omega microplate
reader (BMG LABTECH, Ortenberg, Germany). The concentration of nanoparticles that
inhibited 50% of the cells (IC50) was calculated using a sigmoidal curve adjustment. The
experiments were repeated three times in triplicate.

4.3.4. Colony Formation Assay

We conducted a clonogenic assay as the gold standard for measuring the effect of
nanoparticles on cells after radiation exposure. U251 cells were grown under normal
culture conditions named above in a 25 cm2 cell culture flask (Thermo Scientific™ Nunc™
EasYFlask™, Waltham, MA, USA). After growth, the medium was replaced with fresh
medium containing different concentrations of IONP@Zn-cit (0, 1, and 10 µg Zn/mL) at
each X-ray irradiation dose. After 24 h of incubation with NPs under normal cell culture
conditions, the flasks were irradiated with the corresponding doses (1.01± 0.01, 5.22 ± 0.04,
or 10.39 ± 0.07 Gy, simplified in the main text as 1, 5, and 10 Gy). A clonogenic assay
was performed by plating cells after irradiation treatment with a delay of 4 h (Delayed
Plating or DP) to allow repair processes [93], after which the cells were washed twice with



Molecules 2023, 28, 6874 14 of 21

1× DPBS to remove non-internalized NPs and harvested with TrypLE™ Express (Gibco) to
prepare single-cell suspensions. At this time, cells were counted with a hemocytometer and
seeded in different cell amounts in triplicate depending on the irradiation dose (100–200,
500–1000, and 2000–4000 cells/well for 0–1, 5, and 10 Gy, respectively) at a final volume
of 2 mL per well in 6-well plates (Nunc). Cells were cultured under normal conditions
until they reached clusters of ≥ 50 cells and were visible at first sight (10 d after seeding).
At this point, the cell culture medium was removed and a fixing/staining solution (0.05%
w/v crystal violet, 1% formaldehyde 37%, 1× PBS, 1% methanol, and dH2O) was added
to each well until complete coverage (2 mL approximately) and incubated for 20 min at
room temperature. Finally, the solution was removed and washed with an indirect tap
water rinse. This experiment was performed in triplicate and repeated four times. When
plates were completely dry (after approximately 24 h at room temperature), digitalization
with an Epson Expression 10,000XL scanner was performed (48-bit images were taken at
1200 ppp resolution, 1.5 focus, in transmission mode, and TIF format). For quantification,
ImageJ software v1.52a [94] was used to count colonies. For 8-bit image transformation,
Threshold Above was selected manually for each plate to obtain a proper image with
defined colonies, and Close-, Erode, and Watersheld tools in this order were selected for
processing binary images to avoid over- and under-estimated colony counting. The number
of colonies was obtained with the Analyze Particles tool using a minimum particle size of
200 pixel2 and a circularity of 0.12–1.00 as parameters, defined by experience. The plating
efficiency percentage (PE %) of the non-irradiated group (control) was calculated for each
well, and the number of cells seeded was calculated as follows:

PE(%) =
No. colonies scored

No. cells seeded
× 100, (1)

Survival fraction (SF) after each irradiation treatment was calculated for each well and
each amount seeded for each NP treatment with the expression:

SF =
No. colonies scored

No. cells seeded × 100
PE(%)

, (2)

All results were obtained automatically with an MS Excel template file created by Brix
et al. [95]. Survival curves were generated by plotting the SF versus the radiation dose
and fitting to the traditional linear-quadratic (LQ) regression model (Equation (3)) for each
experiment and NP concentration (0, 1, and 10 µg/mL). Regression analysis was performed
using the following equation:

SF(D) = exp−αD−βD2
, (3)

where SF is the cell survival fraction, α is the probability of lethal DNA damage (linear
part of the curve), β is the probability of sublethal damage (quadratic part of the curve),
and D is the radiation dose (Gy). Curves were weighted with the inverse of variance
using OriginPro, Version 8 SR4 software (OriginLab Corporation, Northampton, MA, USA).
The survival fraction after a dose of 2 Gy (SF2Gy) and the dose resulting in 10% and 50%
survival (D10% and D50%) were calculated as biological endpoints with less noise than α

and β values [96]. The mean inactivation dose (MID) was used to calculate the differences
between the survival curves of the treatment groups. The main advantage of defining MID
is that it considers the whole survival curve, which eliminates the source of the fluctuation
survival curve. The concept of MID introduced by Kellerer and Hug is defined as the area
under the survival curve [65,79]:

MID =
∫ ∞

0
SF(D)dD, (4)
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Finally, the initial slope of the survival curve correlates well with clinical outcomes,
and this region is considered to be best characterized by the survival level at a dose of
2 Gy [65]; moreover, 2 Gy is the typical individual dose of conventional radiotherapy
fractionation delivery. Therefore, to evaluate the effect of IONP@Zn-cit NPs in a well-
defined scenario, the Dose Enhancement Factor (DEF2Gy) was determined as the ratio of
the dose required for NP-treated cells to give the same survival as cells not treated with
NPs and irradiated at 2 Gy, where the ratios were determined using the LQ fits [28,65]:

DEF2Gy =
Reference dose (2 Gy)

Dose needed with (cells + NPs)to achieve the same cell survival
as cells alone at a dose of 2 Gy

(5)

4.4. Irradiations
4.4.1. X-ray Irradiation

For the clonogenic assay, the X-ray irradiator used was a Philips MCN 321 X-ray tube
with a Philips MG324 generator. The irradiation conditions were: 250 kV with 10 mA;
the inherent filtration was 2.2 mm of Be with 3 mm of Al; with an additional filtration
corresponding with a Thoraeus I filter; the half-value layer (HVL) of (2.3 ± 0.3) mm for Cu
was measured by an experimental procedure. Absolute dose calibration was performed
based on the TRS-398 protocol using a 0.6 cm3 Farmer ionization chamber (model NE-
2571). It was calibrated at the Metrology Laboratory for Ionizing Radiation of the CIEMAT.
The dose for the cell configuration was measured with a Farmer Ionization Chamber in
an equivalent phantom; however, an EBT-3 radiochromic film was calibrated and used
to check the dose at the cell plane using the real geometry. The dose rate obtained was
0.58 Gy/min, with a 4% uncertainty. To dismiss the uncertainty between measurements
due to the instability of the X-ray and the time imprecision in each irradiation, we used
a 0.6 cm3 Farmer Ionization Chamber as the monitoring chamber at a point inside the
beam for each irradiation, and the assigned dose to the cells was corrected based on that
measurement (Figure S3).

