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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 1.5µm 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 agents1–6 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 uptake7,8, transfection efficiency and cytoxicity8,9.

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 observations8. Together with image data, they

concluded that apparent cytoxicity was dependent on the vol-

ume of the internalised material8. It’s been widely reported

that the mechanism behind this apparent cytoxicity involves

the release of Ca 2+ from the CaP structures dissolved within

the acidic environment of the lysosomes8,10, which in turn

interferes with Ca 2+ mediated signalling pathways includ-

ing those involved in apoptosis11–13. 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 cells14 (†figure 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 (†ESI section 1.1 for materials and

methods). Computational image analysis of 3D confocal im-

age stacks was used (†section 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 µm3 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 µm3). 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 µm3 of material

within the cell with less than 5 µm3 of this located within lyso-

somes. Meanwhile, cells with lysosomes containing up to 45
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