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ARTICLE INFO ABSTRACT

Keywords: Hydroxyapatite nanoparticles are popular tools in bone regeneration, but they have also been used for gene
Hydroxyapatite delivery and as anticancer drugs. Understanding their mechanism of action, particularly for the latter applica-
Nanoparticles

tion, is crucial to predict their toxicity. To this end, we aimed to elucidate the importance of nanoparticle
membrane interactions in the cytotoxicity of MG-63 cells using two different types of nanoparticles. In addition,
conventional techniques for studying nanoparticle internalisation were evaluated and compared with newer and
less exploited approaches. Hydroxyapatite and magnesium-doped hydroxyapatite nanoparticles were used as
suspensions or compacted as specular discs. Comparison between cells seeded on the discs and those supple-
mented with the nanoparticles allowed direct interaction of the cell membrane with the material to be ruled out
as the main mechanism of toxicity. In addition, standard techniques such as flow cytometry were inconclusive
when used to assess nanoparticles toxicity. Interestingly, the use of intracellular calcium fluorescent probes
revealed the presence of a high number of calcium-rich vesicles after nanoparticle supplementation in cell
culture. These structures could not be detected by transmission electron microscopy due to their liquid content.
However, by using cryo-soft X-ray imaging, which was used to visualise the cellular ultrastructure without
further treatment other than vitrification and to quantify the linear absorption coefficient of each organelle, it
was possible to identify them as multivesicular bodies, potentially acting as calcium stores. In the study, an
advanced state of degradation of the hydroxyapatite and magnesium-doped hydroxyapatite nanoparticles within
MG-63 cells was observed. Overall, we demonstrate that the combination of fluorescent calcium probes together
with cryo-SXT is an excellent approach to investigate intracellular calcium, especially when found in its soluble

Internalisation

Flow cytometry
Intracellular calcium
Cryo-soft X-ray tomography

form.
1. Introduction bone regeneration [1-4]. HA NPs have also been proposed as a useful
tool in cancer therapy. It has been observed that they were able to cause
Over the past few years, the application of hydroxyapatite (HA) in cell death of several cancer cell types whilst having minimal side effects
the form of nanoparticles (NPs) has received considerable attention as a on healthy cells [5-9]. Moreover, ion-doped HA NPs have been inves-
transfection vehicle for the transport of genetic material into cells and in tigated for cancer treatment showing improved cytotoxic potential
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towards cancer cells and being more selective than non-doped HA [10].
Actually, ions are particularly interesting in cancer treatment, as it has
been demonstrated that some specific cancer cells have ionic channel
dysregulations in their membrane, e.g TRPM7 magnesium transporter is
upregulated in breast and pancreatic cancer, as well as in osteosarcoma
MG-63 cell line [11-15]. However, the exact mechanisms of cell death
are still under debate.

Three different scenarios which can potentially drive towards cyto-
toxicity can be anticipated: (1) reactivity of the NPs with the sur-
rounding fluids, causing the release or depletion of ions and proteins
crucial for cells; (2) NP interaction with cell membrane receptors that
may induce apoptotic signalling cascades; and (3) NPs internalisation
and subsequent effects inside the cell. Furthermore, these scenarios will
be affected by the aggregation state of the NPs. Indeed, the hydrody-
namic properties of aggregated nanomaterials (including diffusion and
sedimentation, as well as their interaction with the cell membrane and
internalisation), may change with respect to individual nanoparticles
[16].

The most accepted hypothesis to explain cytotoxicity is based on the
third assumption and relies on the degradability of the NPs upon
internalisation. Indeed, after HA NPs uptake by endocytosis, they
degrade under the acidic conditions in the lysosome, yielding an in-
crease of calcium and phosphorus ions. Whereas a slow and sustained
dissolution of HA in the lysosomes would be innocuous to cells and
would benefit transfection [17], a more efficient and fast internalisation
of NPs would release a high concentration of calcium ions that would
lead to cell death [18]. This has been hypothesised to be caused either by
apoptosis, i.e. programmed cell death, triggered by a disruption of cell
homeostasis [19] or by necrosis, when the rapid dissolution of calcium
phosphate NPs in the lysosomes causes an imbalance of the osmotic
pressure that results in their rupture [20,21].

In order to describe in detail the HA NPs mode of action, it is
necessary to have reliable methods to assess not only their internal-
isation but also their dissolution once inside the cells. Internalised NPs
can be detected either by transmission electron microscopy or by
tracking fluorescently labelled NPs with different techniques (e.g flow
cytometry, fluorescent microscopy, etc.). However, with some of these
techniques it is not always possible to differentiate the cell surface-
associated particles from the ones internalised into the cells [22,23].
Moreover, since these strategies rely on the visualisation of pristine NPs,
they are insufficient to predict their toxicity, which requires HA NPs
solubilisation. Therefore, correlating the amount of internalised NPs and
their cytotoxic effect can be challenging [24]. Thereby, various studies
have used calcium probes to measure intracellular calcium levels and
thus, to check HA NPs intracellular dissolution [18,20,21,24]. In this
sense, Neumann et al. determined calcium uptake by T24 cells during
the standard calcium phosphate transfection method using isotope
labelling with 45 Ca [18]; Liu et al. instead used the Fluo-3 AM probe in
HepG2 cells treated with HA NPs to quantify intracellular calcium by
analysing the fluorescent intensity caused by intracellular Ca>" binding
to Fluo-3 [20]. Similarly, Huang et al. used Fluo-4 AM for quantification
of intracellular calcium in A7r5 cells treated with HA NPs of different
shapes [21]. Despite the relatively spread used of Ca probes as chemical
fluorescent ion indicators, their most important problem is compart-
mentalisation, which means that the indicator can be selectively trapped
in some intracellular organelles, making its distribution heterogeneous
throughout the cell [25].

In addition to the above methods, in this study we propose the use of
cryo-soft X-ray tomography as a novel approach to analyse the ultra-
structure of intact and unstained cells, as well as to obtain quantitative
data on the linear absorption coefficient of each organelle, which relates
to its composition. Moreover, various authors have used this technique
to obtain X-ray images at the Ca edge energy to help unambiguously
identify calcium deposits in cells in their native state [26-28]. Compared
to calcium imaging, this technique offers the advantage of visualising
soluble calcium-rich vesicles without losing the information of solid
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calcium material.