4.4.2. Proton Irradiation

Irradiation to investigate PET and prompt gamma radiation produced by IONP@Zn-
cit were conducted at the external microbeam beamline at CMAM with a proton energy of
10 MeV and a current intensity of 500 pA. Prompt gamma radiation was detected using
a simplified detection setup consisting of four LaBr3(Ce)-based detectors read out by a
digital data acquisition system (Figure S4), similar to those described by Vedia et al. [39].
The combined full-energy peak efficiencies for the four detectors were 1.3(2)% at 662 keV
and 0.43(11)% at 1332. keV. An offline station with two more detectors of the same type
was added for the decay measurements of PET isotopes produced by activation.

Beam alignment was performed with an Eppendorf tube at 3 MeV at both the entrance
and exit of the tube, using a radiochromic film. Nanoparticles were used in the aqueous
solutions discussed above with varying concentrations. A sample of Zn powder served
as a reference for the identification of the main prompt γ-rays, and the irradiated water
sample provided information on the background components.

4.5. In Vivo Studies
4.5.1. Animal Model

All animal experimental protocols were approved by the local Animal Care and
Ethics Committee and regional authorities. For the subcutaneous tumor xenograft model,
1 × 106 U251 cells were suspended in 0.1 mL of a mixture of non-supplemented DMEM
(1×) + GlutaMax medium with cold Matrigel (Corning® Basement Membrane Matrix;
Cultex) at a 1:1 ratio [97]. They were then implanted with a sterile cold 25 G syringe into
the right flank of male nude mice (n = 8; 16-week-old). Animals were maintained at 22 ◦C
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in a 12 h light/dark cycle with water and food available ad libitum. Tumors were palpable
approximately 2 weeks post-implantation.

4.5.2. Biodistribution Study

The biodistribution of 67Ga-IONP@Zn-cit was evaluated in the animal model de-
scribed. A nanoparticle volume of 0.15 mL (0.62 ± 0.02 MBq; 158 µg Zn and 103.5 µg Fe) in
saline (NaCl 0.9%; B. Braun) was injected intravenously into the tail vein under anesthesia
(2–3% isofluorane, 0.6–0.8 L/min O2). Then, the mice were weighed and euthanized by
cervical dislocation at each time point (6 h, 1, 3, and 7 days post-injection). Blood samples
were immediately collected by cardiac puncture using a heparinized syringe, weighed, and
centrifuged at 3000× g for 8 min to obtain plasma and the rest of the blood. Mice were
dissected, and their organs and tissues (heart, lungs, liver, spleen, stomach, pancreas, gut,
kidneys, brain, right femur, and tumor) were extracted, weighed, and measured using a
gamma counter (2470 Wizard2, PerkinElmer, Waltham, MA, USA).

Plasma concentrations of radioactivity were calculated as the percent injected dose per
mL (%ID/mL) and plotted versus time post-injection. Non-compartmental pharmacoki-
netic analysis of plasma data was performed using PK Solver software, version 2.0 [98].

4.6. Statistical Analysis

OriginPro, Version 8 SR4 software (OriginLab Corporation, Northampton, MA, USA)
was used for data analysis. All data are expressed as the mean ± standard deviation. The
Shapiro–Wilk test was used to assess data normality. One-way multivariate analysis of
variance (ANOVA) was performed using SPSS 14; Tukey or Games–Howell post hoc tests
were used to compare the differences between groups when equal variances were assumed
(assessed by Levene’s test of homogeneity of variances) or not. p < 0.05 was considered to
be statistically significant.

5. Conclusions

The aim of this study was to develop an innovative methodology based on Zn nanopar-
ticles to address the shortcomings of in vivo monitoring of the range of protons in proton
therapy. To achieve this, IONP@Zn-cit was synthesized, and its physicochemical properties
and biological characteristics were studied.

The results showed that Zn-doped iron oxide nanoparticles capped with citrate were
biocompatible and stable in the presence of serum. Their cytotoxicity allows for in vitro
studies, where we observed a possible radioprotective effect at low doses of nanoparticles
under X-ray irradiation. Moreover, the determination of passive accumulation in tumor
tissue and other organs in an animal model using a radiolabeled form of the nanoparticle
showed the potential of these probes and the importance of further investigation of their
biological properties. The observation of the prompt gamma signal after 10 MeV proton
irradiation also encourages the study of the potential of nanoparticles in the field of proton
range verification.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/molecules28196874/s1. Figure S1. Visual follow-up of zinc-doped iron oxide nanoparticles
capped with citrate (IONP@Zn-cit) in concentrations between (20.81 ± 0.84 and 665.75 ± 26.87 µg
Zn/mL) after 3 h and 7 days incubations in cell culture medium with and without FBS supple-
mentation. Arrows point phase changes produced by nanoparticle precipitation. Figure S2. Radio-
chromatogram of 67Ga-IONP@Zn-cit purification after microwave synthesis. Activity (in MBq)
present in the fractions (1–15) obtained after purification of the 67Ga-IONP@Zn-cit synthesis mixture
by gel filtration with PD-10 columns (Se-phadex G-25M). The first peak corresponds to purified 67Ga-
IONP@Zn-cit and the second one to free gallium-67 in chloride form. Table S1. 67Ga-IONP@Zn-cit
biodistribution values of different tissues after each time point (6 h, 1, 3, and 7 days), calculated as
percentage of injected dose per gram of tissue (%ID/g) with the standard deviation (SD) between
animals. Table S2. Accumulation of radioactivity (in %ID/g, expressed as mean ± SD) and calculated
67Ga- IONP@Zn-cit (in µg Zn or Fe per gram) in tumor tissues after times (0.25, 1, 3, and 7 days)

https://www.mdpi.com/article/10.3390/molecules28196874/s1
https://www.mdpi.com/article/10.3390/molecules28196874/s1
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post probe administration (67Ga-IONP@Zn-cit containing 158 µg Zn and 103.5 µ Fe). Figure S3.
(a) General view of the irradiation system with the X-ray tube (1). An ionizing chamber (2) was
used for dose irradiation control measurements. (b) Top view of the position of four 25 cm2 Flask
bottles (3) to perform clonogenic assays with nanoparticles. The bottles were forming a square at
the same distance from the center of the beam to have the same irradiation dose for all cells seeded.
Figure S4. (a) Scheme of the general view of the irradiation system with the proton beam and the
four LaBr3(Ce)-based detectors. (b) Top view of the real position of a sample in front of the beam and
between the detectors.

