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We report preliminary findings suggesting that the diame-
ter of the internalised calcium phosphate particles is crit-
ical to cell fate with particles/aggregates of particles of
larger than 1.5um leading to cell death. This has signifi-
cant implications for the design of medical materials even
from those consisting of non-toxic calcium phosphate salts.

Calcium phosphates (CaPs) have been used extensively as
bone replacement materials, substrates for drug release and
transfection agents "% because of their non-cytotoxic nature
and chemical similarity to the mineral component of human
bone. There are numerous studies of CaPs of different mor-
phology, size, surface area and zeta-potential and their effect
on cellular uptake”:8, transfection efficiency and cytoxicity 7.
However, the fate and precise location of the material once in-
side the cell, together with it’s effect on the cell itself, is not
fully understood. Motskin et al. (2009) attempted to quan-
tify the volume of CaP within fixed human macrophages from
TEM images and reported significant localisation within lyso-
somes from observations®. Together with image data, they
concluded that apparent cytoxicity was dependent on the vol-
ume of the internalised material®. It’s been widely reported
that the mechanism behind this apparent cytoxicity involves
the release of Ca®* from the CaP structures dissolved within
the acidic environment of the lysosomes®!, which in turn
interferes with Ca®* mediated signalling pathways includ-
ing those involved in apoptosis'!~13. However, it’s unclear
whether this calcium ion release is actually dependent purely
on the total volume of the internalised CaP within the cell
membrane because there are no studies to date which have
quantified the amount of material within lysosomes and free
in the cytosol.

We previously reported a method for the surface modifi-
cation of silicon-substituted hydroxyapatite (SiHA) with thiol
groups, which enabled the engraftment of a fluorescein-5-
maleimide probe and hence the clear visual discrimination of
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the material from cells '* (tfigure S1). In this work, cellular in-
ternalisation and lysosomal processing of calcium phosphate
particles by MC3T3 cells has been visualised and quantified
through surface modification and fluorescent tagging along
with lysosome co-labelling (tESI section 1.1 for materials and
methods). Computational image analysis of 3D confocal im-
age stacks was used (fsection 1.3) to estimate the size dis-
tribution ({Figure S2) and volume ({Figure S3) of the inter-
nalised material located both within and outside of the lyso-
somes. Gel electrophoresis of the labelled particles showed
that the dye remained bound to the functionalised particle sur-
face after extensive washing and that excess unbound dye had
been removed (Figure S4), hence the detected fluorescence in
the confocal images represents particle bound dye. We report
observations of changes in the behaviour of MC3T3 cells in-
dicative of the onset of cell death after exposure to labelled
SiHA, which correlate with both the size distribution and vol-
ume of the material not located within the lysosomes.

SiHA-Lysosome colocalisation was represented by yellow
pixels in the overlay confocal microscopy images ({Figure S5
and S6). Analysis of the 3D confocal image stacks revealed
that generally no more than approximately 20 um? of material
was located within the lysosomes after 24 hours irrespective
of the total volume of material in the cells as a whole (which
ranged from 20-220 um?). No clear relationship was found
between the volume of material transferred to lysosomes and
the total material internalised by the cell as a whole (figure 1).
Three example cases of changes in cell morphology and be-
haviour are highlighted - 1) cells changing from elongated to a
round morphology, 2) an increase in the number of lysosomes
and their convergence around internalised structures and, 3)
detachment of cells from the substrate. Detachment of cells
from the imaging dish suggested late stages of cell death, but
there was no clear link between this behaviour and the amount
of material located within the lysosomes, which would po-
tentially be a source of dissolved calcium ions. For example,
the example case of cell detachment (labelled as ’3’ ) in fig-
ure 1, was found to contain approximately 215 um? of material
within the cell with less than 5 um? of this located within lyso-
somes. Meanwhile, cells with lysosomes containing up to 45
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of material showed no change in overall morphology.
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Fig. 1 Scatter plot of total volume of internalised material
colocalised within lysosomes against total volume of material within
the cell as a whole. There was no clear relationship between how
much material was transferred to the lysosomes and the total amount
of material within the cell as a whole. Three example cases of
changes in cell behaviour are labelled: (1) cell changing from an
elongated to round morphology, (2) increase in lysosome number
and, (3) cell detachment from substrate.