Beyond the effects associated with NP internalisation, little attention
has been paid in the literature to the influence of ionic exchanges be-
tween HA NPs and the surrounding fluids on cell viability [10,29,30].
This may be relevant, as drastic ionic fluctuations, especially of calcium,
phosphorus and magnesium, elicited by nanostructured hydroxyapatite
materials, have been reported to result in cytotoxicity [31-33]. On the
other hand, to the best of our knowledge, there is no literature
discerning between the contribution of cell membrane-bound HA and
internalised HA to cell viability.

In this context, the objectives of the present work are: (1) to unravel
the influence of nanoparticle-cell membrane interaction on cell cyto-
toxicity, leading to a better understanding of the mechanisms behind the
use of HA and magnesium-doped HA (MgHA) NPs in cancer treatment
applications; and (2) to investigate fundamental aspects regarding the
NPs internalisation and fate within the cells by comparing the use of
conventional techniques such as flow cytometry, to calcium fluores-
cence probes and cryo-soft X-ray tomography to track calcium-rich
vesicles and the degradation state of internalised HA NPs.

2. Experimental

2.1. Synthesis and characterisation of non-doped and magnesium-doped
hydroxyapatite nanoparticles

Non-doped and magnesium-doped hydroxyapatite nanoparticles
(HA NPs and MgHA NPs, respectively) were obtained by the neutrali-
sation of calcium hydroxide with ortho-phosphoric acid, as described
elsewhere [10]. Briefly, 100 ml 200 mM H3PO4 (85 wt% pure, Panreac)
was added dropwise into a 100 ml solution of 333 mM Ca(OH); (96 wt%
pure, Fluka) at a rate of 1 ml min~". The reaction, described in Eq. (1),
was performed under constant stirring at 40 °C in thermojacketed ves-
sels and the pH was continuously monitored.

10Ca(OH), + 6H3PO,—Cayo (PO,), (OH), + 18H,0 @

At pH 8, the reaction was stopped and the solution was stirred for 30
min at 40 °C. Afterwards, it was left to mature overnight at room tem-
perature. The suspension was then rinsed three times with bi-distilled
water, performing centrifugation cycles of 5 min at 800g (5430 R,
Eppendorf). Finally, the product was freeze-dried (Cryodos, Telstar).

The synthesis of MgHA NPs was done similarly, with the incorpo-
ration of magnesium chloride powder (MgCly-6 Ho0, 99 wt% pure,
PanReac) into the calcium hydroxide solution prior to H3PO4 addition.
The final Mg2+ content in these NPs was ~2.3 wt% [10].

The NPs were suspended in bi-distilled water to a final concentration
of 10 mg ml~! and sonicated with a high-frequency ultrasound probe
sonicator (450D, Branson Digital) to improve their deagglomeration. A
3 mm diameter tip was used with 40 % amplitude for 2 min in an ice
bath. In addition, specular discs were prepared by compacting 200 mg of
the freeze-dried NPs into 10-mm diameter moulds and applying a uni-
axial pressure of 3 tons for 2 min.

Characterisation of the NPs comprised analysis of the phase
composition by X-ray diffraction (XRD, D8 Advance, Bruker) using Cu
Ko radiation at 40 kV and 40 mA. Data were collected with a step size of
0.02° over the 26 range from 20 to 40° with a counting time of 2 s per
step. Phase identification was accomplished by comparing the results
with the standard patterns of HA (ICDD PDF 09-0432). In addition,
morphological evaluation of the NPs was assessed by transmission
electron microscopy (TEM, JEM-1010, JEOL) after soaking a 300-mesh
carbon-coated copper grid into the NPs suspensions. Finally, the surface
morphology of the discs was studied by scanning electron microscopy
(SEM, JSM-7001F, JEOL). Prior to the observation, the samples were
coated with a thin gold-palladium layer using vapour deposition (SCD
004, Balzers).
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2.2. Fluorescent functionalisation of the nanoparticles

In order to track the NPs, a fluorescent biomolecule was attached to
HA by means of strong hydrogen bonds via catechol groups [34]. To this
end, a custom-made linear peptide containing DOPA and carboxy-
fluorescein (CF) (Table 1) was synthesised by solid-phase peptide syn-
thesis (SPPS) following the Fmoc/tBu strategy and using Rink Amide
MBHA resin (243 mg, 0.45 mmol g~ ) as solid support, according to the
protocols optimised in our group [35]. The peptide was used with a
purity of >90 %, as determined by reversed-phase analytical high-
performance liquid chromatography (RP-HPLC, Prominence UFLC XR,
Shimadzu).

The lyophilised peptide was dissolved in distilled water to a series of
concentration from 500 pM down to 1 pM, adjusting the pH to 7. CF
alone was also studied at the same concentrations and pH. The func-
tionalisation of the HA NPs was accomplished by mixing under constant
stirring 200 pl of 1 wt% NPs suspension and 100 pl of either peptide or
CF solutions for 2 h. The resulting suspension was centrifuged and rinsed
three times with bi-distilled water and re-suspended to a final concen-
tration of 1 wt%. After functionalisation, supernatants and washing
residues were collected and their fluorescent intensity was measured by
means of a microplate reader (Synergy HTX, BioTek Instruments).
Knowing the difference between the initial amount of peptide added and
the quantity that remained in the supernatants, data were correlated to a
calibration curve to determine the final concentration of peptide
adsorbed on the NPs.

The fluorescent NPs (i.e. HA-F and MgHA-F) functionalised using a
concentration of 500 pM of the fluorescent peptide were selected for the
cell culture studies. In addition, direct fluorescence intensity was
measured in 100 pg ml~! NP suspension by means of a fluorescence
spectrophotometer (Cary Eclipse, Agilent). Finally, the zeta potential of
the different NPs (i.e. HA and MgHA, before and after functionalisation)
was measured in 300 pg ml~! NPs suspensions using a Zetasizer Nano
(Malvern Panalytical).

2.3. Cell culture

Human osteosarcoma MG-63 cells (ATCC) were cultured in Dulbec-
co’s Modified Eagle medium (DMEM) supplemented with 10 % foetal
bovine serum (FBS), 20 mM  4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid buffer (HEPES), 2 mM t-glutamine, 50 U ml™!
penicillin and 50 pg ml~! streptomycin (all from Gibco), in a 95 % hu-
midified atmosphere containing 5 % CO5 at 37 °C. Confluent cells were
detached using TrypLE Express (Gibco).

For the cell culture studies, the NPs suspensions were sonicated in a
bath sonicator (JP Selecta) for 5 min before their addition to the cell
culture media, in order to avoid agglomerates. The experiments were
carried out in serum-containing (i.e. NPs supplemented or cells seeded
on discs in 10 % FBS-containing media, FBS+) and in serum-free (FBS—)
conditions to assess the influence of the protein corona. Moreover,
different time points were studied, ranging from 3 to 24 h, depending on
the study, and the supplemented dose of NPs was 100 pg ml~! in all
cases. Controls were prepared seeding the cells on sterile coverslips (&

Table 1
Chemical sequence of the fluorescent peptide and properties.