Author Contributions: Conceptualization, L.M.F. and M.Á.M.; methodology, M.I.-M., I.F.-B., R.S.,
M.O., V.M.L.-R., M.M.-H., N.M., J.I.L., E.R. and A.E.-R.; validation, J.I.L., M.Á.M.-R., E.I.A.-C. and
S.V.i.O.; formal analysis, M.I.-M., V.M.L.-R., M.G.-D., V.M.-N., V.S.-T., J.M.U., V.V.-O. and M.Á.M.;
investigation, M.I.-M., I.F.-B., A.E.-R., M.Á.M.-R., E.I.A.-C. and S.V.i.O.; resources, M.Á.M.-R., E.I.A.-C.
and S.V.i.O.; data curation, M.I.-M., I.F.-B., V.M.L.-R., M.G.-D., V.M.-N., V.S.-T., J.M.U. and V.V.-O.;
writing—original draft preparation, M.I.-M., I.F.-B., S.E., L.M.F. and M.Á.M.; writing—review and
editing, I.F.-B., S.E., L.M.F. and M.Á.M.; supervision, S.E., J.M.U., J.M.P., L.M.F., F.H. and M.Á.M.;
funding acquisition, L.M.F. and M.Á.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by projects B2017/BMD-3888 PRONTO-CM and S2022/BMD-
7434 ASAP-CM, both funded by Comunidad de Madrid, and projects PID2019-104558RB-I00 and
TED2021-130592B-I00, both funded by MCIN/ AEI/10.13039/501100011033.

Institutional Review Board Statement: All animal experimental procedures performed were con-
ducted according to the guidelines of the Declaration of Helsinki and authorized by the Animal
Welfare Committee. Approved by the Competent Authority of the Regional Government of Madrid,
Spain (PROEX 294.8/20).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: TEM images were taken in collaboration with the National Center of Electronical
Microscopy (Madrid, Spain).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. McNamara, A.; Willers, H.; Paganetti, H. Modelling Variable Proton Relative Biological Effectiveness for Treatment Planning. BJR

2020, 93, 20190334. [CrossRef] [PubMed]
2. Wilson, R.R. Radiological Use of Fast Protons. Radiology 1946, 47, 487–491. [CrossRef] [PubMed]
3. Parodi, K. On- and off-Line Monitoring of Ion Beam Treatment. Nucl. Instrum. Methods Phys. Res. A Accel. Spectrom. Detect. Assoc.

Equip. 2016, 809, 113–119. [CrossRef]
4. Knopf, A.-C.; Lomax, A. In Vivo Proton Range Verification: A Review. Phys. Med. Biol. 2013, 58, R131–R160. [CrossRef] [PubMed]
5. Parodi, K.; Paganetti, H.; Shih, H.A.; Michaud, S.; Loeffler, J.S.; DeLaney, T.F.; Liebsch, N.J.; Munzenrider, J.E.; Fischman, A.J.;

Knopf, A.; et al. Patient Study of In Vivo Verification of Beam Delivery and Range, Using Positron Emission Tomography and
Computed Tomography Imaging After Proton Therapy. Int. J. Radiat. Oncol. Biol. Phys. 2007, 68, 920–934. [CrossRef] [PubMed]

6. Parodi, K.; Polf, J.C. In Vivo Range Verification in Particle Therapy. Med. Phys. 2018, 45, e1036–e1050. [CrossRef] [PubMed]
7. Richter, C.; Pausch, G.; Barczyk, S.; Priegnitz, M.; Keitz, I.; Thiele, J.; Smeets, J.; Stappen, F.V.; Bombelli, L.; Fiorini, C.; et al. First

Clinical Application of a Prompt Gamma Based in Vivo Proton Range Verification System. Radiother. Oncol. 2016, 118, 232–237.
[CrossRef] [PubMed]

8. Carlier, B.; Heymans, S.V.; Nooijens, S.; Toumia, Y.; Ingram, M.; Paradossi, G.; D’Agostino, E.; Himmelreich, U.; D’hooge, J.; Van
Den Abeele, K.; et al. Proton Range Verification with Ultrasound Imaging Using Injectable Radiation Sensitive Nanodroplets: A
Feasibility Study. Phys. Med. Biol. 2020, 65, 065013. [CrossRef]

9. Schauer, J.; Wieser, H.-P.; Huang, Y.; Ruser, H.; Lascaud, J.; Würl, M.; Chmyrov, A.; Vidal, M.; Herault, J.; Ntziachristos, V.; et al.
Proton Beam Range Verification by Means of Ionoacoustic Measurements at Clinically Relevant Doses Using a Correlation-Based
Evaluation. Front. Oncol. 2022, 12, 925542. [CrossRef]

10. Paganetti, H.; El Fakhri, G. Monitoring Proton Therapy with PET. BJR 2015, 88, 20150173. [CrossRef]

https://doi.org/10.1259/bjr.20190334
https://www.ncbi.nlm.nih.gov/pubmed/31738081
https://doi.org/10.1148/47.5.487
https://www.ncbi.nlm.nih.gov/pubmed/20274616
https://doi.org/10.1016/j.nima.2015.06.056
https://doi.org/10.1088/0031-9155/58/15/R131
https://www.ncbi.nlm.nih.gov/pubmed/23863203
https://doi.org/10.1016/j.ijrobp.2007.01.063
https://www.ncbi.nlm.nih.gov/pubmed/17544003
https://doi.org/10.1002/mp.12960
https://www.ncbi.nlm.nih.gov/pubmed/30421803
https://doi.org/10.1016/j.radonc.2016.01.004
https://www.ncbi.nlm.nih.gov/pubmed/26774764
https://doi.org/10.1088/1361-6560/ab7506
https://doi.org/10.3389/fonc.2022.925542
https://doi.org/10.1259/bjr.20150173


Molecules 2023, 28, 6874 18 of 21

11. España, S.; Zhu, X.; Daartz, J.; El Fakhri, G.; Bortfeld, T.; Paganetti, H. The reliability of proton-nuclear interaction cross-section
data to predict proton-induced PET images in proton therapy. Phys. Med. Biol. 2011, 56, 2687–2698. [CrossRef] [PubMed]

