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Chitosan biomineralized with ions-doped 2
nano-hydroxyapatite tunes osteoblasts
metabolism and DNA damage
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Abstract

Hydroxyapatite (HA) is a bioceramic material widely used as a bone biomimetic substitute and can be synthesized
by biomineralization, according to which HA nanoparticles are formed on a polymer template. Nevertheless, little
is known about the effect of ion doping and biomineralization on cell metabolism, oxidative stress, and DNA
damage. In the present contribution, we report on synthesizing and characterizing biomineralized chitosan as

a polymer template with HA nanoparticles doped with magnesium (MgHA) and iron ions (FeHA). The physical-
chemical and morphological characterization confirmed the successful synthesis of low crystalline ions-doped HA
nanoparticles on the chitosan template, whereas the biochemical activity of the resulting nanoparticles towards
human osteoblasts-like cells (MG63 and HOBIT) was investigated considering their effect on cell metabolism,
proliferation, colony formation, redox status, and DNA damage extent. Data obtained suggest that particles
enhance cell metabolism but partially limit cell proliferation. The redox status of cells was measured suggesting a
slight increase in Reactive Oxygen Species production with chitosan biomineralized with iron-doped HA, whereas
no effect with magnesium-doped HA and no effect of all formulations on the oxidation level of Peroxiredoxin. On
the other hand, DNA damage was investigated by COMET assay, and expression and foci yH2AX. These latter tests
indicated that HA-based nanoparticles promote DNA damage which is enhanced by chitosan thus suggesting that
chitosan favors the nanoparticles’ internalization by cells and modulates their biological activity. The potential DNA
damage should be considered — and potentially exploited for instance in anticancer treatment — when HA-based
particles are used to devise biomaterials.
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Introduction

Bone is a complex tissue consisting of cells and bone
matrix with a well-defined hierarchically organized archi-
tecture and composition. Specifically, cells are mainly
represented by osteoblasts, mesenchymal stem cells,
osteocytes, and osteoclasts, whereas the bone matrix
mainly comprises hydroxyapatite (HA) — an inorganic
component — and collagen [1, 2]. The bone tissue is fre-
quently damaged by trauma and diseases, including
osteoporosis and cancer, in which the regenerative abil-
ity is impaired and needs to be replaced or approaches
should be developed to improve bone regeneration [1,
3-9]. In the last decades, intense research on the devel-
opment of biomaterials suitable for bone regeneration
and bone replacement has been done. Some of the most
widely used materials are biomimetic ones, i.e. mate-
rials able to mimic the structure and composition of
native tissues, such as those based on HA, which com-
prises approximately the 70 wt% of the native bone
[1, 10]. Indeed, HA is based essentially on calcium and
phosphate ions and its lattice can be doped with differ-
ent cations, e.g. magnesium and iron, to tune its physical-
chemical and biological properties [11-15]. Specifically,
doping with iron cations (Fe** and Fe®") confers an
intrinsic superparamagnetic behavior and the ability
to efficiently convey different drugs, e.g. doxorubicin
[16, 17]. Specifically, doxorubicin release by iron-doped
hydroxyapatite nanoparticles can be finely tuned by the
application of an external magnetic field [17]. On the
other hand, doping with magnesium cations (Mg>*) —
present also in the biologic apatite — reduces HA crystal-
linity and affects its biodegradation in the human body,
finely enhancing its biological activity [18—21]. Indeed, a
high crystallinity entails high stability and low biodegra-
dation, whereas an amorphous phase (i.e. without crys-
talline phases) corresponds to higher surface reactivity,
ability to interact with other molecules, and biodegrada-
tion, with consequent release of ions for the stimulation
of biological activity. HA can be chemically synthesized
by different approaches, including sol-gel synthesis and
biomineralization, i.e. an approach according to which
HA can nucleate on an organic template — e.g. collagen
and chitosan — and directly form nanoparticles on poly-
mer molecules generating hybrid biomimetic materials
[10, 22]. Specifically, chitosan is a low-toxic and biode-
gradable natural polymer derived from fungi or deacety-
lation of chitin — from arthropods exoskeleton and other
food waste animal sources — widely used for biomedical
applications, especially for the realization of biomate-
rials for tissue regeneration [23-25]. Indeed, chitosan
shares some peculiar features with collagen including
a peculiar mechanical performance and a comparable
role in the exo- vs. endo-skeleton and flexibility [26].
Additionally, chitosan can be easily modified to tune
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its physical-chemical properties and cell interaction
[27-30].

Recently, it was reported the potential ability of HA,
having different morphological properties, to elicit DNA
damage and to downregulate genes involved in DNA
repair [31]; nevertheless, little is known about the effect
of ions-doping and biomineralized structures on the
possibility of tuning DNA damage extent and trigger-
ing the DNA damage response (DDR) pathway. Indeed,
in the previous studies, only native and fluor-doped HA
were considered, and slight DNA damage was mainly
detected by COMET assay (without deepening the type
and mechanism of damage) [31, 32]. In the present study,
we report an original method to form HA nanoparticles
doped with different ions — i.e. Mg?*, Fe?*, and Fe** — on
chitosan fibers by using a biomineralization process. The
physical-chemical and morphological properties of the
resulting nanoparticles were assessed by complementary
techniques, including X-ray diffraction (XRD) and Scan-
ning Electron Microscopy (SEM). Then, the biological
activity of the resulting nanoparticles was investigated by
considering both the inorganic nanoparticles (only HA)
and hybrid nanoparticles (chitosan biomineralized with
hydroxyapatite) using two osteoblasts-like cell lines, i.e.
HOBIT (Human OsteoBlast-like Initial Transfectant) and
MG63 cells. Specifically, cell metabolism, cell prolifera-
tion, oxidative stress, and DNA damage were considered
by using complementary techniques to evaluate the pos-
sible role of synthetic HA, both ions-doped and biomin-
eralized on chitosan, to modulate cell metabolism and
DNA damage.

Materials and methods

Materials

Phosphoric acid (H;PO, 85% pure), calcium hydroxide
(Ca(OH),, 95% pure), magnesium chloride (MgCl,-6H,0,
85% pure), medium molecular weight chitosan (CH) in
powder form ([n]=815 mL/g, which corresponds to a vis-
cosimetric molecular weight equal to 260 000, deacety-
lation degree>75%), paraformaldehyde (PFA), Triton
X-100, and magnesium chloride were purchased from
Merck KGaA (Darmstadt, Germany). Ethanol was from
Carlo Erba, Italy. All reagents and chemicals were of high
purity grade. Ultrapure water (0.22 mS, 25 °C) was used
in all experiments.