Sequence” Purity tg (min)®  Molecular weight (g
(%) mol ™)
CF-(Ahx),-BAla-DOPA,- 90.3 6.127 1031.07
NH,

@ CF: (5)6-carboxyfluorescein; Ahx: 6-aminohexanoic acid; pAla: beta-alanine;
DOPA: 1-3,4-dihydroxyphenylalanine.

b Characterised by HPLC using a reversed-phase XBridge (Waters) C18 column
(4.6 mm x 100 mm, 3.5 pm) and a linear gradient from 20:100 (0.036 % TFA in
ACN/0.045 % TFA in H50) in 8 min at 25 °C.
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=10 mm).
2.4. Nanoparticles — cell membrane interaction

MG-63 cells were seeded on sterile coverslips (& = 10 mm) in a 48-
well plate at a density of 25,000 cells per well and incubated overnight
to allow cell adhesion. The following day, culture media containing 100
pg ml~! of each NPs were prepared and supplemented to the cells. At the
same time, previously compacted discs were sterilised with ethanol 70 %
for 30 min and rinsed with phosphate-buffered saline (PBS, Gibco).
Afterwards, cells were seeded on top of them and left 4 h for interaction.
The morphology of the cells was assessed by confocal microscopy (LSM
800, Zeiss) using acridine orange staining (AO, Sigma-Aldrich). Cell
morphology was further analysed by scanning electron microscopy
(SEM, JSM-7001F, JEOL). To do so, samples were fixed with 2.5 %
glutaraldehyde (Sigma-Aldrich) in PBS for 1 h at 4 °C. Subsequently,
fixed samples were rinsed with PBS and dehydrated in an increasing
series of ethanol solutions. Dried discs and coverslips were covered with
a thin gold-palladium layer using vapour deposition (SCD 004, Balzers).
To quantify the results, a cytotoxicity assay was carried out using WST-1
reagent (Roche) and following the manufacturer’s indications.

2.5. Flow cytometry assay

For the flow cytometry (FC) studies, MG-63 cells were seeded on 6-
well plates at a density of 300,000 cells per well and incubated over-
night. The following day, fresh culture media containing 100 pg ml~" of
functionalised NPs (i.e. HA-F and MgHA-F) were supplemented into the
samples. After 4, 6 and 24 h of exposure, cells were detached from the
wells using trypsin and the supernatant was removed after centrifuga-
tion. The pellet was rinsed and re-dispersed in PBS prior to analysis by
flow cytometry (Accuri C6, BD Biosciences) at an emission wavelength
of 488 nm. Controls were used to gate living cells and to determine the
fluorescence threshold. A total of 10,000 events were evaluated for each
condition, except for serum-free samples at 24 h, due to cell death. Data
analysis was performed with FlowJo software (FlowJo LLC, version 10).
In addition, cells supplemented with functionalised NPs were imaged in
a confocal fluorescence microscope (LSM 800, Zeiss) to assess aggre-
gation of NPs during cell culture. Before visualisation, cells were fixed
and stained with Alexa Fluor 568-phalloidin (Thermo Fisher) and 4',6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich) after 4 h of interaction
with the materials.

2.6. Intracellular calcium evaluation

For the quantification of intracellular calcium, MG-63 cells were
seeded on a black 96-well plate at a density of 10,000 cells per well and
incubated overnight, whereas for the imaging 25,000 cells were seeded
on sterile coverslips in a 48-well plate. The following day, culture media
containing either HA or MgHA NPs were supplemented to the cells. An
apoptosis control was also tested by adding H,O; in the medium at a
final concentration of 200 pM, instead of NPs. After 3 h of incubation,
cells were stained with Fluo-4 AM intracellular calcium indicator
(Thermo Fisher) following the manufacturer’s indications. The green
intensity was quantified in a fluorescence microplate reader (Synergy
HTX, BioTek Instruments) and the imaging was performed in a confocal
microscope (LSM 800, Zeiss).

2.7. Transmission electron microscopy

For TEM imaging, 90-mm Petri dishes were coated with poly-1-lysine
prior to MG-63 seeding. After overnight cell attachment, FBS-free cul-
ture media containing each type of NPs were supplemented to the cells.
A control sample without NPs was also studied. The cells were exposed
for 3 h and afterwards fixed with 2.5 % glutaraldehyde (Sigma-Aldrich)
in 0.1 M phosphate buffer (PB) for 1 h and detached with the help of a
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scrapper to form a pellet. The pellet was rinsed and put in contact with a
solution of 1 wt% OsO4 and 0.8 wt% potassium ferricyanide for 2 h.
Subsequently, it was dehydrated in an ascending series of acetone and
infiltrated with EPON resin. Finally, blocks were sectioned with an ul-
tramicrotome (Ultracut UCT, Leica) and the sections were stained with
2 wt% uranyl acetate and imaged with an optical microscope (DM2000
LED, Leica) and TEM (Tecnai Spirit Twin, FEI).

2.8. Cryo-soft X-ray tomography

For cryo-soft X-ray tomography (cryo-SXT), gold Quantifoil R2/2
G200F1 finder grids were coated with fibronectin (Sigma). Cells were
seeded on the grids and incubated overnight. The following day, culture
media without FBS containing NPs was supplemented to the cells. After
3 h of incubation, the grids were rinsed with PBS and immediately
frozen in liquid ethane cooled with liquid nitrogen using an automatic
plunge freezer for the bare grid technique (EM GP, Leica Microsystems).
The samples were initially examined by means of a cryo-visible light
microscope (Axioscope, Zeiss) provided with a cryo-stage (CMS196,
Linkam Scientific). Samples were stored under liquid nitrogen and
subsequently kept under cryogenic conditions at all times during the
measurements by X-ray microscopy in the vitrified state. Cryo-SXT im-
aging was performed at the MISTRAL beamline of the ALBA Synchrotron
light source. Tomographic data was collected at 520 eV, irradiating the
samples for 2-10 s per projection. 520 eV is the energy range in which
water is transparent for X-rays and there are mostly absorbed by carbon,
allowing the visualisation of biological material. In tomographic setup,
images obtained at different sample orientations are computationally
combined to produce a three-dimensional (3D) image, permitting the 3D
representation of the sub-cellular ultrastructure of whole intact cells. A
tilt series was acquired for each cell using an angular step of 1° on a 70°
angular range.