12. Fraile, L.M.; Herraiz, J.L.; Udías, J.M.; Cal-González, J.; Corzo, P.M.G.; España, S.; Herranz, E.; Pérez-Liva, M.; Picado, E.; Vicente,
E.; et al. Experimental Validation of Gallium Production and Isotope-Dependent Positron Range Correction in PET. Nucl. Instrum.
Methods Phys. Res. A Accel. Spectrom. Detect. Assoc. Equip. 2016, 814, 110–116. [CrossRef]

13. Cho, J.; Campbell, P.; Wang, M.; Alqathami, M.; Mawlawi, O.; Kerr, M.; Cho, S.H. Feasibility of Hydrogel Fiducial Markers for in
Vivo Proton Range Verification Using PET. Phys. Med. Biol. 2016, 61, 2162–2176. [CrossRef] [PubMed]

14. Backer, C.M.; Baumer, C.; Bley, A.; Costa, P.F.; Gerhardt, M.; Herrmann, K.; Kauer, S.; Kroninger, K.; Nitsch, C.; Siregar, H.M.;
et al. Proton Beam Range Verification with Secondary Radiation from Titanium Implants. In Proceedings of the 2019 IEEE
Nuclear Science Symposium and Medical Imaging Conference (NSS/MIC), Manchester, UK, 26 October–2 November 2019; IEEE:
Manchester, UK, 2019; pp. 1–2. [CrossRef]

15. España, S.; Sánchez-Parcerisa, D.; Ibáñez, P.; Sánchez-Tembleque, V.; Udías, J.M.; Onecha, V.V.; Gutierrez-Uzquiza, A.; Bäcker,
C.M.; Bäumer, C.; Herrmann, K.; et al. Direct Proton Range Verification Using Oxygen-18 Enriched Water as a Contrast Agent.
Radiat. Phys. Chem. 2021, 182, 109385. [CrossRef]

16. Espinosa Rodriguez, A.; Onecha, V.V.; Sánchez-Tembleque, V.; Gutiérrez-Neira, C.; García-Díez, M.; Ibáñez, P.; España, S.;
Sánchez-Parcerisa, D.; Udías, J.M.; Fraile, L.M. Can Iodine Be Used as a Contrast Agent for Protontherapy Range Verification?
Measurement of the 127I(p,n)127mXe (Reaction) Cross Section in the 4.5–10 MeV Energy Range. Radiat. Phys. Chem. 2021, 185,
109485. [CrossRef]

17. España, S.; Sánchez-Parcerisa, D.; Bragado, P.; Gutiérrez-Uzquiza, Á.; Porras, A.; Gutiérrez-Neira, C.; Espinosa, A.; Onecha, V.V.;
Ibáñez, P.; Sánchez-Tembleque, V.; et al. In Vivo Production of Fluorine-18 in a Chicken Egg Tumor Model of Breast Cancer for
Proton Therapy Range Verification. Sci. Rep. 2022, 12, 7075. [CrossRef] [PubMed]

18. Galanakou, P.; Leventouri, T.; Muhammad, W. Non-Radioactive Elements for Prompt Gamma Enhancement in Proton Therapy.
Radiat. Phys. Chem. 2022, 196, 110132. [CrossRef]

19. Stichelbaut, F.; Jongen, Y. Verification of the proton beam position in the patient by the detection of prompt gamma-rays emission.
In Proceedings of the 39th Meeting of the Particle Therapy Co-Operative Group, San Francisco, CA, USA, 25 October 2003;
Volume 16.

20. Hueso-González, F.; Rabe, M.; Ruggieri, T.A.; Bortfeld, T.; Verburg, J.M. A Full-Scale Clinical Prototype for Proton Range
Verification Using Prompt Gamma-Ray Spectroscopy. Phys. Med. Biol. 2018, 63, 185019. [CrossRef]

21. Parodi, K. Vision 20/20: Positron Emission Tomography in Radiation Therapy Planning, Delivery, and Monitoring: PET in RT
Planning, Delivery, and Monitoring. Med. Phys. 2015, 42, 7153–7168. [CrossRef]

22. Conde, J.; Dias, J.T.; Grazú, V.; Moros, M.; Baptista, P.V.; de la Fuente, J.M. Revisiting 30 Years of Biofunctionalization and Surface
Chemistry of Inorganic Nanoparticles for Nanomedicine. Front. Chem. 2014, 2, 48. [CrossRef]

23. Choi, S.-J.; Choy, J.-H. Biokinetics of Zinc Oxide Nanoparticles: Toxicokinetics, Biological Fates, and Protein Interaction. Int. J.
Nanomedicine 2014, 9, 261–269. [CrossRef] [PubMed]

24. Meyer, T.J.; Scherzad, A.; Moratin, H.; Gehrke, T.E.; Killisperger, J.; Hagen, R.; Wohlleben, G.; Polat, B.; Dembski, S.; Kleinsasser,
N.; et al. The Radiosensitizing Effect of Zinc Oxide Nanoparticles in Sub-Cytotoxic Dosing is Associated with Oxidative Stress In
Vitro. Materials 2019, 12, 4062. [CrossRef] [PubMed]

25. Pellico, J.; Gawne, P.J.; de Rosales, R.T.M. Radiolabelling of Nanomaterials for Medical Imaging and Therapy. Chem. Soc. Rev.
2021, 50, 3355–3423. [CrossRef] [PubMed]

26. Fernández-Barahona, I.; Muñoz-Hernando, M.; Pellico, J.; Ruiz-Cabello, J.; Herranz, F. Molecular Imaging with 68Ga Radio-
Nanomaterials: Shedding Light on Nanoparticles. Appl. Sci. 2018, 8, 1098. [CrossRef]

27. Alphandéry, E. Biodistribution and Targeting Properties of Iron Oxide Nanoparticles for Treatments of Cancer and Iron Anemia
Disease. Nanotoxicology 2019, 13, 573–596. [CrossRef] [PubMed]

28. Ahmad, R.; Schettino, G.; Royle, G.; Barry, M.; Pankhurst, Q.A.; Tillement, O.; Russell, B.; Ricketts, K. Radiobiological Implications
of Nanoparticles Following Radiation Treatment. Part. Part. Syst. Charact. 2020, 37, 1900411. [CrossRef] [PubMed]

29. Paro, A.D.; Shanmugam, I.; van de Ven, A.L. Nanoparticle-Mediated X-ray Radiation Enhancement for Cancer Therapy. In
Cancer Nanotechnol; Zeineldin, R., Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2017; Volume 1530,
pp. 391–401, ISBN 978-1-4939-6644-8.