Biomineralization of chitosan with ions-doped
hydroxyapatite nanoparticles and preparation of
hydroxyapatite nanoparticles

To devise biocompatible, biomimetic, and bioactive
particles for efficient bone regeneration, two main bio-
inspired components, i.e. HA nanoparticles and chitosan,
were selected and combined through a wet-chemical syn-
thetic approach. These two components were combined
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according to a biomineralization approach — a process
according to which it is possible to produce HA nanopar-
ticles directly on polymer chains — and two bioactive
ions, i.e. magnesium and iron, were introduced in a wet
acid-base neutralization chemical route starting from
calcium, magnesium, iron, and phosphate ions (Scheme
1). Specifically, an acidic solution of chitosan was
dropped into a basic suspension containing calcium and
the appropriate ions (magnesium or iron ions) promot-
ing the formation of doped HA nanoparticles directly on
chitosan molecules, and which are named MgHA/CH in
the case of magnesium doping, whereas FeHA/CH in the
case of iron doping. The same protocol was adjusted to
synthesize naked — i.e. without chitosan — HA nanoparti-
cles doped with magnesium (MgHA) or iron (FeHA) and
used as a reference for successive characterization. The
synthesis conditions - temperature, the ratio between the
ions and the rate of addition of the reagents - were set to
obtain nanometric particles with low crystallinity, whose
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visual aspect in the form of powder is reported in Fig. 1A,
whereas in the form of nanoparticles suspension is
reported in Fig. 1B, confirming the synthesis of aqueous
dispersions with different colors, i.e. white in the case of
magnesium doping, whereas brown in the case of brown
doping, in mineralized and naked particles.

In detail, Mg-doped hydroxyapatite nanoparticles
(MgHA) were prepared at environmental temperature by
wisely dropping in 90 min 150 mL of an aqueous solution
containing 20.63 g of H;PO, (Merck KGaA, Darmstadt,
Germany, 85% pure) into a basic suspension consisting of
23.3 g Ca(OH), (Merck KGaA, Darmstadt, Germany, 95%
pure) and 3.05 g MgCl,-6H,0 (Merck KGaA, Darmstadt,
Germany, 85% pure) in 200 mL of water under stirring.
The resulting suspension was maintained under stirring
for two hours, then left at rest overnight.

1 g of chitosan was solubilized in 200 mL of an aqueous
solution containing 1.61 g of H;PO, overnight under stir-
ring. Then the resulting suspension was added to a basic

chitosan (CH) biomineralized with ions-
doped hydroxyapatite (HA) nanoparticles

Scheme 1 The schematic synthesis of HA-based nanoparticles and the biomineralization process according to which it is possible to synthesize HA-
based nanoparticles on chitosan chains. Specifically, in (A), the wet acid-base neutralization of acidic chitosan solution containing phosphate ions in a
basic suspension containing calcium ions — and additional doping ions, i.e. Mgz*, Fe’* and Fe** —is reported, leading to the biomineralization of chitosan
(B). In (C) the magnification of the schematic formation of hydroxyapatite nanoparticles doped with ions on the chitosan template is reported. Created
with Biorender.com
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Fig. 1 Physical-chemical and morphological characterization of chitosan biomineralized with HA-based nanoparticles and HA-based nanoparticles. (A)
Visual analyses of resulting nanoparticles powders; scale: 1 cm. (B) Visual analyses of resulting nanoparticles at HA concentration equal to 2 mg/mL in
water as a solvent; scale: 1 cm. (C) X-ray diffraction (XRD) spectra of resulting nanoparticles. Physical-chemical characterization of hydroxyapatite-based
nanoparticles by FTIR-ATR (D) and by Thermogravimetric analyses (TGA) (E). (F), (G), (H), and (I) Scanning Electron Microscopy (SEM) images respectively
of MgHA/CH, MgHA, FeHA/CH, and FeHA; in all SEM images scale bar is 400 nm

suspension consisting of 1.81 g Ca(OH), and 240 mg
MgCl,-6H,O (Merck KGaA, Darmstadt, Germany, 85%
pure) in 200 mL of water under stirring. The resulting
pellet consisting of chitosan mineralized with Mg-doped
hydroxyapatite nanoparticles (MgHA/CH) was main-
tained at rest for 2 h.

Fe-doped hydroxyapatite nanoparticles (FeHA) were
prepared at 40 °C by wisely dropping in 90 min 150 mL of
an aqueous solution containing 20.63 g of H;PO, (Merck
KGaA, Darmstadt, Germany, 85% pure) into a basic sus-
pension consisting of 23.3 g Ca(OH), (Merck KGaA,
Darmstadt, Germany, 95% pure) and 6.02 g FeCl,-6H,O
(Merck KGaA, Darmstadt, Germany, 85% pure) and
8.07 g FeCl;-6H,0O (Merck KGaA, Darmstadt, Germany,
85% pure) in 200 mL of water under stirring. The result-
ing suspension was maintained under stirring for two
hours, then left at rest overnight.

1 g of chitosan was solubilized in 200 mL of an aque-
ous solution containing 1.61 g of H;PO, overnight under

stirring. Two solutions of iron, i.e. 0.47 g FeCl,-6H,O
(Merck KGaA, Darmstadt, Germany, 85% pure) and
0.63 FeCl;-6H,0 (Merck KGaA, Darmstadt, Germany,
85% pure), both of them separately solubilized in 20 mL
of water were rapidly added to a basic suspension under
stirring at 40 °C consisting of 1.81 g Ca(OH), in 200 mL
of water. Then the solution of chitosan was slowly added
to the basic suspension under stirring at 40 °C and was
maintained under stirring for 2 h at the same tempera-
ture. The resulting suspension consisting of chitosan
mineralized with Fe-doped hydroxyapatite nanoparticles
(FeHA/CH) was maintained at rest for 2 h.

