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Abstract. A novel highly biocompatible
containing Mg nanoparticles is reported, characterized and
tested as suitable and non-toxic tool for photothermal

therapy.

nanosystem

To date, the application of nanotechnology to healthcare, i.e.
nanomedicine, raises enormous expectations in providing exhaustive
answers to topical biomedical challenges.! However, despite the
many advantages of nanomaterials, increasing concerns have been
expressed on their potential adverse human health effects. Indeed,
there exist several nanoscaled materials for human use on the market
but only scarce knowledge on their health risks, safety data and
toxicity profiles. For this reason, most of the scientific efforts are
now addressed in investigating the toxicity and exposure pathways
of those materials.’ Up to now, several gold, iron, silver and metal
oxides nanoparticles have been proposed for biomedical applications
but it is matter of investigation by the Food and Drug Administration
(FDA) to ensure development of both safe and efficacious
nanoproducts.’

“Green nanotechnology” refers to the development of clean
technologies, which should minimize the potential environmental
and human health risks associated with the use of nanotechnology
products, and encourage the replacement of existing products with
new, less toxic, nanomaterials. The introduction of safer metals
would certainly be an important point along this route. Recently,
there has been increasing interest in magnesium as biomaterial.*
There is about 20-30 grams of magnesium in the human body, of
which 70% is in bone and teeth tissue. Magnesium is the fourth most
abundant cation in the human body, and it is essential for human
metabolism as well as for playing other important roles in the
biological system. Overall, the safety of the magnesium nanoparticle
lies in its biodegradation into magnesium ions, which are completely
absorbable by the human body.

On the other hand, synthetic chemistry of magnesium nanoparticles
is quite challenging because of its high reduction potential and very
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high affinity toward oxidation. Magnesium nanoparticles have been
prepared by different routes such as electrochemical reduction,’
sonoelectrochemistry,® infiltration of nanoporous carbon with molten
magnesium,” gas phase synthesis,® deposition from ethereal
solutions,” high energy ball milling, and gas-condensation method."
Photothermal effects were ascribed to Mg NPs introduced into a
biological sample and then irradiated with an IR laser.'" Describing
theoretical simulation and experimental measurements with
unfunctionalized Mg NPs, the authors tested a direct injection of the
NPs into the tissues and highlighted that there are still many
problems to overcome before application in clinics. We believe that
an easier handling and a clearer understanding of the surface
chemistry of Mg NPs would be highly desirable for the fabrication
of safer nanomaterials to be proposed for laser therapies. In this
context, even if a small increase (4-5 °C) in tumor localized
temperature has been demonstrated to sensitize cancer cells to
concomitant radiation or chemotherapy, with little effects on normal
cells,12 therefore the obtainment of this aim with safe and efficient
metals is still a challenge.

Herein, we report the synthesis of Mg NPs and their subsequent
surface functionalization based on a simple ligand exchange, which
provides suitability for entrapment into a polyethylene glycol (PEG)-
based polymeric shell. Finally, the photothermal properties of these
particles were tested and discussed on the basis of their in vitro
toxicological response.