30. Penninckx, S.; Hespeels, F.; Smeets, J.; Colaux, J.L.; Lucas, S.; Heuskin, A.-C. Metallic Nanoparticles: A Useful Prompt Gamma
Emitter for Range Monitoring in Proton Therapy? Radiation 2021, 1, 305–316. [CrossRef]

31. Fernández-Barahona, I.; Ruiz-Cabello, J.; Herranz, F.; Pellico, J. Synthesis of 68Ga Core-Doped Iron Oxide Nanoparticles for Dual
Positron Emission Tomography/(T1)Magnetic Resonance Imaging. J. Vis. Exp. 2018, 141, e58269. [CrossRef]

32. Joudeh, N.; Linke, D. Nanoparticle Classification, Physicochemical Properties, Characterization, and Applications: A Comprehen-
sive Review for Biologists. J. Nanobiotechnol. 2022, 20, 262. [CrossRef]

33. Pellico, J.; Lechuga-Vieco, A.V.; Almarza, E.; Hidalgo, A.; Mesa-Nuñez, C.; Fernández-Barahona, I.; Quintana, J.A.; Bueren, J.;
Enríquez, J.A.; Ruiz-Cabello, J.; et al. In vivo imaging of lung inflammation with neutrophil-specific 68Ga nano-radiotracer. Sci.
Rep. 2017, 7, 13242. [CrossRef]

https://doi.org/10.1088/0031-9155/56/9/003
https://www.ncbi.nlm.nih.gov/pubmed/21464534
https://doi.org/10.1016/j.nima.2016.01.013
https://doi.org/10.1088/0031-9155/61/5/2162
https://www.ncbi.nlm.nih.gov/pubmed/26907591
https://doi.org/10.1109/NSS/MIC42101.2019.9059997
https://doi.org/10.1016/j.radphyschem.2021.109385
https://doi.org/10.1016/j.radphyschem.2021.109485
https://doi.org/10.1038/s41598-022-11037-7
https://www.ncbi.nlm.nih.gov/pubmed/35490180
https://doi.org/10.1016/j.radphyschem.2022.110132
https://doi.org/10.1088/1361-6560/aad513
https://doi.org/10.1118/1.4935869
https://doi.org/10.3389/fchem.2014.00048
https://doi.org/10.2147/IJN.S57920
https://www.ncbi.nlm.nih.gov/pubmed/25565844
https://doi.org/10.3390/ma12244062
https://www.ncbi.nlm.nih.gov/pubmed/31817448
https://doi.org/10.1039/D0CS00384K
https://www.ncbi.nlm.nih.gov/pubmed/33491714
https://doi.org/10.3390/app8071098
https://doi.org/10.1080/17435390.2019.1572809
https://www.ncbi.nlm.nih.gov/pubmed/30938215
https://doi.org/10.1002/ppsc.201900411
https://www.ncbi.nlm.nih.gov/pubmed/34526737
https://doi.org/10.3390/radiation1040025
https://doi.org/10.3791/58269
https://doi.org/10.1186/s12951-022-01477-8
https://doi.org/10.1038/s41598-017-12829-y


Molecules 2023, 28, 6874 19 of 21

34. Pellico, J.; Ruiz-Cabello, J.; Saiz-Alía, M.; del Rosario, G.; Caja, S.; Montoya, M.; Fernández de Manuel, L.; Morales, M.P.; Gutiérrez,
L.; Galiana, B.; et al. Fast Synthesis and Bioconjugation of 68 Ga Core-Doped Extremely Small Iron Oxide Nanoparticles for
PET/MR Imaging: Chelator-Free68 Ga-Iron Oxide Nanoparticles. Contrast Media Mol. Imaging 2016, 11, 203–210. [CrossRef]
[PubMed]

35. Manickam, V.; Dhakshinamoorthy, V.; Perumal, E. Iron Oxide Nanoparticles Induces Cell Cycle-Dependent Neuronal Apoptosis
in Mice. J. Mol. Neurosci. 2018, 64, 352–362. [CrossRef] [PubMed]

36. Wang, C.; Lu, J.; Zhou, L.; Li, J.; Xu, J.; Li, W.; Zhang, L.; Zhong, X.; Wang, T. Effects of Long-Term Exposure to Zinc Oxide
Nanoparticles on Development, Zinc Metabolism and Biodistribution of Minerals (Zn, Fe, Cu, Mn) in Mice. PLoS ONE 2016, 11,
e0164434. [CrossRef] [PubMed]

37. Arami, H.; Khandhar, A.; Liggitt, D.; Krishnan, K.M. In Vivo Delivery, Pharmacokinetics, Biodistribution and Toxicity of Iron
Oxide Nanoparticles. Chem. Soc. Rev. 2015, 44, 8576–8607. [CrossRef] [PubMed]

38. Redondo-Cubero, A.; Borge, M.J.G.; Gordillo, N.; Gutiérrez, P.C.; Olivares, J.; Pérez Casero, R.; Ynsa, M.D. Current status and
future developments of the ion beam facility at the centre of micro-analysis of materials in Madrid. Eur. Phys. J. Plus 2021, 136,
175. [CrossRef]

39. Vedia, V.; Carmona-Gallardo, M.; Fraile, L.M.; Mach, H.; Udías, J.M. Performance evaluation of novel LaBr3(Ce) scintillator
geometries for fast-timing applications. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 2017, 857,
98–105. [CrossRef]

40. Rosman, K.J.R. A Survey of the Isotopic and Elemental Abundance of Zinc. Geochim. Cosmochim. Acta 1972, 36, 801–819. [CrossRef]
41. Francia, V.; Yang, K.; Deville, S.; Reker-Smit, C.; Nelissen, I.; Salvati, A. Corona Composition Can Affect the Mechanisms Cells

Use to Internalize Nanoparticles. ACS Nano 2019, 13, 11107–11121. [CrossRef]
42. Rosário, F.; Bessa, M.J.; Brandão, F.; Costa, C.; Lopes, C.B.; Estrada, A.C.; Tavares, D.S.; Teixeira, J.P.; Reis, A.T. Unravelling the

Potential Cytotoxic Effects of Metal Oxide Nanoparticles and Metal(Loid) Mixtures on A549 Human Cell Line. Nanomaterials
2020, 10, 447. [CrossRef]

43. Bastos, V.; Ferreira-de-Oliveira, J.M.P.; Carrola, J.; Daniel-da-Silva, A.L.; Duarte, I.F.; Santos, C.; Oliveira, H. Coating Independent
Cytotoxicity of Citrate- and PEG-Coated Silver Nanoparticles on a Human Hepatoma Cell Line. J. Environ. Sci. Int. 2017, 51,
191–201. [CrossRef]