Each transmission projection image of the tilt series was normalised
using flat-field. This process also considers the possibly different expo-
sure time, as well as the slight decrease of the electron beam current
during the acquisition. In order to increase the image quality, wiener
deconvolution taking into account the experimental impulse response of
the optical system [36] was applied to the normalised data. Finally, the
Naperian logarithm was used to reconstruct the linear absorption coef-
ficient (LAC). The resulting stacks were then loaded into IMOD software
[37] and the individual projections were aligned to the common tilt-axis
using the internal cellular structures as markers. Afterwards, the aligned
stacks were reconstructed with algebraic reconstruction techniques
(ART) [38]. The visualisation, segmentation and quantification of the
volumes were carried out using Amira 3D software (Thermo Fisher).
Each voxel of the reconstructed tomogram represents the LAC (y, in
em™)) of the material contained in it, as it is related to the measured
transmission signal I through the Beer-Lambert law (Eq. (2)):

Voxel =, = —In <Il> = /pl(z)dz 2)
0

where p corresponds to the mass absorption coefficient of the cell
structure (cm2 g’l), I to the incoming flux, and z to the thickness of the
material.

2.9. Statistical analysis

Data distribution was checked with Shapiro-Wilk test. Significant
differences between samples were determined using non-parametric
Kruskal-Wallis test followed by multiple pairwise comparisons. Signifi-
cance level was set for p < 0.05. Statistical analysis was performed using
Minitab 19. All data are reported as mean of triplicate wells + standard
error of the mean (the experiments were duplicated or triplicated to
confirm tendencies).
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3. Results and discussion
3.1. Characterisation of the nanoparticles

Hydroxyapatite (HA) nanoparticles (NPs) were synthesised using a
wet precipitation method, obtaining non-doped HA and magnesium-
doped HA (MgHA) powders. Fig. 1A shows the XRD results of the syn-
thesised NPs. All peaks matched those corresponding to HA (ICDD PDF
09-0432) with no secondary crystalline phases detected, demonstrating
the precipitation of phase pure apatite (likely a calcium-deficient apatite
considering the presence of B-type carbonation, as proved in our pre-
vious work [7]). For simplicity, we will refer to the synthesised apatite
as hydroxyapatite (HA). Moreover, the broad peaks indicated the poor
crystallinity of the powders obtained. As expected, magnesium doping
caused a slight shift of the (002) diffraction peak, which correlates with
the lattice contraction caused by the incorporation of Mg into the HA
structure substituting Ca ions, due to the smaller ionic radius of the Mg
cation compared to Ca [39].

No differences in the morphology of the two types of NPs were
observed (Fig. 1B), both consisting of needle-like crystals with sizes of
around 150 nm in length and 20 nm in width. The discs obtained by NPs
compaction showed a homogeneous surface microstructure, with spec-
ular faces (Fig. 1C). A close-up view in the insets allowed to observed the
individual nanoparticles in the discs by SEM. Immersion of the discs in
culture medium did not alter their surface and no particles were dis-
lodged from the samples, indicating excellent compaction.

3.2. Functionalisation of the nanoparticles

1-3,4-Dihydroxyphenylalanine (DOPA) is a molecule that presents an
excellent affinity for hydroxyapatite through the catechol groups
[34,40]. Although the adsorption of DOPA to HA NPs has been explored
to enhance the osteoconductive properties of scaffolds and to improve
protein adhesion for drug delivery purposes [41,42], to the best of our
knowledge this is the first time that it is used to fluorescently label HA
NPs, by combining it with a fluorescent molecule such as carboxy-
fluorescein (CF).

The evaluation of the adsorption capacity of either CF or the DOPA-
CF peptide on the nanoparticles was done by measuring the difference in
the concentration of the staining solution before and after NPs incuba-
tion. The direct adsorption of CF on the NPs was almost non-existent, or
binding was so weak that the fluorophore was lost during the subsequent
rinsing steps (data not reported). Fig. 2A illustrates the quantity of
DOPA-CF peptide adsorbed on the surface of the NPs, for both non-
doped (HA-F) and magnesium-doped (MgHA-F) after rinsing. It is
observed that in the case of non-doped NPs, the adsorption of DOPA-CF
was about half of the concentration added, whereas in the case of MgHA
powders, this adsorption was slightly lower, around 40 % of the initially
added peptide. This reduction of adsorbed DOPA-CF was further
confirmed by direct fluorescence intensity data, shown in Fig. 2B, where
the intensity of MgHA-F NPs was 80 % with respect to the HA-F sample.
This variation might be due to physicochemical differences between
both types of nanoparticles. After functionalisation of the NPs, various
rinsing steps with bi-distilled water were carried out to eliminate the
non-adhered peptide and the fluorescence intensity of the supernatants
was measured. It is worth to mention that the intensity in the first rinse
after vortexing of the fluorescently labelled NPs was about 5 %, which
explained the excellent binding between DOPA-CF and the NPs.

The zeta potential of the NPs measured in water is displayed in
Fig. 2C, revealing a slightly negative surface charge for the pristine
nanoparticles. When functionalising the NPs with the fluorescent pep-
tide, the surface charge decreased to —13 mV for both HA-F and MgHA-
F, which confirmed the success in the functionalisation of the NPs.
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Fig. 1. Physicochemical characterisation of the synthesised HA NPs. (A) X-ray diffraction for the non-doped (HA) and magnesium-doped (MgHA) NPs. (B) TEM
micrographs for both types of nanoparticles. (C) Images of the discs made of compacted HA and MgHA NPs. Insets with higher magnification of the SEM pictures

showing the nanoparticles of the discs.

3.3. Nanoparticles — cell membrane interaction study

Any NPs internalisation process starts with the interaction of NPs
with the cell membrane. Since the cell membrane is rich in receptors and
some of them have a strong affinity for calcium, the adsorption of NPs on
the cell membrane could potentially induce changes in cells. From a
fundamental point of view, it is essential to disclose if the cytotoxic ef-
fect of the HA NPs comes mainly from their interaction with the cell
membrane or is due to their internalisation inside the cells. Indeed, it has
been reported that the toxicity of certain NPs (e.g positively charged
NPs) can derive from their reactivity when interfacing with the cellular

membrane [43]. For this purpose, cell culture studies were done either
by supplementing HA NPs on the cells or by seeding cells on NPs-
compacted discs. In these homogeneous discs, uptake of the nano-
particles into the cells is prevented and the interaction is limited to
surface interaction with the cell membrane. In contrast, when the cells
are exposed to the NPs suspended in the cell culture medium, both in-
teractions are possible: not only the contact with the cell membrane but
also their internalisation. In addition, the assay was done either with or
without the supplementation of FBS in the cell culture medium to vali-
date the direct interaction of the NPs with the cell membrane (FBS—)
without the interference of adsorbed proteins, which are known to have
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Fig. 2. Characterisation of the fluorescently functionalised NPs. (A) Adsorption of DOPA-CF peptide to HA and MgHA NPs at different initial concentrations. (B)
Direct fluorescence intensity of the HA-F and MgHA-F NPs. (C) Zeta potential of the different materials.

a strong affinity for HA [44]. In general, these adsorbed proteins block
the interaction of cellular receptors with the nanomaterial surface [45]
causing a reduction in the cytotoxic effect due to a lower cell uptake
[46].