Finally, all the resulting suspensions were precipitated
by centrifugation and successive resuspension (by soni-
cation) and washed three times. All the resulting slurries
were frozen, freeze-dried, and finally sieved with 200 pm
mesh before successive characterization.
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Inductively Coupled Plasma-Optical Emission
Spectrometry

Inductively Coupled Plasma-Optical Emission Spectrom-
etry (ICP-OES, Agilent Technologies 5100 ICP-OES,
Santa Clara, USA) was used for the quantitative deter-
mination of Mg®*, Ca?*, and PO,*" ions that constituted
the inorganic mineral component. Briefly, 20 mg of each
sample were dissolved in 2 mL nitric acid (65 wt%) fol-
lowed by subsequent sonication and dilution with 100
mL of distilled water.

FTIR-ATR spectroscopy

Fourier transform infrared (FT-IR) spectra of the samples
were measured with a Nicolet iS™ 50 FT-IR spectrome-
ter (Thermo Fisher Scientific Inc., Waltham, MA, USA)
using the Attenuated Total Reflection (ATR) mode. Each
IR spectrum was acquired using a 2 cm™! resolution in a
spectral window ranging from 500 to 4000 cm™! with 100
scans.

X-ray diffraction

X-ray diffraction (XRD) patterns were recorded by a
Bruker (Karlsruhe, Germany) AXS D8 Advance diffrac-
tometer in reflection mode, with CuK radiation () =
1.54178 A) generated at 40 kV and 40 mA and equipped
with a Lynx-eye position-sensitive detector. XRD spectra
were recorded in the range from 20° to 60° with a step
size (20) of 0.02° and a counting time of 0.5 s.

Scanning Electron Microscopy (SEM)

Nanoparticles morphologies were investigated by a Zeiss
EVO40 Scanning Electron Microscope (SEM) equipped
with EDX (Energy-Dispersive X-ray analyses). Samples
were mounted on aluminum stubs covered by adhesive
carbon tape and gold-sputtered before SEM analyses at
20.0 kV.

Thermogravimetric analyses

Thermogravimetric analyses (TGA) were performed
using an STA 449/C Jupiter (Netzsch, Germany) on
10 mg of sample, placed in an alumina crucible under air-
flow, and brought from room temperature to 1100 °C at a
heating rate of 10 °C/minute.

In vitro biological tests

Two different bone cell models were used for in vitro
biological tests including human osteoblasts-like cells
HOBIT (Human OsteoBlast-like Initial Transfectant,
RRID: CVCL_W®632) and human osteosarcoma osteo-
blast-like cells MG63 (ATCC CRL-1427™). HOBIT and
MG63 cells were grown using Advanced DMEM/F12
(Gibco, Thermo Fisher Scientific, USA) both supple-
mented with 10% v/v Fetal Bovine Serum (FBS) and 1%
v/v penicillin/streptomycin (100 U/mL-100 pg/mL) at
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37 °C in an atmosphere with 5% CO,. Cells were detached
by using trypsin-EDTA (0.25% (w/v) trypsin and 0.03%
EDTA) and centrifuged, and the number of viable cells
was assessed with a trypan blue dye exclusion test in an
automatic CytoSMART Corning (New York, USA) sys-
tem before seeding in multi-well plates for biological
experiments. Cells exposed to H,O, 1 mM in OptiMEM
(Gibco, Thermo Fisher Scientific, USA) were used posi-
tive control cells.

Sterilization of nanoparticle suspension for biological tests
10 mg of ions-doped hydroxyapatite nanoparticles
(MgHA and FeHA) were transferred in 1.5 mL Eppen-
dorf tubes with 1 mL of ethanol 70% for 20 min in a soni-
cating bath. In the case of chitosan biomineralized with
ions-doped hydroxyapatite nanoparticles the amount
of powder was adjusted (considering the percentage of
inorganic components determined by TGA analyses) to
have the same amount of hydroxyapatite nanoparticles in
all samples; specifically, for chitosan biomineralized with
Mg-doped hydroxyapatite nanoparticles, MgHA/CH,
12.8 mg, whereas for chitosan biomineralized with Fe-
doped hydroxyapatite nanoparticles, FFHA/CH, 14.9 mg
were used. Thereafter, Eppendorf tubes were centrifu-
gated at 12 000 g for 5 min with EBA 12R (Hettich GmbH
& Co. KG, Tuttlingen, Germany) to promote the forma-
tion of a pellet containing nanoparticles, the supernatant
was discarded, 1 mL of sterilized deionized water was
added, and nanoparticles were resuspended by using a
sonicating bath for 15 min. Finally, nanoparticles were
diluted in the appropriate cell culture media to achieve
final hydroxyapatite concentrations equal to 200 pg/mL.
The composition of cell media was adjusted to have the
10% V/V of deionized water in all samples, including the
control.

Cell viability assay

The cellular viability and proliferation of cells were
assessed by the PrestoBlue™ Cell Viability Reagent proce-
dure (Invitrogen, Thermo Fisher Scientific, USA) accord-
ing to the manufacturer’s instructions. Briefly, cells were
seeded (2.0x 103 cells/well) in a 96 plate and the next day
supernatant was substituted with 100 pL of HA-based
nanoparticles diluted in cell culture media. Untreated
cells were used as a negative control. Two time points
(1 day, 3 days) were evaluated. At the desired timeframe,
10% PrestoBlue Reagent was added for two hours at 37 °C
and 5% CO, atmosphere in dark conditions under con-
trolled humidity conditions. After incubation, the sam-
ples were read at excitation and emission wavelengths of
544 and 590 nm, respectively, by using the BioTek Syn-
ergy H1 Multimode Reader (Agilent, USA). At least three
replicates for each sample were performed.
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Cell counting assay

50,000 cells were seeded in 6-well plates and after letting
them overnight at rest, 2 mL of HA-based nanoparticles
diluted in cell culture media were added. At the desired
timeframe, i.e. after 1, 3, and 7 days of incubation with
particles, cells were washed in PBS 1X, detached by using
trypsin, and the cell viability were assessed by cell count-
ing with a trypan blue dye exclusion test in an automatic
CytoSMART Corning (New York, USA) system.