44. Safi, M.; Courtois, J.; Seigneuret, M.; Conjeaud, H.; Berret, J.-F. The Effects of Aggregation and Protein Corona on the Cellular
Internalization of Iron Oxide Nanoparticles. Biomaterials 2011, 32, 9353–9363. [CrossRef] [PubMed]

45. Wang, F.; Li, X.; Li, W.; Bai, H.; Gao, Y.; Ma, J.; Liu, W.; Xi, G. Dextran Coated Fe3O4 Nanoparticles as a Near-Infrared Laser-Driven
Photothermal Agent for Efficient Ablation of Cancer Cells in Vitro and in Vivo. Mater. Sci. Eng. C 2018, 90, 46–56. [CrossRef]
[PubMed]

46. Líbalová, H.; Costa, P.M.; Olsson, M.; Farcal, L.; Ortelli, S.; Blosi, M.; Topinka, J.; Costa, A.L.; Fadeel, B. Toxicity of Surface-
Modified Copper Oxide Nanoparticles in a Mouse Macrophage Cell Line: Interplay of Particles, Surface Coating and Particle
Dissolution. Chemosphere 2018, 196, 482–493. [CrossRef] [PubMed]

47. Ferraz, F.S.; López, J.L.; Lacerda, S.M.S.N.; Procópio, M.S.; Figueiredo, A.F.A.; Martins, E.M.N.; Guimarães, P.P.G.; Ladeira, L.O.;
Kitten, G.T.; Dias, F.F.; et al. Biotechnological Approach to Induce Human Fibroblast Apoptosis Using Superparamagnetic Iron
Oxide Nanoparticles. J. Inorg. Biochem. 2020, 206, 111017. [CrossRef] [PubMed]

48. Hossain, S.M.; Mozar, F.S.; Chowdhury, E.H. Citrate Association Dramatically Reduces Diameter with Concomitant Increase
in Uptake of Drug-Loaded Carbonate Apatite Particles in Breast Cancer Cells. J. Nanosci. Nanotechnol. 2019, 19, 6881–6892.
[CrossRef] [PubMed]

49. Lévy, M.; Lagarde, F.; Maraloiu, V.-A.; Blanchin, M.-G.; Gendron, F.; Wilhelm, C.; Gazeau, F. Degradability of Superparam-
agnetic Nanoparticles in a Model of Intracellular Environment: Follow-up of Magnetic, Structural and Chemical Properties.
Nanotechnology 2010, 21, 395103. [CrossRef] [PubMed]

50. Plan Sangnier, A.; Van de Walle, A.B.; Curcio, A.; Le Borgne, R.; Motte, L.; Lalatonne, Y.; Wilhelm, C. Impact of Magnetic
Nanoparticle Surface Coating on Their Long-Term Intracellular Biodegradation in Stem Cells. Nanoscale 2019, 11, 16488–16498.
[CrossRef] [PubMed]

51. Mekseriwattana, W.; Srisuk, S.; Kriangsaksri, R.; Niamsiri, N.; Prapainop, K. The Impact of Serum Proteins and Surface Chemistry
on Magnetic Nanoparticle Colloidal Stability and Cellular Uptake in Breast Cancer Cells. AAPS PharmSciTech 2019, 20, 55.
[CrossRef]

52. de Lucas, A.G.; Schuhmacher, A.J.; Oteo, M.; Romero, E.; Cámara, J.A.; de Martino, A.; Arroyo, A.G.; Morcillo, M.Á.; Squatrito,
M.; Martinez-Torrecuadrada, J.L.; et al. Targeting MT1-MMP as an ImmunoPET-Based Strategy for Imaging Gliomas. PLoS ONE
2016, 11, e0158634. [CrossRef]

53. Chambrelant, I.; Eber, J.; Antoni, D.; Burckel, H.; Noël, G.; Auvergne, R. Proton Therapy and Gliomas: A Systematic Review.
Radiation 2021, 1, 218–233. [CrossRef]

54. Horie, M.; Shimizu, K.; Tabei, Y. Validation of Metallothionein, Interleukin-8, and Heme Oxygenase-1 as Markers for the
Evaluation of Cytotoxicity Caused by Metal Oxide Nanoparticles. Toxicol. Mech. Methods 2018, 28, 630–638. [CrossRef] [PubMed]

55. Generalov, R.; Kuan, W.B.; Chen, W.; Kristensen, S.; Juzenas, P. Radiosensitizing Effect of Zinc Oxide and Silica Nanocomposites
on Cancer Cells. Colloids Surf. B 2015, 129, 79–86. [CrossRef] [PubMed]

https://doi.org/10.1002/cmmi.1681
https://www.ncbi.nlm.nih.gov/pubmed/26748837
https://doi.org/10.1007/s12031-018-1030-5
https://www.ncbi.nlm.nih.gov/pubmed/29368134
https://doi.org/10.1371/journal.pone.0164434
https://www.ncbi.nlm.nih.gov/pubmed/27732669
https://doi.org/10.1039/C5CS00541H
https://www.ncbi.nlm.nih.gov/pubmed/26390044
https://doi.org/10.1140/epjp/s13360-021-01085-9
https://doi.org/10.1016/j.nima.2017.03.030
https://doi.org/10.1016/0016-7037(72)90089-0
https://doi.org/10.1021/acsnano.9b03824
https://doi.org/10.3390/nano10030447
https://doi.org/10.1016/j.jes.2016.05.028
https://doi.org/10.1016/j.biomaterials.2011.08.048
https://www.ncbi.nlm.nih.gov/pubmed/21911254
https://doi.org/10.1016/j.msec.2018.04.030
https://www.ncbi.nlm.nih.gov/pubmed/29853113
https://doi.org/10.1016/j.chemosphere.2017.12.182
https://www.ncbi.nlm.nih.gov/pubmed/29324388
https://doi.org/10.1016/j.jinorgbio.2020.111017
https://www.ncbi.nlm.nih.gov/pubmed/32120160
https://doi.org/10.1166/jnn.2019.16718
https://www.ncbi.nlm.nih.gov/pubmed/32098646
https://doi.org/10.1088/0957-4484/21/39/395103
https://www.ncbi.nlm.nih.gov/pubmed/20820094
https://doi.org/10.1039/C9NR05624F
https://www.ncbi.nlm.nih.gov/pubmed/31453605
https://doi.org/10.1208/s12249-018-1275-x
https://doi.org/10.1371/journal.pone.0158634
https://doi.org/10.3390/radiation1030019
https://doi.org/10.1080/15376516.2018.1486931
https://www.ncbi.nlm.nih.gov/pubmed/29882686
https://doi.org/10.1016/j.colsurfb.2015.03.026
https://www.ncbi.nlm.nih.gov/pubmed/25829130