Fig. 3A shows the morphology of the cells adhered to the samples
imaged with acridine orange (AO) staining in the confocal microscope
and by SEM. The well-spread morphology of the cells correlates to their
viability when seeded on the discs — both in HA and MgHA -, similarly to
the control condition (i.e. cells seeded on coverslips, without material),
regardless of the removal of FBS. The cells on the discs of the serum-free
samples presented minor difference in their morphology compared to
the glass coverslip, exhibiting star-like shapes instead of elongated
profiles, probably caused by the nature of the material. However, this
difference was not relevant since the cells appeared perfectly attached to
the discs’ surfaces. SEM analysis of the surface morphology of the discs
after incubation (Fig. S1 in the Supplementary Information) showed that
the surface was almost unaltered, although some detachment of NPs
could not be ruled out.

The results of the samples with the NPs suspensions demonstrated
that the cells supplemented with both types of NPs in serum-containing
medium presented no cytotoxicity. In contrast, in the absence of FBS,
cells in contact with the suspension of HA or MgHA mostly died after 4 h,
as observed by the drastic drop in cell population. Fig. 3B quantifies
these findings by WST-1. The data obtained are consistent with the
images, as cell death of 70 % for HA NPs suspension was revealed, whilst
MgHA NPs presented a killing potential for 80 % of the cells, with sta-
tistically significant differences between the two conditions. In contrast,
although a slight decrease in cell number was observed in HA FBS+ and
in both types of discs in FBS— condition compared to the control, the
differences were not statistically significant.

The higher cytotoxicity observed for MgHA NPs aligns with other
studies in the literature, where the authors reported that doping HA NPs
with small amounts of magnesium improved the cytotoxicity in MG-63,
leaving mesenchymal stem cells alive [10]. However, HA NPs also
showed high toxicity compared to MgHA NPs, which we believe is due to
differences in the aggregation state of both types of NPs, as will be later
discussed.

Regarding the differences observed in NPs suspension between FBS+
and FBS— conditions, several authors have demonstrated that the
adsorption of proteins on the surface of HA NPs can strongly affect the
adhesion properties to the cell membrane, reducing the uptake levels
[45,46]. The reason for the reduced internalisation was explained by the
electrostatic repulsion between the cell membrane and the negative
charge that proteins confer to the HA NPs [10,47]. To circumvent this
issue, it would be worthwhile to functionalise the NPs with cationic
molecules to help in the process of internalisation in the presence of
serum.

Overall, the results obtained suggest that the direct interaction of the
cell surface with the material was not sufficient to cause cell death and it
must be excluded as the main mechanism of cytotoxicity, being HA NPs
internalisation a requirement for cell toxicity.

3.4. Investigation of nanoparticles internalisation

3.4.1. Flow cytometry assay

Flow cytometry (FC) has become an indispensable technique in
cellular studies with nanomaterials. This method is based on high-
throughput single-cell analysis, offering data that allow to understand
the traffic of NPs inside the cells [48]. In order to monitor the nano-
particles’ interaction with cells, a FC assay was performed using
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Fig. 3. Cytotoxicity assay comparing NPs compacted into discs and free NPs in suspension after 4 h of interaction with MG-63 cells. (A) Confocal microscopy
visualisation of AO staining (first two columns) and SEM images (third column). Scale bars denote 100 pm. (B) Cell viability quantified using WST-1 reagent.
Different letters in the graph (a, b, c) indicate statistically significant differences between samples (n = 3; p-value <0.05).

fluorescently labelled NPs (i.e. HA-F, MgHA-F) to track them in the cells.
The results of non-doped NPs (HA-F) and magnesium-doped NPs
(MgHA-F) are displayed in Fig. 4A and B, respectively. The threshold of
the graphs was established from the analysis of negative controls (i.e.
cells without the supplementation of fluorescent NPs). In addition,
10,000 events (i.e. cells) were analysed for all conditions, except for
FBS— samples after 24 h incubation, where <1000 events were evalu-
ated due to cell death.

At a first glance, the results from FC and cytotoxicity seemed to
correlate well for the serum-free conditions (FBS—), since the high
cytotoxicity observed from WST-1 (Fig. 3) paired with high percentages
of cells associated with fluorescently labelled NPs, which is typically
related to NPs internalisation. Indeed, 89.9 % of the cells at 4 h and 81.4
% at 6 h were fluorescently labelled with HA-F NPs in serum-free con-
ditions. After 24 h the population of cells in the FC assay was too low,
making the results less reliable. Although we did not use FC to evaluate
cytotoxicity, the marked drop in cell population at 24 h clearly differed
from the WST-1 assay, where 80 % of cell death was observed already at
4 h. We attribute this delay to the changes associated to the chemical
binding of the DOPA-CF peptide on the surface of the NPs prior to the FC
assay.

Analysing the behaviour of the HA-F NPs in serum-containing con-
ditions (FBS+) it was observed a lower percentage of cells with labelled
NPs at all the time points compared to the FBS— condition (Fig. 4A).
However, there was a rather high percentage of cells with labelled NPs
already at 4 h (i.e. 68.4 %) but no signs of cytotoxicity were detected by
WST-1. This may indicate that the presence of serum proteins adsorbed
on HA NPs modifies their uptake and degradation behaviour. However,
one aspect that should not be overlooked to correctly interpret these
results is that in all cell culture conditions except for MgHA NPs in FBS+,
namely for HA-F FBS+/— and MgHA-F FBS—, the NPs tended to
aggregate and sediment on top of the cells (Fig. 5). Upon sedimentation,
the NPs could not be easily detached, indicating adhesion to the cell
surface membrane. These results revealed that the detection of fluo-
rescently labelled NPs in the FC studies cannot be solely associated to
internalisation. NPs cannot only be present inside the cells (internal-
ised), but also can remain attached to the external cell membrane.
Moreover, this may apply to FBS— and FBS+ conditions. Thus, by FC it is
not possible to distinguish where the NPs are located, and additional
complementary techniques would be required to answer this question.