Clonogenic assay

For clonogenic assay, 1 million cells were seeded in 6-well
plates and after 1 day media was replaced with 2 mL of
HA-based nanoparticles diluted in cell culture media.
After 1 day of incubation with nanoparticles, cells were
washed in PBS 1%, detached by using trypsin, and 750
cells were seeded in 6-well plates. Cells were allowed to
proliferate and form colonies for 7 days — replacing the
media with fresh media every 2-3 days — after which
colonies were washed in PBS 1x. Thereafter, colonies
were stained by using 800 uL of 10% w/V crystal violet
(Merck KGaA, Darmstadt, Germany) in 70% V/V etha-
nol, washed three times by using deionized water, and
let dry. Finally, the number of colonies in each plate was
determined by using the ImageQuant TL (Amersham)
scanner and its software.

Reactive oxygen species determination

The production of reactive oxygen species by cells was
assessed in 96 well-plates (2.0x10° cells/well) according
to a previously reported protocol with slight modifica-
tions [33, 34]. After overnight incubation, the superna-
tant was discarded and replaced with the nanoparticles
diluted in the cell culture media. Cells without nanoparti-
cles were used as a negative control. Reduced glutathione
(GSH, Merck KGaA, Darmstadt, Germany) treatment
(10 mM), and GSH combined with FeHA/CH, were
performed for 1 day as control samples. After 1 day of
incubation, supernatants were discarded and cells were
washed in PBS 1X, then cells were incubated with 100 puL
of CM-H,DCEDA (ThermoFisher Scientific, USA) 5 uyM
diluted in OptiMEM medium. Cells were incubated for
30 min in dark conditions, then supernatants were dis-
carded, and cells were washed in PBS 1x and incubated
for 30 min in 100 puL of OptiMEM in dark conditions.
Finally, multi-well plates were read at excitation and
emission wavelengths of 494 and 522 nm, respectively,
by using BioTek SynergyH1 (Agilent, USA). At least three
replicates for each condition were performed.

Immunofluorescence

80 000 MG63 cells were seeded in 24-well plates and after
overnight incubation media was replaced with 500 pL of
HA-based nanoparticles diluted in cell culture media.
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After 1 day of incubation with nanoparticles, cells were
washed in PBS 1x and fixed in 4% paraformaldehyde.
Cells were permeabilized with 0.25% Triton X-100 in
PBS 1x for 5 min. After blocking overnight with 10% FBS
in Washing Buffer (Tris HCl 10 mM, pH 7.4, NaCl 150
mM, and Tween 20 0.01%), cells were incubated with the
primary antibody anti-yH2A.X (monoclonal antibody,
IgG mouse, #05-636 Millipore, Merck, Darmstadt, Ger-
many) diluted 1:500 V/V in blocking solution (10% FBS
in Washing Buffer) for 2 h at 37 °C.

Then, cells were incubated with goat Anti-Mouse Alexa
Fluor® 555-conjugated secondary antibodies (Abcam,
Cambridge, UK) for 1 h at 37 °C. Cells were incubated
with DAPI (Thermo Fisher Scientific, USA) 14.3 mM for
5 min at room temperature for nuclear staining. Cells
were finally washed and mounted with Mowiol mount-
ing medium with antifading agent 1,4-Diazobicyclo-
[2]-octane (DABCO™). Cells were visualized through
a Leica TCS SP8 laser-scanning confocal microscope
(Leica Microsystems, Wetzlar, Germany) equipped with
a stage-top environmental chamber (Okolab, Italy) and
operated by Leica Application Suite X (LAS X) 3.5.5 soft-
ware. Images were collected as z-stacks using a 100 x/1.4
oil immersion objective, a 405 nm diode laser (DAPI exci-
tation), and a tunable white-light laser (A, 555 nm) and
are reported as maximum intensity projections. Deter-
mination of the fluorescent signal was performed using
the FIJT IMAGE] Software (National Institute of Health,
Bethesda, MD, USA).

Western blot analyses

For western blotting analyses, 1 million cells were seeded
in 6-well plates. After overnight incubation, media was
replaced with 2 mL of HA-based nanoparticles diluted
in cell culture media. After 1 day of incubation with
nanoparticles, cells were washed in PBS 1X%, detached by
using trypsin, recovered by centrifugation and the pel-
let was transferred in a 1.5 mL Eppendorf tube and lysed
by using a solution containing 0.1% Triton X-100 and
protease inhibitors (dithiothreitol (DTT) 1 mM, phenyl-
methylsulfonyl fluoride (PMSF) 2.5 mM, protease inhibi-
tor cocktail (PI) 0.001% V/V, NaF 1 mM, and Na;VO, 10
mM) in PBS 1x for 10 min in an ice bath, centrifugated
at 12 000 g for 30 min at 4 °C with EBA 12R (Hettich
GmbH & Co. KG, Tuttlingen, Germany) and stored at
-80 °C. The concentration of proteins in the cell lysates
(supernatant) was determined by colorimetric Bradford
assays (Bio-Rad, Hercules, USA), and 30 g of proteins
were diluted in Laemmli buffer (final loaded volume for
each well equal to 20 pL), denatured at 95 °C for 5 min,
resolved on 15% SDS/PAGE, transferred onto nitrocel-
lulose membranes (Schleicher & Schuell Bioscience, Das-
sel, Germany), and incubated overnight with S-tubulin
(monoclonal antibody, IgG1 mouse, Merck, Darmstadt,
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Germany) 1:2000, PRXSO3 1:1000 (polyclonal antibody,
IgG rabbit, Abcam, Cambridge, UK) and yH2AX 1:1000
(monoclonal antibody, IgG mouse, #05-636 Millipore,
Merck, Darmstadt, Germany) antibodies. The corre-
sponding secondary antibodies labeled with IR-Dye (goat
anti-rabbit IgG IRDye 680 for PRXSO,, goat anti-mouse
IgG IRDye 800 for yH2AX, and goat anti-mouse IgG
IRDye 680 for B-tubulin) were used (1:10 000) and incu-
bated for 1 h. PageRuler™ Plus Prestained Protein Ladder,
10 to 250 kDa, was used to assess the molecular weight
of the corresponding protein. Images were acquired and
quantified by using an Odyssey CLx Infrared Imaging
System (LI-COR Biosciences). Cells incubated with H,O,
1 mM for 10 min in OptiMEM (Gibco, Thermo Fisher
Scientific, USA) were used as positive control cells for
YH2AX analyses, whereas cells incubated with H,0, 1
mM for different timeframes including 2, 4, 8, and 10 min
in OptiMEM (Gibco, Thermo Fisher Scientific, USA)
were used as positive control cells for PRXSO; analyses.