Molecules 2023, 28, 6874 20 of 21

56. Gliga, A.R.; Skoglund, S.; Odnevall Wallinder, I.; Fadeel, B.; Karlsson, H.L. Size-Dependent Cytotoxicity of Silver Nanoparticles
in Human Lung Cells: The Role of Cellular Uptake, Agglomeration and Ag Release. Part. Fibre Toxicol. 2014, 11, 11. [CrossRef]
[PubMed]

57. Mühlberger, M.; Janko, C.; Unterweger, H.; Friedrich, R.P.; Friedrich, B.; Band, J.; Cebulla, N.; Alexiou, C.; Dudziak, D.; Lee, G.;
et al. Functionalization of T Lymphocytes With Citrate-Coated Superparamagnetic Iron Oxide Nanoparticles For Magnetically
Controlled Immune Therapy. Int. J. Nanomedicine 2019, 14, 8421–8432. [CrossRef] [PubMed]

58. Uzar, N.K.; Abudayyak, M.; Akcay, N.; Algun, G.; Özhan, G. Zinc Oxide Nanoparticles Induced Cyto- and Genotoxicity in Kidney
Epithelial Cells. Toxicol. Mech. Methods 2015, 25, 334–339. [CrossRef] [PubMed]

59. Thurber, A.; Wingett, D.G.; Rasmussen, J.W.; Layne, J.; Johnson, L.; Tenne, D.A.; Zhang, J.; Hanna, C.B.; Punnoose, A. Improving
the Selective Cancer Killing Ability of ZnO Nanoparticles Using Fe Doping. Nanotoxicology 2012, 6, 440–452. [CrossRef] [PubMed]

60. Winterbourn, C.C. Toxicity of Iron and Hydrogen Peroxide: The Fenton Reaction. Toxicol. Lett. 1995, 82–83, 969–974. [CrossRef]
[PubMed]

61. Patil, R.M.; Thorat, N.D.; Shete, P.B.; Bedge, P.A.; Gavde, S.; Joshi, M.G.; Tofail, S.A.M.; Bohara, R.A. Comprehensive Cytotoxicity
Studies of Superparamagnetic Iron Oxide Nanoparticles. Biochem. Biophys. Rep. 2018, 13, 63–72. [CrossRef]

62. Wang, X.; Li, D.; Xia, Z.; Teng, L.; Chen, Y.; Meng, J.; Li, C. Zinc Oxide Nanoparticles Promotes Ferroptosis to Repress Cancer Cell
Survival and Inhibits Invasion and Migration by Targeting MiR-27a-3p/YAP Axis in Renal Cell Carcinoma. Arab. J. Chem. 2022,
15, 103753. [CrossRef]

63. Palmer, L.D.; Jordan, A.T.; Maloney, K.N.; Farrow, M.A.; Gutierrez, D.B.; Gant-Branum, R.; Burns, W.J.; Romer, C.E.; Tsui, T.;
Allen, J.L.; et al. Zinc Intoxication Induces Ferroptosis in A549 Human Lung Cells. Metallomics 2019, 11, 982–993. [CrossRef]

64. Chen, P.-H.; Chi, J.-T. Unexpected Zinc Dependency of Ferroptosis: What Is in a Name? Oncotarget 2021, 12, 1126–1127. [CrossRef]
[PubMed]

65. Subiel, A.; Ashmore, R.; Schettino, G. Standards and Methodologies for Characterizing Radiobiological Impact of High-Z
Nanoparticles. Theranostics 2016, 6, 1651–1671. [CrossRef] [PubMed]

66. Abbas, H.; Broche, L.M.; Ezdoglian, A.; Li, D.; Yuecel, R.; James Ross, P.; Cheyne, L.; Wilson, H.M.; Lurie, D.J.; Dawson, D.K. Fast
Field-Cycling Magnetic Resonance Detection of Intracellular Ultra-Small Iron Oxide Particles in Vitro: Proof-of-Concept. J. Magn.
Reson. 2020, 313, 106722. [CrossRef] [PubMed]

67. Heuskin, A.; Gallez, B.; Feron, O.; Martinive, P.; Michiels, C.; Lucas, S. Metallic Nanoparticles Irradiated by Low-energy Protons
for Radiation Therapy: Are There Significant Physical Effects to Enhance the Dose Delivery? Med. Phys. 2017, 44, 4299–4312.
[CrossRef] [PubMed]

68. Zangeneh, M.; Nedaei, H.A.; Mozdarani, H.; Mahmoudzadeh, A.; Salimi, M. Enhanced Cytotoxic and Genotoxic Effects of
Gadolinium-Doped ZnO Nanoparticles on Irradiated Lung Cancer Cells at Megavoltage Radiation Energies. Mater. Sci. Eng.
2019, 103, 109739. [CrossRef] [PubMed]

69. Burger, N.; Biswas, A.; Barzan, D.; Kirchner, A.; Hosser, H.; Hausmann, M.; Hildenbrand, G.; Herskind, C.; Wenz, F.; Veldwijk,
M.R. A Method for the Efficient Cellular Uptake and Retention of Small Modified Gold Nanoparticles for the Radiosensitization
of Cells. Nanomedicine: NBM. 2014, 10, 1365–1373. [CrossRef] [PubMed]

70. Kempson, I. Mechanisms of Nanoparticle Radiosensitization. WIREs Nanomed. Nanobiotechnol. 2021, 13, e1656. [CrossRef]
[PubMed]

71. Deylam, M.; Alizadeh, E.; Sarikhani, M.; Hejazy, M.; Firouzamandi, M. Zinc Oxide Nanoparticles Promote the Aging Process in a
Size-Dependent Manner. J. Mater. Sci. Mater. Med. 2021, 32, 128. [CrossRef]

72. Matsui, T.; Nuryadi, E.; Komatsu, S.; Hirota, Y.; Shibata, A.; Oike, T.; Nakano, T. Robustness of Clonogenic Assays as a Biomarker
for Cancer Cell Radiosensitivity. Int. J. Mol. Sci. 2019, 20, 4148. [CrossRef]