The results for the MgHA-F NPs exhibited an interesting behaviour
(Fig. 4B). In serum-containing conditions (FBS+) a very low population
of cells were stained by the NPs especially at 4 and 6 h, which aligned
with the fact that in this condition NPs were well dispersed in the cell
culture and NPs sedimentation did not occur. On the other hand, in
serum-free conditions both NPs internalisation and NPs adhesion on the
cell membrane took place simultaneously, which may complicate the
interpretation of the results. However, it is clear that higher numbers of
labelled cells were detected, especially at 6 h, which agreed with the
high cytotoxicity observed by WST-1. The differences in terms of timing
can be associated, as previously explained, with changes due to the
fluorescent labelling of the NPs. As in the case of HA-F NPs, the reli-
ability of the values at 24 h are compromised due to the low number of
living cells at that time point.

To further understand the different outcomes obtained for HA-F and
MgHA-F in FBS+ and FBS— conditions, cells with fluorescent NPs were
imaged in a confocal microscope after being fixed and stained. The re-
sults illustrated in Fig. 5 clearly proved the sedimentation of NPs in
serum-free media for both types of NPs (the green NPs were observed on
the outer surface of the cell membrane, which was stained in red). In
addition, the same tendency although to a lesser extent was observed for

HA-F NPs in FBS+ condition. Nevertheless, magnesium-doped nano-
particles presented a different behaviour, as they formed a stable
colloidal suspension with the addition of FBS, avoiding their sedimen-
tation on top of the cells. Although further studies would be necessary to
find an explanation for this behaviour, we suspect that a combination of
effects based on the nature of the protein corona adsorbed on the NPs
and the ionic speciation surrounding the NPs, protects them from
aggregation.

While stability studies of the NPs in cell culture media were not
performed, we consistently observed by optical microscopy the sedi-
mentation of NPs on top of the cells in all conditions (FBS— and FBS+),
except for MgHA in serum-containing samples. As already mentioned,
these findings agree with the FC results of MgHA in FBS-+, which barely
showed any sign of fluorescent NPs. Interestingly, the comparison of
both types of NPs puts also forward that doping HA NPs may result in
substantial changes in their properties (e.g. colloidal stability), which
can affect, in turn, their adsorption and uptake behaviour. As previously
said, understanding the colloidal stability of the suspensions is funda-
mental to better control the uptake of NPs by cells. In the work of Safi
et al. the authors reported a strong NPs uptake that was related to the
destabilization of the dispersions in the cell culture medium and their
sedimentation on the cell membrane [49].

Overall, despite the robustness of the FC technique, it did not allow
to differentiate internalised NPs from those attached to the surface of the
cells. This calls for cautious analysis to avoid erroneous conclusions.
Other authors have also highlighted the importance of differentiating
membrane-bound NPs when using FC to quantify NPs internalisation
and the danger when failing to do so [23].

Nonetheless, even being able to discriminate and quantify the real
amount of NPs internalised, it would not be sufficient to predict their
toxicity, as it has been previously demonstrated that the dissolution
degree of the HA NPs is what eventually determines the toxicity.
Therefore, the cytotoxicity does not only depend on the amount of NPs
internalised but also on their crystallinity, specific surface area and
composition, as well as on the cell type tested [50,51].

In light of this, the toxic effect of the HA NPs would be associated
with the levels of calcium and phosphorus ions released in the cytosol
after their dissolution: if the levels increase too much, it will induce cell
death, whereas if the intracellular calcium levels remain low and sus-
tained, cells will maintain their viability [18]. Therefore, a useful
approach to predict cytotoxicity is to monitor intracellular calcium.

3.4.2. Intracellular calcium evaluation

As earlier mentioned, once the HA NPs enter in contact with the
cellular membrane, the most common mechanism of internalisation is
endocytosis, mostly by micropinocytosis [52]. Subsequently, the endo-
somes containing the NPs will fuse with lysosomes, which contain many
acidic hydrolysing enzymes that decrease their pH to approximately 4.5.
The most accepted hypothesis to explain the cytotoxic effect of the HA
NPs is that HA is dissolved in these organelles, causing a notorious in-
crease of calcium and phosphorus ions. The local accumulation of these
ions can cause an osmotic pressure imbalance which can induce
disruption of the lysosomes unless ions are pumped out sufficiently rapid
to the cytosol. The cytotoxicity of HA NPs will depend on the levels of
Ca%" and P; ions reaching the cytoplasm of the cell, where they can
trigger programmed cell death or even necrosis [20,21].

To check this hypothesis, intracellular calcium markers are funda-
mental to help to quantify changes in the Ca®" levels. In the present
work, Fluo-4 AM probe was used for quantification, together with the
corresponding imaging of calcium ions. Additionally, a positive
apoptosis control was employed to distinguish between the increase of
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MgHA

Fig. 5. Fluorescence images of MG-63 cells supplemented with HA-F and MgHA-F NPs for 4 h both in FBS+ and FBS— conditions. Red staining indicates actin
filaments, blue dots denote cell nuclei and green intensity marks fluorescent nanoparticles. Scale bars represent 200 pm.

Ca?* produced as part of the programmed cell death mechanism and the
contribution of released ions after the dissolution of the NPs. Indeed,
calcium, as a secondary messenger molecule, is highly involved in the
signalling pathway of apoptosis [53].

Fig. 6A summarises the fluorescence intensity levels of Fluo-4 AM
after 3 h of incubation of cells with the NPs, relative to the controls. The
intracellular Ca* levels of the samples FBS+ were similar for all the
conditions, with slightly higher fluorescence in the case of HA NPs. On
the contrary, the fluorescence intensity of the samples supplemented
with HA and MgHA in serum-free media dramatically rose to 4 times the
values of the controls (i.e. control without NPs and apoptosis control).
The significant increase in the levels of intracellular Ca?" may be
attributed to the contribution of dissolved HA NPs inside the lysosomes,
as hypothesised. Moreover, the values obtained for the samples with FBS
confirm the difficulty of the cells to uptake NPs when they are coated
with a protein corona.