Alkaline COMET assay

60 000 HOBIT cells were plated on 24-well plates, and
after overnight incubation media was replaced with 2 mL
of HA-based nanoparticles diluted in cell culture media.
Reduced glutathione (GSH, Merck KGaA, Darmstadt,
Germany) treatment (10 mM) was performed for 1 day
as control cells. After 1 day of incubation with nanopar-
ticles, cells were washed in PBS 1%, detached by using
50 uL of trypsin for 10 min, recovered by pipetting and
adding 200 pL of complete media. The pellet was mixed
with 1 mL of low melting point agarose 1% w/V (LE GQ
Agarose, MBI Fermentas, USA) in PBS 1x pre-heated
at 40 °C. One milliliter of the mixture was applied on a
SuperFrost Menzel (Thermo Scientific, USA) glass cov-
erslip pre-coated with a thin layer (800 pL) of normal
melting point agarose 1% w/V (Merck KGaA, Darmstadt,
Germany) in deionized water (let dry at 4 °C overnight).
Cells were then lysed with cold alkaline lysis buffer (NaCl
2.5 M, EDTA disodium salt 100 mM, Tris base 10 mM,
1% DMSO, 1% Triton X-100; pH 10.5) for 1 h at 4 °C.
Next, cells were transferred to an electrophoretic cell
(Hoefer supersub, Hoefer Inc, USA) and covered with
alkaline electrophoresis buffer (300 mM NaOH, 1 mM
EDTA, 1% DMSO; pH>13) for 30 min for the DNA to
denature. DNA electrophoresis was carried out at 25 V
and 300 mA for 25 min at room temperature. Coverslips
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were washed with neutralization buffer (Tris-HCl 500
mM, pH 8.1) for 5 min at room temperature three times
and let dry at 60 °C for 2 h. DNA was then stained with
1 mL of SYBR™ Gold Nucleic Acid Gel Stain (Thermo
Fisher Scientific, USA) solution 1x (diluted 1:10 000 in
deionized water) for 30 min at room temperature in the
dark and let dry at 60 °C for 2 h. Leica TCS SP8 laser-
scanning confocal microscope (Leica Microsystems)
was used for comet analysis. The olive tail moment was
measured by the IMAGE] Software (National Institute of
Health, Bethesda, MD, USA) plugin OPENCOMET.

Statistical analysis

Statistical analysis and graph elaboration were performed
using GraphPad Prism 10 (GraphPad Software, San
Diego, CA). One-way ANOVA (analysis of variance) was
performed followed by Dunnett post hoc tests to evaluate
differences among different groups and control or Tuckey
post hoc tests to evaluate differences among all groups.
Differences were considered significant for p-values less
than 0.05.

Results and discussion

Physical-chemical characterization of chitosan
biomineralized with ions-doped hydroxyapatite
nanoparticles

In the synthesis, magnesium and iron ions were intro-
duced to boost the bioactivity — in terms of biocompat-
ibility and cell-regenerative ability — of the resulting
hydroxyapatite (HA) [16, 19, 22]. According to ICP-OES
analyses (Table 1) the [Ca+Mg]/P molar ratio in MgHA/
CH and MgHA resulted close to the stoichiometric HA,
in which the Ca/P molar ratio is equal to 1.66, whereas
the Mg/Ca molar ratio resulted respectively equal to 6%
and 3%, i.e. close to the amount present in the biologi-
cal apatite in our bones, therefore it can be considered
biomimetics [19]. In the case of FeHA/CH and FeHA,
the [Ca+Fe]/P molar ratio resulted close to the stoichio-
metric HA (Ca/P molar equal to 1.66), whereas the Ca/P
was reduced compared to magnesium-doped particles,
confirming the high percentage of iron ions within HA
lattice, respectively equal to 24 and 31%. Consequently,
for both ions doping, and for biomineralized and naked
particles, it was possible to confirm by ICP-AES, the suc-
cessful doping of HA lattice and partial replacement of
calcium with magnesium and iron (Scheme 1). Similar

Table 1 Characterization of molar ratio and ions percentage (Mg/Ca) within HA-based nanoparticles by ICP-AES, crystallinity degree

by XRD, and the organic content by thermogravimetric analyses

Sample Ca/P [Mg (or Fe) + Cal/P Mg (%) Fe (%) Crystallinity degree (%) Organic content (w/w %)
MgHA/CH 161 1.70 6 8 33

MgHA 1.56 161 3 12 /

FeHA/CH 134 167 1 / 22

FeHA 1.23 1.62 1 / /
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results were previously reported for FeHA and collagen
biomineralized with FeHA, confirming the synthesis of
iron-doped HA particles on the polymer template [35].
Additionally, similar iron doping on HA particles was
reported as endowed with the ability to be used as an
agent for magnetic and nuclear in vivo imaging and to
covey an anticancer drug, i.e. doxorubicin [17, 36]. On
the other hand, magnesium-doped particles with compa-
rable ion doping resulted in excellent biocompatibility in
vivo in an animal model [19].

The resulting particles were analyzed by X-ray diffrac-
tion (XRD) (Fig. 1C), according to which it was possible
to detect the common pattern of analogous nanosystems
produced through wet chemistry route [37-40], as well
as natural HA present in bones [19], confirming the suc-
cessful synthesis of HA — without the presence of other
crystalline phases [41] — in all samples; additionally, the
successful synthesis of HA was also confirmed by FTIR-
ATR (Fig. 1D) analyses, according to which the classic
peaks pattern was detected.

Considering the XRD intensity of the classic peaks cor-
responding to HA (Fig. 1C), it was possible to investigate
the crystallinity of the resulting particles. The intensity
of peaks was low compared to the stoichiometric HA,
suggesting the formation of HA with nanosized crystal-
lites, therefore the resulting apatite phase was referred
to as HA nanoparticles. The relation determined the
crystallinity grade (X.) of the apatite phase: X, ~ 1-
(V1127300 / 1300) Where Iy, is the intensity of (300) reflec-
tion and V;4/59 is the intensity of the hollow between
(112) and (300) reflection which completely disappears
in non-crystalline samples [18, 19]. In MgHA, the crys-
tallinity degree resulted to be equal to 12%, whereas in
MgHA/CH the crystallinity degree resulted to be equal
to 8% (Table 1) suggesting that the presence of chitosan
reduced the crystallinity of apatite, as previously reported
for other polymers, e.g. gelatin [10]. In the case of iron
doping (FeHA and FeHA/CH), it was not possible to
determine the crystallinity of samples suggesting that the
partial substitution of calcium with iron further reduced
the crystallinity promoting the formation of amorphous
HA nanoparticles. Indeed, the synergistic effect of the
low (room) temperature of the synthesis and the pres-
ence of doping ions inhibited the crystallization process
inducing the formation of small apatite nuclei.