Due to the Mg high reduction potential and strong oxygen affinity,
Mg NPs need to be synthesized under a constant flux of argon in
order to avoid oxidation of the surface to magnesium oxide. We
synthesized the Mg crystals in THF by reducing MgCl, with metallic
lithium and exploiting naphthalene as electron carrier.'®® After 20
minutes from lithium addition the reaction mixture turns from white
to black with green shade, which is ascribed to the formation of a
lithium-naphthalene complex, i.e. the real reducing agent. Reagents
ratios were changed in order to better understand the reaction limits.
In brief, keeping constant the MgCl, amount, lithium equivalents
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(1.8, 2.5, 3.6) and naphthalene concentration (200, 150, 100, 50 or
20 mM) were varied. In this range, particles formation is not
influenced by the lithium amount while the naphthalene
concentration is an important parameter since no reaction was
observed when the concentration was too low (under 100 mM), in all
the other cases the reaction started after 20-30 minutes. Due to these
preliminary observations, 3.6 equivalents of lithium and a 150 mM
concentration of naphthalene were chosen for the Mg NPs synthesis.
We noted that also the reaction time plays an important role because
only after 24 hours Mg crystals are stable and can be recovered from
the supernatant phase without aggregation phenomena. Conversely,
if the reaction is stopped before this time, nanoparticles may form
aggregates of more than 5 um in size. Dynamic light scattering
(DLS) analysis showed an high hydrodynamic diameter of naked Mg
particles ranging between 600 and 800 nm with polydispersity index
(PDI) values ranging between 0.300 and 0.400 (Figure S1).
Moreover, X-ray diffraction (XRD) measurements showed that
particles are highly crystalline presenting the typical pattern of
hexagonal magnesium in its reduced state (JCPDS no. 04-0770,
Figure S2). In the diffractogram it is possible to discern two wide
peaks in the background probably due to remaining MgCl, or to an
oxidized form of Mg. Energy-dispersive X-Ray spectroscopy
analysis confirmed the presence of Mg as main element associated
with CI” ions (Figure S3). Transition electron microscopy (TEM)
showed that hexagonal platelets of Mg were formed during the
reaction. The nanoparticles appear highly heterogeneous in size with
an average diameter of about 50 nm and they are usually aggregated
in sub-micron clusters due to the absence of any stabilizing agent
(Figure 1a and S4).
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Figure 1: schematic pathway for the synthesis of MgNPs-1@PMs (above).
a) TEM image of MgNPs (scale bar 20 nm); b) TEM image of MgNPs-
1@PMs (scale bar 200 nm);

300 s

In order to lower the degree of aggregation and to reduce and
uniform the size, the nanocrystals were ripened with aliphatic
amines: hexadecylamine, decylamine, octylamine and butylamine
were investigated as ripening agents (Table S1). Upon incubation
and following purification of MgNPs the DLS analysis revealed a
decreasing trend of hydrodynamic diameter with the carbon-chain
length of the used amine: the less the length the less the final

diameter. Butylamine, giving a diameter of 322 + 3 nm and a PDI
value of 0.290 £ 0.006, was then selected as ripening agent. To
improve the stability to air and water as well as their lipophilicity
necessary for the following steps, the nanocrystals particles were
coated with the ligand 12-ethoxy ester dodecanhydroxamic acid (1)
synthesized as previously reported (Figure 1)."

The so-obtained MgNPs-1 are highly lipophilic and can be easily re-
dispersed organic
dichloromethane. The hydrodynamic diameter resulted unchanged
(311 £ 1 nm), suggesting a good stability of the hybrid structure
(Figure S5). IR and thermo-gravimetric analysis (TGA) were carried
out in order to confirm the ligand attachment. By comparing the IR
spectra of Mg NPs, ligand 1, and MgNPs-1 it is noticeable the
presence of the ligand onto the nanoparticles surface (Figure S6)
while TGA revealed that the ligand on the surface of the
nanoparticles accounted for 26% of the total weight (Figure S7).
Moreover, inductively coupled plasma emission spectrometry (ICP)
measurements showed a high concentration of magnesium in the
solution (0.747 mg/mL, 31.1 mM).

The hydrophobic nanoparticles were then entrapped into water-
dispersible polymeric micelles (PMs) using
emulsion solvent technique (Figure 1);'* particularly the FDA-
approved targetable PLGA-b-PEG-COOH copolymer' was used for
the entrapment of the MgNPs-1: the so-obtained MgNPs-1@PMs
were purified and fully characterized. DLS analysis (Figure 1)
showed a hydrodynamic diameter of 319 + 10 nm and a narrow size
distribution (PDI = 0.24 + 0.01). As expected, due to the presence of
carboxylic acid groups in the micelles outer shell, the {-potential
value is negative (-26.1 mV) suggesting nanoparticles stabilization
and suitability for in-vivo experiments.'® TEM (Figure 1b and S8)
and STEM (Figure S8) observations confirmed these results
showing magnesium nanoparticles surrounded by a polymeric matrix
with diameter comparable to those obtained by DLS. As predictable
by the grayish color of the micelle dispersion, XRD analysis (Figure
S9) demonstrated that the Mg NPs mainly maintained their
electronic state throughout the process. The formation of a thin layer
of brucite (JCPDS no. 83-0114) was detected which probably helped
in passivating the nanostructures. The XRD measurements on
MgNPs-1@PMs were repeated after 5 and 20 days from the
synthesis. The nanoproduct displayed no changes within this time
range excluding the occurrence of any further oxidation process. ICP
analysis showed a Mg amount of 0.130 mg/mL meaning that a high
concentration (5.4 mM) of magnesium into the final nanocarrier was
achieved.