Images illustrating the calcium distribution in MG-63 cells are pre-
sented in Fig. 6B. Regardless of the addition of NPs, the cells exhibited
similar appearance in all FBS+ conditions, showing homogenous
staining throughout the cytosol. Interestingly, the cells of the apoptosis
control (Fig. 6Bii) showed a singular morphology, exhibiting stressed
fibres due to the nature of the sample (i.e. initial steps of the apoptotic
process). In the serum-free condition, the control sample revealed ho-
mogeneous staining of cytosolic Ca?*, similar to the serum-containing
condition. In contrast, noticeable differences were observed for the
other samples (i.e. HA, MgHA and apoptosis control, Figs. 6Bvi-viii),
where Ca®" was found concentrated in vesicles distributed all over the
cytosol. Although several calcium-rich vesicles were observed in the
control of apoptosis, the number of the vesicles was markedly higher for
the nanoparticles-containing samples, indicating that the Ga®" contri-
bution mostly comes from the massive uptake of HA NPs. The presence
of calcium-rich vesicles in the FBS— apoptosis sample may indicate the
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membrane break of important intracellular calcium stores and the sub-
sequent Fluo-4 permeability to them, caused by the advanced stage of
the cell death process.

Various calcium stores are present in the cell, which could explain
the selective staining of vesicles in Fig. 6. It is well established that the
main intracellular calcium store is the endoplasmic reticulum (ER),
together with the Golgi apparatus and mitochondria. However, there are
other small-volume stores, such as acidocalcisomes, endosomes or ly-
sosomes, dispersed throughout the cell that are considered as secondary
Ca?* stores [54,55]. Despite the classification in main and secondary
Ca?* stores, the concentration of calcium can reach comparable values
between the lysosome lumen and the lumen of the ER [56]. As previ-
ously mentioned, Fluo-4 in all the serum-containing samples, as well as
in the control FBS— exhibited homogeneous staining of the cytosol,
proving that the fluorophore was not able to enter the ER, Golgi appa-
ratus or mitochondria, as expected. Thus, it seems feasible that the small
green-stained vesicles ranging from 0.3 to 0.6 pm in size observed could
be attributed to intracellular Ca®* localised in individual vesicular stores
(e.g. lysosomes, endosomes, etc.) enriched by the presence of dissolved
HA NPs. We expect these vesicles to have a compromised membrane to
allow the entrance of the Fluo-4 molecule. It has to be noted that the
fluorescence intensity for the serum-free samples loaded with NPs had to
be decreased during the analysis to avoid the saturation of the vesicles.
This adjustment reduced the overall fluorescence and masked the
contribution of cytosolic calcium, that could be observed before this
modification. Hence, the selective staining of calcium-rich vesicles does
not exclude an increase in cytosolic Ca?*, which would be responsible
for the cytotoxicity. Unfortunately, the results reported by other authors
on intracellular calcium determination does not discriminate between
free cytosolic Ca?* from Ca?" retained in vesicles. This is for instance the
case of the studies that rely on the quantification of fluorescence in-
tensity by microplate reader or by FC [21,24].
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statistically significant differences (n = 4; p-value <0.05).

The observation of such stained vesicles has been sometimes attrib-
uted to subcellular compartmentalisation [57]. Even though we
demonstrate the absence of these highly fluorescent vesicles in the
control samples and in all the serum-supplemented conditions, which
clearly discarded this possibility, further analysis has to be done in order
to confirm the presence and determine the composition of the vesicles.

3.4.3. Transmission electron microscopy and cryo-soft X-ray tomography
Transmission electron microscopy (TEM) and cryo-soft X-ray to-
mography (cryo-SXT) were performed in selected specimens (i.e. serum-
free samples) to check the uptake of NPs and to assess the distribution of
calcium-rich vesicles inside the cells. TEM, as a high-resolution tech-
nique, with resolution below 5 nm, is typically used to evaluate the
internalisation of nanomaterials. In contrast, cryo-SXT is a novel tech-
nique that uses X-ray to image frozen pristine samples in the water
window region (i.e. between the carbon K edge at 284 eV and the oxygen

K edge at 543 eV) with resolution about 25 to 40 nm. Within this region,
X-rays are absorbed an order of magnitude more strongly by carbon- and
nitrogen-containing organic material than by water, allowing direct
visualisation of the cellular structures while water remains nearly
transparent [58,59]. Thus, comparing both techniques, while TEM has
the advantage of resolution, it requires major processing steps such as
fixing, dehydration and slicing to observe the samples. All along these
steps, electrolytes and low molecular weight organic compounds can
potentially be washed out from the cells and any information concerning
the presence of ionic soluble content will be missed [54]. In addition,
artefacts can be easily introduced during sample processing. Instead,
cryo-SXT has lower resolution than TEM but enables mesoscale imaging
of the whole cellular ultrastructure without any processing other than
vitrification [60,61]. Thus, the possibility to image cells under near-
native conditions is a strong asset of this technique. Moreover, cryo-
SXT offers the possibility to quantify the results and distinguish
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Fig. 7. TEM images of cells without the addition of nanomaterials (control) and after the supplementation of HA and MgHA NPs in serum-free conditions. * indicates
NPs. ER, L and M stand for endoplasmic reticulum, lysosomes and mitochondria, respectively. White arrows point vesicles (either empty or with residual content).

Scale bars denote 2 pm.

cellular structures based on linear absorption coefficients, following the
Beer-Lambert law [58,62].

With respect to the TEM results, illustrated in Fig. 7, samples of cells
supplemented with HA and MgHA NPs in serum-free conditions were
examined, together with a control without NPs. The results not only
confirmed the uptake of nanoparticles in both supplemented samples,
but they also denoted the absence of electrodense vesicles comparable in
size to the ones observed by confocal fluorescence microscopy. Instead,
other vesicles (either empty or with residual content) were seen, which
was consistent with the idea that electrolytes such as Ca®" and P; were
lost during sample processing. However, it was impossible to know the
original composition of these organelles using this technique.