The thermal behavior of the nanostructures was then
investigated by ThermoGravimetric Analyses (TGA)
(Fig. 1E), according to which it is possible to estimate
the percentage of the organic component, i.e. chitosan,
within particles. Indeed, chitosan tends to degrade at
temperatures higher than 600 °C, and only the inorganic
component, i.e. HA, remains stable in such conditions
and can be quantitatively determined. According to this
approach, the percentage of chitosan within MgHA/
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CH and FeHA/CH resulted respectively equal to 33%
and 22% w/w (Table 1). In MgHA/CH the percentage of
the organic component was comparable to the theoreti-
cal percentage used during the synthesis (equal to 30%),
whereas in FeHA/CH the chitosan fraction was reduced
and this result can be explained by considering the differ-
ent temperature synthesis conditions; indeed, in FeHA/
CH synthesis was performed at 40 °C, and that tempera-
ture in basic conditions promoted a partial degradation
of chitosan, which increased its solubility and partially
reduced its precipitation during the acid-base neutraliza-
tion procedure. Similar results were previously reported
for collagen biomineralized with FeHA, confirming the
effective biomineralization of iron-doped HA particles
on the organic template [35].

Finally, the morphological characterization of particles
was performed by Scanning Electron Microscopy (SEM)
analyses at high magnification, according to which it
was possible to determine the partial aggregation of HA
nanoparticles in all samples (Fig. 1F, G and H, and 1I),
and the presence of small flakes in MgHA/CH and FeHA/
CH associated to the presence of chitosan on which apa-
tite nuclei can form, confirming the effective biominer-
alization of chitosan with ions-doped HA nanoparticles.
Similar results were previously reported for chitosan
biomineralized with non-doped HA nanoparticles, sug-
gesting a limited impact of ions-doping on the microar-
chitecture of resulting materials [38].

Effects of HA nanoparticles on osteoblast cell lines
metabolism and redox status

Considering the potential of these nanoparticles for bone
regeneration and bone replacement, their molecular
interaction with bone cells was investigated. Specifically,
two human cell models were selected that are HOBIT
cells, osteoblasts able to recapitulate primary osteoblasts
function due to their biochemical and morphological
properties [42—-46], and MG63, one of the most widely
used cell models for bone studies and considered as
endowed with osteoblasts-like features [47-49]. Osteo-
blasts-like cells were selected due to their high prolifera-
tive ability and low genomic variability, therefore suitable
for the early detection of possible DNA damage [46]. On
the other hand, bone marrow stem cells (BMSCs) dis-
play low proliferation and are subjected to high differ-
ences between different donors in the gene expression
pattern [50, 51]. Considering that the biomineralization
of chitosan with ions-doped HA can affect cell function,
cells were incubated with HA-based nanoparticles doped
with magnesium (MgHA/CH) and iron ions (FeHA/CH)
and with the free HA-based particles (MgHA and FeHA,
respectively) at the same corresponding concentration
as those used to functionalize chitosan. Indeed, using
the free HA particles makes it possible to decouple the
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biological activity of the precursors from the biomineral-
ized chitosan particles, and untreated cells were used as
control samples. After the incubation with particles, cell
metabolism and cell proliferation were investigated by
PrestoBlue assay — according to which the fluorescence
intensity is proportional to the cell metabolic activity —
and cell counting, respectively (Fig. 2). Considering the
HOBIT metabolic activity, after 1 and 3 days, at both
time-frames chitosan biomineralized with iron-doped
HA (FeHA/CH) enhanced cell metabolism, whereas
other nanoparticle types (MgHA/CH, MgHA, and FeHA)
did not significantly affect cell metabolism suggesting
that HA-based particles can be considered as safe materi-
als (Fig. 2A). In MG63, a similar response was detected
(Fig. 2B). Specifically, after 3 days, FeHA/CH enhanced
cell metabolism and iron-doped particles without chito-
san (FeHA) partially reduced cell metabolism, whereas
after 1 day both iron-doped particles did not signifi-
cantly alter cell metabolism. On the other hand, chitosan
biomineralized with magnesium-doped HA (MgHA/CH)
and the naked particles (MgHA) enhanced cell metabo-
lism at both timeframes. Considering the cell number,
upon 1 day of incubation with particles, none of the cell
lines were affected, whereas after 3 days a significant
decrease in the cell number was detected in both cells
treated with different particle types (Fig. 2C and D). The
reduction of cell number after 3 days could be correlated
to the presence of a high number of particles present
inside the well of the plate which could sterically limit the
cell mobility and proliferation. Considering the different
trends in cell metabolism and cell number, the increased
fluorescence detected by PrestoBlue assay in most par-
ticles-treated cells indicates a change in cell metabolism
in osteoblasts and osteoblasts-like cells, particularly
in cells treated with FeHA/CH. In that case, these data
suggest that due to the amorphous state of iron-doped
particles, these particles can be metabolized by cells and
the presence of chitosan can improve the cell interac-
tion and internalization — and therefore cell metabolism
— as already detected for other systems-based on chito-
san [52]. On the other hand, chitosan biomineralized
with magnesium-doped particles displayed similar bio-
logical activity to naked (i.e. without chitosan) particles
suggesting that the presence of particles with low crys-
tallinity and with a magnesium content comparable to
the native bone can be easily metabolized by cells with-
out significantly affecting their metabolic fate. A compa-
rable increase in osteoblasts metabolism was previously
reported for other ions-doped HA-based materials, i.e.
strontium-doped cement, and was attributed to cell
osteogenic differentiation and proliferation, albeit the
cell number was not quantitatively assessed [14]. Similar
results, i.e. an increase in pre-osteoblast metabolism after
three days of treatment, in the presence of comparable
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concentrations of recombinant collagen particles min-
eralized with FeHA, were previously reported [53]. Dif-
ferent findings, i.e. a decrease in cell metabolic activity
upon the incubation with HA nanoparticles, were previ-
ously reported for mouse colorectal cancer cells and were
attributed to the peculiar cell type behavior [54]. On the
other hand, collagen biomineralized with similar concen-
trations on magnesium-doped HA nanoparticles resulted
as endowed with good biocompatibility towards similar
pre-osteoblast cells [55]. Consequently, considering the
previously mentioned results, the slight decrease in cell
number reported for the present experiment can also be
attributed to cell differentiation, as previously reported
for collagen biomineralized with FeHA [56]. Specifically,
in the presence of iron-doped hydroxyapatite nanopar-
ticles, MG63 cells were able to promote the expression
of genes correlated to the osteogenic differentiation, i.e.
Collagen type I and ALP [56].