The optical analysis of the final MgNPs-1@PMs revealed an
extinction signal covering the whole visible spectrum and extending
toward the near infrared (NIR) region (Figure S10). This suggest the
possibility of using a NIR laser illumination in order to obtain a
photothermal response from MgNPs-1@PMs. Worth noting is that
NIR light is highly preferable with a view to biomedical applications
due to its higher penetration inside human tissues.'” Thus, we proved
the possibility of generating a temperature rise of a few to several
degrees once nanoparticles batches containing 5.3 mM of Mg were
illuminated with a 810 nm diode laser operated in continuous wave
(cw) mode. The temperature can be regulated by varying the laser
intensity (namely, power per surface unit) and with a linear
dependence within the 5-31 W cm? range (Figures 2a). The
observed linearity suggests effective stability of the particles against

into solvent such as chloroform or

the oil-in-water
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thermal modifications within a temperature gradient of interest for
local hyperthermia.'® The photothermal conversion is estimated of
~80% originated by the reduced Mg content of MgNPs-1@PMs and
the remaining by the polymeric shell enwrapping the particle core
(Figure S11). Finally, we investigated whether the photothermal
response could vary as a function of Mg concentration. This is of
relevance for the biomedical application of MgNPs-1@PMs where a
dilution of the initial particles batch (i.e. upon introduction in cell
cultures or in the human body) is expected. A plot of the maximum
temperature gradients registered against different concentration
values of Mg is reported in Figure 2b. The results suggest that an
effective photothermal
submillimolar concentration values of Mg, corresponding to few tens
of mg/L of nanoparticles, which are typically contemplated within
the protocols of photothermal therapies.'®

Although magnesium can be considered a safe biomaterial, we set-
up to investigate potential cytotoxicity of the fully assembled
magnesium-loaded nanoparticles. As a model system, we used HN13
epithelial cells, derived from a head and neck squamous cell
carcinoma.”’’ To this aim, we decided to focus our attention on
MgNPs-1@PMs concentrations that could grant us a ATmax
potentially useful for future applications as adjuvant photothermal
therapy.

response can be obtained down to
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Figure 2: a) temperature profiles obtained by illuminating MgNPs-1@PMs
(5.3 mM of Mg) with increasing laser intensities at a fixed ti» = 4 min and
diagram of ATmax increase from (a) vs. laser intensity. b) ATmax increase
versus Mg concentration obtained with a 22 W cm laser intensity. ¢) toxicity
evaluation of MgNPs-1@PMs at different concentrations, obtained by
Trypan blue exclusion assay. The results shown are averages + SEM of
triplicate samples from a typical experiment. Measures were subjected to
one-way ANOVA test. p<0.01 (¥*), p<0.001 (¥%#%*).

Very low toxicity was observed for nanoparticles containing up to
250 uM in Mg (Figure 2c), a value corresponding to a significant
ATmax of ~5 °C (Figure 2c¢), when the particles are illuminated with
a 22 W cm? laser intensity. We may note that similar laser
parameters have been previously used in a number of minimally
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invasive laser therapies based on the combined use of NIR light and
organic or metal nanochromophores.21 These results, therefore,
suggest that magnesium nanoparticles can be safely used for medical
applications dealing with laser-induced heating.

Conclusions

In summary, we have developed a phase transfer process to obtain
lipophilic Mg NPs by a reproducible ligand exchange with
subsequent entrapment of the particles into PEG-based micelles.

The utility of this approach arises from the possibility to manipulate
the Mg NPs in organic solvent and to build PEG-based targetable
nanostructures that are non-toxic within a concentration range useful
for biomedical applications. Finally, we proved that the MgNPs-
1@PMs can be excited with a cw NIR laser light to produce
localized temperature gradients of at least 4-5 °C. Despite the lower
photothermal efficiency of Mg with respect to Au NPs, we consider
MgNPs as a promising candidate for future minimally invasive laser
therapies with the potential to replace the metal NPs conventionally
used, at least when an heating in the range of hyperthermia
treatments is required.
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