73. Retif, P.; Pinel, S.; Toussaint, M.; Frochot, C.; Chouikrat, R.; Bastogne, T.; Barberi-Heyob, M. Nanoparticles for Radiation Therapy
Enhancement: The Key Parameters. Theranostics 2015, 5, 1030–1044. [CrossRef]

74. Liu, Y.; Liu, X.; Jin, X.; He, P.; Zheng, X.; Dai, Z.; Ye, F.; Zhao, T.; Chen, W.; Li, Q. The Dependence of Radiation Enhancement
Effect on the Concentration of Gold Nanoparticles Exposed to Low- and High-LET Radiations. Phys. Med. 2015, 31, 210–218.
[CrossRef] [PubMed]

75. Zhang, X.; Liu, Z.; Lou, Z.; Chen, F.; Chang, S.; Miao, Y.; Zhou, Z.; Hu, X.; Feng, J.; Ding, Q.; et al. Radiosensitivity Enhancement
of Fe3O4@Ag Nanoparticles on Human Glioblastoma Cells. Artif. Cells Nanomed. Biotechnol. 2018, 46, 975–984. [CrossRef]

76. Li, F.; Li, Z.; Jin, X.; Liu, Y.; Zhang, P.; Li, P.; Shen, Z.; Wu, A.; Chen, W.; Li, Q. Ultra-Small Gadolinium Oxide Nanocrystal
Sensitization of Non-Small-Cell Lung Cancer Cells toward X-ray Irradiation by Promoting Cytostatic Autophagy. Int. J.
Nanomedicine 2019, 14, 2415–2431. [CrossRef] [PubMed]

77. Carter, J.D.; Cheng, N.N.; Qu, Y.; Suarez, G.D.; Guo, T. Nanoscale Energy Deposition by X-ray Absorbing Nanostructures. J. Phys.
Chem. B 2007, 111, 11622–11625. [CrossRef] [PubMed]

78. Kim, S.-R.; Kim, E.-H. Gold Nanoparticles as Dose-Enhancement Agent for Kilovoltage X-ray Therapy of Melanoma. Int. J. Radiat.
Biol. 2017, 93, 517–526. [CrossRef] [PubMed]

79. Rajaee, A.; Wang, S.; Zhao, L.; Wang, D.; Liu, Y.; Wang, J.; Ying, K. Multifunction Bismuth Gadolinium Oxide Nanoparticles as
Radiosensitizer in Radiation Therapy and Imaging. Phys. Med. Biol. 2019, 64, 195007. [CrossRef] [PubMed]

80. Sorenson, J. Cu, Fe, Mn, and Zn Chelates Offer a Medicinal Chemistry Approach to Overcoming Radiation Injury. CMC 2002, 9,
639–662. [CrossRef]

https://doi.org/10.1186/1743-8977-11-11
https://www.ncbi.nlm.nih.gov/pubmed/24529161
https://doi.org/10.2147/IJN.S218488
https://www.ncbi.nlm.nih.gov/pubmed/31749616
https://doi.org/10.3109/15376516.2015.1045654
https://www.ncbi.nlm.nih.gov/pubmed/25980654
https://doi.org/10.3109/17435390.2011.587031
https://www.ncbi.nlm.nih.gov/pubmed/21635174
https://doi.org/10.1016/0378-4274(95)03532-X
https://www.ncbi.nlm.nih.gov/pubmed/8597169
https://doi.org/10.1016/j.bbrep.2017.12.002
https://doi.org/10.1016/j.arabjc.2022.103753
https://doi.org/10.1039/c8mt00360b
https://doi.org/10.18632/oncotarget.27951
https://www.ncbi.nlm.nih.gov/pubmed/34136082
https://doi.org/10.7150/thno.15019
https://www.ncbi.nlm.nih.gov/pubmed/27446499
https://doi.org/10.1016/j.jmr.2020.106722
https://www.ncbi.nlm.nih.gov/pubmed/32248086
https://doi.org/10.1002/mp.12362
https://www.ncbi.nlm.nih.gov/pubmed/28543610
https://doi.org/10.1016/j.msec.2019.109739
https://www.ncbi.nlm.nih.gov/pubmed/31349426
https://doi.org/10.1016/j.nano.2014.03.011
https://www.ncbi.nlm.nih.gov/pubmed/24674970
https://doi.org/10.1002/wnan.1656
https://www.ncbi.nlm.nih.gov/pubmed/32686321
https://doi.org/10.1007/s10856-021-06602-x
https://doi.org/10.3390/ijms20174148
https://doi.org/10.7150/thno.11642
https://doi.org/10.1016/j.ejmp.2015.01.006
https://www.ncbi.nlm.nih.gov/pubmed/25651760
https://doi.org/10.1080/21691401.2018.1439843
https://doi.org/10.2147/IJN.S193676
https://www.ncbi.nlm.nih.gov/pubmed/31040665
https://doi.org/10.1021/jp075253u
https://www.ncbi.nlm.nih.gov/pubmed/17854220
https://doi.org/10.1080/09553002.2017.1276309
https://www.ncbi.nlm.nih.gov/pubmed/28044470
https://doi.org/10.1088/1361-6560/ab2154
https://www.ncbi.nlm.nih.gov/pubmed/31082811
https://doi.org/10.2174/0929867023370725


Molecules 2023, 28, 6874 21 of 21

81. Skrajnowska, D.; Bobrowska-Korczak, B. Role of Zinc in Immune System and Anti-Cancer Defense Mechanisms. Nutrients 2019,
11, 2273. [CrossRef]

82. Ge, M.H.; Tian, H.; Mao, L.; Li, D.Y.; Lin, J.Q.; Hu, H.S.; Huang, S.C.; Zhang, C.J.; Mei, X.F. Zinc attenuates ferroptosis and
promotes functional recovery in contusion spinal cord injury by activating Nrf2/GPX4 defense pathway. CNS Neurosci. Ther.
2021, 27, 1023–1040. [CrossRef]

83. Brero, F.; Calzolari, P.; Albino, M.; Antoccia, A.; Arosio, P.; Berardinelli, F.; Bettega, D.; Ciocca, M.; Facoetti, A.; Gallo, S.;
et al. Proton Therapy, Magnetic Nanoparticles and Hyperthermia as Combined Treatment for Pancreatic BxPC3 Tumor Cells.
Nanomaterials 2023, 13, 791. [CrossRef]
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