Considering that particles can be metabolized and the
ions within the HA lattice — especially iron — can affect
the cells’ metabolic activity, especially the production of
Reactive Oxygen Species (ROS), this latter aspect was
investigated by using H2DCFDA as substrate — able to
produce a fluorescent signal proportional to ROS pro-
duction — and deepen by investigating the sulfonation
of Peroxiredoxin (Prx) into PrxSO3 [57-59] — an oxida-
tion-induced protein modification of redox-active Cys-
residues in the case of cellular oxidative stress condition
which endows Prx to function as very sensitive H,O, sen-
sors [60] — by Western blot analyses, after 1 day of incu-
bation with particles. Considering the ROS production, a
significant increase in ROS production was detected only
in HOBIT cells treated with FeHA/CH (Fig. 2E), whereas
no difference in ROS production was detected in the
case of other particle types and in MG63 cells (Fig. 2F).
On the other hand, GSH was able to limit ROS produc-
tion — both alone and also in combination with FeHA/
CH - ROS production. These data confirm the ability
of chitosan to improve nanoparticle internalization and
metabolism, the ability of GSH to limit ROS production,
and the ability of iron from nanoparticles to participate
in the Fenton reaction, able to promote ROS production
[61, 62]. An increase in ROS production in the presence
of HA particles within a polymeric network was previ-
ously reported in pre-osteoblasts, albeit the authors did
not report any biological explanation about the phenom-
enon [63].

Taking into account the possible modification of Prx
in the case of oxidative stress, no significant presence of
the modified protein was detected after the incubation
with all nanoparticle types and both cell models (Fig. 2G
and H) suggesting that nanoparticles are not able to pro-
duce a ROS amount sufficient to promote the sulfonation
of Prx, if compared to H,0O, treatment— used as positive
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and 3 days of incubation with particles. Fold change values relative to untreated cells are shown. Values are mean + SD. The resulting p-value is indicated
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control for the Prx activation — in which a PrxSO3 modi-
fication was proportional to the time of the stimulus. The
possible modification of Prx was investigated also after
the incubation at earlier timeframes — ie. 1, 2, 4, 8, 16,
and 24 h — with FeHA/CH, confirming the not detectable
activation of PrxSO3 (Fig. 2I).

Effects of HA nanoparticles on osteoblasts DNA damage
Considering the potential ability of ROS to elicit DNA
damage, this latter aspect was investigated after expo-
sure to different nanoparticles for 1 day. Specifically,
single- and double-strand breaks, and alkali labile sites
were investigated by alkaline COMET analyses [64]. In
the latter tests, cells treated with reduced glutathione
(GSH) - a well-known antioxidant agent [65, 66] — were
used to limit DNA damage. As shown in the representa-
tive comet cell analyses, in H,0,-treated cells the typi-
cal DNA comet was detected (Fig. 3A). By measuring
the olive tail moment, all particle types, excluding iron-
doped naked particles (FeHA), promoted a significantly
higher rate of DNA damage accumulation, whereas GSH
reduced oxidative stress and consequently DNA damage,
as expected (Fig. 3C). A comparable increase in tail inten-
sity was previously reported also for haemocytes from
an animal model, i.e. Drosophila melanogaster, exposed
to HA nanoparticles [31]. Additionally, a slight increase
in tail intensity was previously reported for fibroblasts
(Chinese hamster V79 cells) exposed to eluate from fluor-
doped HA [32].

Additionally, the phosphorylation of histone H2AX
on Ser'® generating yH2AX, a marker of DNA damage
response, was investigated [67-71]. This histone modi-
fication was quantitatively assessed by Western blot
and immunofluorescence analyses. Considering YH2AX
foci by immunofluorescence analyses (Fig. 3B and D), a
comparable trend to what was detected by Western blot
analyses was observed (Fig. 3E and F). Specifically, in the
presence of both chitosan biomineralized HA particles
(MgHA/CH and FeHA/CH), a significantly higher rate
of DNA damage accumulation was detected, whereas in
the presence of naked particles (MgHA and FeHA) no
difference in the DNA damage was detected. Addition-
ally, as shown in the representative comet cell analyses, in
H,O,-treated cells the typical yH2AX foci were detected
(Fig. 3B).

On the other hand, considering the Western blot anal-
yses, both chitosan biomineralized with HA particles
(MgHA/CH and FeHA/CH) and iron-doped naked par-
ticles (FeHA) significantly enhanced yH2AX formation
in HOBIT and MG63 cells (Fig. 3E, F, G and H), whereas
magnesium-doped naked particles (MgHA) did not sig-
nificantly affect the H2AX modification. Additionally, in
both cell lines, FeHA/CH particles promoted the highest
YH2AX formation, therefore these particles were selected
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to investigate the time-response of YH2AX formation,
incubating cells for different timeframes with the par-
ticles (Fig. 3I). According to this approach, a progressive
increase in modification of H2AX — with a maximum
activation after 16 h, and a good activation after 24 h —
was detected.

Considering the potential ability of DNA damage to
impair cell growth, the cell colony formation assay was
performed. Specifically, cells pre-incubated with parti-
cles were left to grow for 7 days, and the ability of single
cells to grow and form visible colonies was investigated
(Fig. 4A and B). According to this test, it was possible to
appreciate the ability of HOBIT and MG63 cells to grow
in all considered conditions, albeit the number of result-
ing colonies was reduced in cells pre-incubated with
iron-doped particles and, only in MG63, treated with
MgHA/CH (Fig. 4C and D). These changes correlate to
an increase in colonies’ average intensity after expo-
sure to MgHA and iron-doped particles (Fig. 4E and F)
and confirm the ability of particles to elicit a change in
cell metabolism — previously reported in Paragraph 2.3
— and to DNA damage, which affects the cell growth. A
slight decrease in colony growth was previously reported
for Chinese hamster fibroblast (V79 cells) exposed to
non-doped and fluor-doped HA and the higher toxicity
detected for fluor-doped particles was attributed to the
release of the toxic ion fluoride [32].