In contrast, cryo-SXT revealed interesting differences compared to
TEM. Fig. 8 shows the X-ray projection images that provide an overview
of the cell of interest (8i and iv), together with relevant tomographic
sections taken from the tilt series (8ii and v) and their segmentation (8iii
and vi). Videos of the whole aligned tilt series can be found in the
Electronic Supplementary Material. In the selected sections, small highly
absorbing vesicles of around 0.3 to 0.6 pm and reaching up to 1 pm were
readily visible. Similar-looking vesicles have been ascribed by other
authors as lipid droplets (LDs), due to their small size and their high
carbon content that highly absorbs at 520 eV [63]. However, LDs are
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usually described as fully dense dark vesicles by cryo-SXT or, in some
cases, as vesicles containing one lighter vesicle within [58]. Further-
more, three different components of the endocytic pathway can be
distinguished. First, early endosomes that can be considered as sorting
vesicles and are agreed to appear as membrane-bound organelles with a
relatively uniform interior by cryo-SXT. Multivesicular bodies (MVBs),
formed from early endosomes by the invagination of the membrane into
their own lumen, which, imaged by cryo-SXT, should clearly contain one
or more internal lighter vesicles. And lysosomes, the last organelle of the
endocytic pathway that break down biomolecules into simple com-
pounds thanks to many hydrolytic enzymes, and typically show an
electrodense lumen with internal granular structures [58,63,64]. In this
regard, Fig. 8v shows that most electrodense vesicles contained >2 low-
absorbing vesicles, which suggested the presence of endocytic vesicles
rather than LDs and, more specifically, of MVBs. Actually, MVBs are
organelles formed by the maturation of early endosomes. They are also
known as late endosomes and are always identified in the degradation
pathway of any endocytic process [65]. In the case of Fig. 8ii, a lower
density of MVB vesicles was observed along with larger grainy structures
compatible with lysosomes or endolysosomes, as well as a large vesicle
containing pristine HA NPs. In general, the large number of the darker
MVBs would match with the green-stained vesicles observed by
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Fig. 8. Cryo-SXT of cells after 3 h of exposure to HA and MgHA NPs. i and iv showing mosaic projections, ii and v display relevant tomographic sections, and iii and
vi reveal the segmentation of the same stacked tomograms. N denotes nuclei and * stands for internalised NPs. Nuclei are segmented in yellow, lipid droplets in pink,
nanoparticles in blue and multivesicular bodies in purple. Scale bar represents 5 pm.
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fluorescence confocal microscopy (Fig. 6B). However, distinguishing
LDs from MVBs is not so straightforward.

Apart from discrimination of the different organelles by visual in-
spection, cryo-SXT allows quantitative determination of the linear ab-
sorption coefficient (LAC) for each cellular component [59,66]
(Table 2). Therefore, in order to better elucidate the nature of these
small vesicles, the selected tilt series were segmented and their LACs
quantified. Nuclei (segmented in yellow) resulted in a LAC of 0.29 +
0.02 pm ™!, while internalised NPs presented a high LAC value of 1.94 +
0.02 pm L. In addition, two different vesicles were identified: LDs with a
LAC of 1.42 + 0.03 pm ™!, and MVBs with a LAC value of 1.09 + 0.05
pm . It is worth noting that the standard deviation obtained for these
values is very low, and this indicates the high similarity of LACs between
both sample conditions. The differences in LAC values between LD and
MVB proved compositional differences between both types of vesicles.
Thus, based on LAC values we could unambiguously map MVBs and LDs
from the analysed cells (Fig. 8iii and vi). It is known that LD is typically
the structure with the highest LAC value due to its increased carbon
content compared to the other organelles, which agrees with the results
obtained (LAC of LDs was 1.42 pm’l vs. LAC of nuclei 0.29 pm’l). The
fact that cells with internalised NPs contained MVBs with LAC values
close to the LD ones, implies that these vesicles should contain highly
absorbing elements. In combination with the very high LAC value of the
solid NPs, it indicates that the electrodense vesicles may contain
degraded NPs. Accordingly, these results suggest that the Ca?*-rich
vesicles identified by confocal microscopy, should not be considered as
artefacts and they likely correspond to MVBs.

Moreover, although both samples had Ca-rich vesicles with similar
LAGCs (i.e. 1.11 + 0.03 pm ™! and 1.07 + 0.04 pm™! for HA and MgHA,
respectively), the segmentation revealed different size and distribution
of these vesicles. Specifically, HA presented a lower amount of vesicles
but of larger dimensions, whilst the vesicles in MgHA were smaller but
present in higher quantity. Analysis of the tomograms obtained for the
cell exposed to HA NPs showed the capture of a less advanced degra-
dation state of the NPs, which together with the tomogram of the cell
exposed to MgHA allows to see the evolution of the degradation of these
materials.

An additional aspect to explore in the future from cryo-SXT is cry-
ospectroscopic imaging by changing the imaging energy from 520 eV. In
arecent work by Gal et al. the authors set the energy to 353 eV, which is
the absorbing energy for Ca, to investigate the distribution of calcium-
containing organelles in calcifying and non-calcifying species in algae
[26]. A very distinct Ca>" map was shown, proving to be a powerful tool
to trace calcium stores in pristine conditions. This technique applied to
our samples would allow gaining further insights in the quantification
and distribution of intracellular calcium.

The study of intracellular calcium is of major relevance when trying
to elucidate the fate of internalised NPs, as changes in the cytosolic
calcium of the cells help to understand the cytotoxicity caused by HA
NPs. Through the combination of different techniques, both conven-
tional and advanced, we have been able to detect the presence of mul-
tiple MVBs which potentially carry degraded NPs. However,
discrimination of these Ca-rich stores from cytosolic calcium would be
needed to better assess toxicity. We have demonstrated the limitations of
various techniques in this regard, but also the great potential of intra-
cellular calcium probes combined with cryo-SXT.

4. Conclusions

The main goal of this work was to understand and to prove the
cytotoxic mechanism of hydroxyapatite NPs using the common tech-
niques in the field together with cryo-SXT imaging at the ALBA syn-
chrotron. The studies revealed the internalisation of HA and MgHA NPs
as the main toxicity mechanism, with minor contribution coming from
the material interaction with the outer cell surface. It was noticed that
the results from FC when applied to investigate the uptake of NPs need
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Table 2
Linear absorption coefficient (LAC) of the different cellular components.

Nucleus Nanoparticles Lipid droplets Multivesicular bodies
(pm™h) (qm™ (um™ (um™
Yellow Blue Pink Purple
HA 1.11 + 0.03
.29 £+ 0.02 1.94 + 0.02 1.42 + 0.
MgHA 0.29 £ 0.0. 94 £ 0.0. 4 0.03 1.07 + 0.04

to be carefully analysed, as the contribution of the NPs attached to the
cell membrane can induce to wrong conclusions. The use of intracellular
calcium probes revealed increased levels in the calcium content of the
samples supplemented with NPs. The major contribution to the intra-
cellular calcium was from the staining of a high number of small
calcium-rich vesicles. The results from cryo-SXT proved that these ves-
icles were MVBs and not a staining artefact. Despite the high resolution
of TEM, dehydration of the sample impeded the study of these vesicles
due to their liquid content. Overall, the combination of calcium-
fluorescent probes together with cryo-SXT provided the best tools to
investigate intracellular calcium of cells with internalised HA and MgHA
NPs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioadv.2022.213148.
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