The distribution of the material within the cells exhibiting
changes in morphology and function was then analysed to
supplement the volume estimation data. Figure 2 shows size
histograms of material detected within (red bars) and outside
(blue bars) the lysosomes together with bright field images of
example cells showing changes in morphology and confocal
fluorescence images of labelled SiHA and lysosomes. Struc-
tures up to luym in diameter were most prevalent within the
cells, but structures of up to 3 —4um in diameter were also ob-
served. Lysosomes were generally found to contain structures
up to 2 —3um in diameter, leaving any larger structures within
the overall cell. In the case of cell morphology changing from
an elongated to a round shapes (figure 2a-d), the majority of
all of the material, consisting of structures between 0.2 — 3um
in diameter, were taken up by the lysosomes. Total encap-
sulation of the micron scale material is clearly shown in the
orthogonal views of the highlighted region of the fluorescence
image where the yellow "colocalised pixels’ are surrounded by
the red lysosome. In the second case involving dramatic in-
crease in lysosome recruitment (figure 2e-h), no material with
diameter above 2um was found within the lysosomes, result-
ing in approximately 90% of the material remaining within
the cytoplasm. Some structures between 2 — 3um were ob-
served to have been partially enclosed by lysosomes (as shown
in the inset high magnification fluorescence image) to create
a substructure approximately 1.5 —2um in diameter, which is
shown by the creation of a lone red bar within this size class in

the size histogram. In this case it can be proposed that the 2-
2.5um size class of structures would eventually become com-
pletely encapsulated over time given that structures of up to
3um were encapsulated in the first case (a). Nonetheless, the
cells which were observed to have increased lysosomal ac-
tivity contained SiHA structures up to 4um in size - none of
which were found to colocalise with lysosomes. In the cases
where partial cell detachment was observed (figure 2 i-1), no
structures larger than 1ym were detected within the lysosomes
(figure 2i) where little colocalisation (yellow coloured pixels)
could be seen across the vast majority of the labelled material.
Detachment was observed to be a dramatic and rapid process
as when by the bright field images (j and k) which were taken
approximately 3 minutes apart.

In summary, we have for the first time quantified the volume
and size distribution of SiHA located within lysosomes of live
MC3T3 cells. Observations of changes in cell morphology
and detachment from the surface, which are believed to re-
late to stages of cell death, 24 hours after exposure to SiHA
have been reported and were shown not to depend purely on
the total volume of material within the cell as shown in other
studies. SIHA aggregates within the cell larger than 1.5ym not
located within lysosomes correlate with onset of cell death.
We speculate that the presence of aggregates outside of the
lysosome could be the result of: 1) the destabilisation of the
lysosome membrane due to increased Ca>* ion concentration
from the dissolving particle material, thus releasing the undis-
solved fraction of the particle/aggregate and/or, ii) destabilisa-
tion of the late endosomes containing the material before fu-
sion with lysosomes occurs. The latter hypothesis partly stems
from the fact that the structures detected outside of the lyso-
somes exhibited highly localised fluorescence, possibly sug-
gesting that the labelled particles were still intact and there-
fore had not been subjected to the acidic environment of the
lysosomes. However, analysis of the local free Ca* ion dis-
tribution around these regions and labelling of late endosomes
may be required to fully investigate this theory. Understand-
ing the mechanism of escape will be the focus of our future
work in this area. These results may have wider implications
for the understanding of how particles eroded from the surface
of implants may influence biological response and highlight
that biological response even to non-toxic materials may be
strongly size dependent. This presents an additional impor-
tant consideration for the design of new implant materials.

We would like to acknowledge the funding for this work
provided by the EPSRC (grant reference: EP/F50053X/1). We
would also like to acknowledge Advantage West Midlands and
the Birmingham Advanced Light Microscopy centre for the
provision of and access to the confocal microscope used in
this work.
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Fig. 2 Three example cases of changes in cell behaviour, which correlated with location of the internalised material within the cell. In each of
the three cases, a size distribution of material inside the cell and within the lysosomes (a; e; i), bright field images showing the changes in cell
morphology (b; f; j.k) and confocal fluorescence images (c.d; g.h; 1) are presented. Histograms scaled by factor 10 and shown on a Log-10
scale for clarity and the error bars represent standard deviation of the size measurements. Structures larger than 1 — 1.5um not encapsulated
within lysosomes appear to correlate with the observations of cell death suggesting an interplay between total amount and size distribution of
CaP internalised on cell fate.
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