Collectively, these data indicate that FeHA/CH par-
ticles are endowed with the ability to promote DNA dam-
age and this activity can be attributed to the amorphous
state of particles, which can be metabolized by cells mak-
ing available iron ions, able to improve ROS production
(Fig. 2E) and the ability of chitosan to enhance the cell
internalization (Scheme 2) — and possible interaction
with DNA - as already detected for other systems based
on chitosan [52, 72-75]. DNA damage can be due to the
direct interaction of HA and chitosan with DNA due to
the presence of phosphate ions able to electrostatically
interact with DNA and due to the ability of positively
charged chitosan to efficiently interact with the nega-
tively charged nucleic acids, including miRNAs and DNA
[52, 72-75]. This latter ability is widely exploited also for
cell transfection [69-72]. Therefore, the DNA damage
detected in cells treated with FeHA/CH particles can be
attributed to ROS production, but also ROS-indepen-
dent mechanisms in the DNA damage should be con-
sidered, especially with other particle types. Specifically,
also MgHA/CH particles promoted DNA damage and
this ability can be attributed to the ability of chitosan to
enhance the cell internalization and possible interaction
with DNA, as already reported for other systems based
on chitosan [76—-78]. On the other hand, the limited DNA
damage detected for MgHA particles suggests that the
presence of particles with low crystallinity and with a
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magnesium content comparable to the native bone can
be easily metabolized by cells without significantly affect-
ing the DNA damage. Indeed, the crystallinity of parti-
cles affects the possible biodegration by cell metabolism,
governing the presence of ions within cells. Iron-doped
particles resulted in being amorphous, i.e. without any
crystalline phase, leading to cell metabolism, the produc-
tion of reactive oxygen species, and DNA damage. On the

other hand, magnesium-doped particles showed a mod-
erate crystallinity range (8—12%) and this entals a reduced
biodegration by cell metabolism, and consequently a
moderate magnesium ions release. Additionally, the dif-
ferent DNA damage types should be considered. Indeed,
double-strand DNA damage can be correlated to toxic
stress (e.g. ionizing agents), whereas single-strand DNA
damage can be correlated to replicative stress [79, 80].
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Collectively, taking into account: i) the ability of FeHA/
CH to promote ROS-production and DNA damage, ii)
the ability of particles to promote DNA-damage and trig-
ger the DNA-damage response (DDR), iii) the previously
reported data about the ability of FeHA particles to bind
and efficiently convey different drugs such as doxorubi-
cin [17], iv) the superparamagnetic properties of FeHA,
which can be used to remotely direct particles to the
target site and for hyperthermic applications [16], v) the
ability of chitosan to efficiently bind and convey into cells
drugs and nucleic acids [72, 81], vi) the recently reported
systems based on HA for anticancer treatment [54, 82,
83], the system proposed in the present paper based on
chitosan biomineralized with iron-doped HA can be pro-
posed as a drug delivery system, especially to devise can-
cer treatments. The presence of chitosan, in combination
with nanoparticles, seems to enhance the DNA damage
suggesting the ability of chitosan to favor the nanoparti-
cles’ internalization due to the intrinsic ability of chitosan
to be engulfed in cells [29] and this can lead to a higher
production of reactive oxygen species, leading to DNA
damage. The DNA damage should also be considered in

forthcoming studies with modified hydroxyapatite-based
particles. Specifically, in the case of materials intended
for anticancer therapy, the DNA damage could be further
increased by doping hydroxyapatite with toxic ions and
the conjugation with anticancer drugs, e.g. doxorubicin.
Additionally, considering the recently reported results
about the positive immune activation in cancer induced
by magnesium-doped HA [20], also the magnesium-
doped particles developed in the present study can be
proposed as an innovative system for cancer treatment.
In the present contribution, we have proposed a
method for chitosan biomineralization with biomimetic
magnesium and iron-doped HA particles. The resulting
particle properties — e.g. organic content and amount
and type of doping ions — can be finely tuned, resulting
in a versatile platform to tune cell behavior. Specifically,
all particles — considered in this paper — can modify cell
metabolism, and chitosan biomineralized with magne-
sium and iron-doped particles as well as iron-doped HA
particles promote DNA damage, whereas the particles
with the highest similarity to the native bone, i.e. magne-
sium-doped HA particles, do not significantly elicit DNA
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damage. Indeed, the DNA damage can be mainly attrib-
uted to a ROS-independent mechanism.

This system results in a platform that can be easily
modified in terms of the type and amount of polymeric
template as well as the type and amount of ions doping
to tune its bioactivity. On this basis, such nanoparticles
are promising for application in medicine, particularly in
bone tissue engineering as a bioactive bone filler, or as a
drug delivery carrier due to the highly active surface of
the HA nanoparticles which can be functionalized with
drugs or growth factors. Furthermore, iron-doped par-
ticles can be considered also as potential agents for mag-
netic and nuclear in vivo imaging. Specifically, it was
reported that iron-doped hydroxyapatite (FeHA) dis-
played a higher contrast enhancement in magnetic reso-
nance imaging (MRI), and had a longer endurance in the
liver than Endorem (dextran-coated iron oxide nanopar-
ticles) at a comparable iron amount; on the other hand,
by positron emission tomography (PET), single photon
emission computed tomography (SPECT), scintigraphy/
x-ray fused imaging, and ex vivo studies it was possible
to use FeHA as an imaging agent to detect its dominant
accumulation in organs [36]. Additionally, these nanopar-
ticles can be embedded within polymeric networks to
devise biomaterials — including scaffolds and coatings
on other medically relevant materials, e.g. prosthesis —
able to tune the release of functionalized nanoparticles
and ions, and intended for the regeneration of different
tissues, especially the bone. Nevertheless, when similar
particles are used, the potential DNA damage should be
considered. This latter ability, i.e. the ability to promote
DNA damage, could also be exploited to devise new drug
delivery systems for anticancer drugs to promote cell
death.
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