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Abstract

We investigated the biophysical effects (cell elasticity and spring constant) caused on
Saos-2 human osteoblast-like cells by nanosized metal (Co and Ti) wear debris, as
well as the adhesive characteristics of cells after exposure to the metal nanoparticles.
Cell viability was investigated using the MTT and LDH assays; along with metal
uptake, cell apoptosis and mineralisation output (alizarin red assay) of the cells were

also determined.

Osteoblasts viability was not affected by Ti nanoparticles at concentrations up to 1
mg/ml and by cobalt nanoparticles at concentrations < 500 mg/l; however elasticity
and spring constant were significantly modified by the exposure to nanoparticles of
these metals in agreement with the alteration of cell conformation (shape), as result of
the exposure to simulated wear debris, demonstrated by fluorescence images after

actin staining.
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Introduction

Osteoblasts and osteoclasts are cells involved in the synthesis (osteoblasts) and
remodelling (osteoclast) of bone respectively [1]. The balance of these two actions is
pivotal in osseointegration that is the process of bone deposition onto implanted

biomedical devices such as those used in total joint arthroplasty [2].

Joint replacement devices are orthopaedic implants employed to return functionality
to articulations that are damaged beyond their natural ability to self-repair. These
devices present two abiotic surfaces that replicate the bone and cartilages of
articulations. These surfaces originate debris in consequence of the wear that occurs
during the movement of the joint. Depending on the chemical composition and
size/shape, these wear debris can modify to the surrounding cells metabolism

potentially leading to osteolysis and aseptic loosening of the device [3],[4].

Particles originated from the artificial joints have been retrieved the surrounding
tissues of failed implants [5]-[8]. Debris are not only a factor contributing to
periprosthetic osteolysis and aseptic loosening [8], but also increase the risk of
infection [9]. Plenty of studies [5],[10]-[14] have investigated the biological impact of
these wear particles on cells and tissues surrounding the implantation site [15]. There
is also a general consensus over the higher danger posed by nanosized debris over
microsized particles of the same material; likely linked to the greater ability of smaller

particles to penetrate cell membrane [3].

In this study, Saos-2 cells were used as a model for human osteoblast. This cell line
was derived from human osteosarcoma cells, and it is routinely employed as a model

of human osteoblastic [1],[16],[17].



Many studies have investigated the effect of wear particle exposure on Saos-2 cells
[18]-[22]; however there is a lack of understanding of the wear debris post-exposure
impact on the nanoscale structural and biophysical properties of Saos-2 cells. The aim
of this work was studying the elastic and adhesive properties of Saos-2 cells post
exposure to Cobalt and Titanium nanoparticles. Additionally, mitochondrial activity
(LDH and MTT) and apoptosis, calcium production activity of these cells, and the cell

uptake were compared with biophysical data.

Results

Size and Charge of the nanoparticles

Both metal nanoparticles had negative zeta potentials (Table 1) with Titanium
nanopatrticles displaying the lowest overall negative charge at -44mV and with Cobalt
nanoparticles having a potential of around -20mV. The human osteoblast also had a

negative zeta potential of -7mV.

Mitochondrial activity

The mitochondrial activity (MTT data) of Saos-2 cells before and after exposure to Co
and Ti nanoparticles for various time points is shown in Figure 1. After 24 hours all
treated cells had a reduction in mitochondrial activity compared to the control cells, for
500 and 1000 pg/ml Cobalt (p<0.05). No difference was observed in the viability of
cells exposed to Titanium nanoparticles even at the highest concentration of 1000

pug/ml (p>0.05).



After 48 hours, the overall viability values decreased for both untreated and treated
cells. After exposure to Cobalt or Titanium nanoparticles the viability of Saos-2 cells
(determined through MTT assay) did not differ from those of control sample (p>0.05

regardless of the concentration of the nanoparticles.

A similar trend was also recored after the maximum exposure time of 72 hours when
no difference in the meadured cell viability was noticed for none of the tested

concentrations of both Cobalt anf Titanium nanopatrticles (p>0.05).

LDH levels after 24 hours did not change greatly for Titanium particles, regardless the
concentration (p>0.05). A slight reduction was however observed with Cobalt
nanoparticles exposure for the highest concentrations of 500 and 1000 pg/ml (p<0.05),

with a reduction from 88% for the control cells to 72% at 500 pg/ml.

At 48 hours, Cobalt nanoparticle exposure had little to no alterations in LDH compared
to the control (p>0.05), Saos-2 exposed to Titanium nanoparticles returned the same

viability (LDH assay) as the control for all concentration tested (p>0.05).

After 72 hours of exposure, the control cells viability decreased to 56%. All exposed
cells LDH levels had decreased viability too but no statistically significant differences

were detected regardless of the type of nanoparticles or concentration (p>0.05)

Osteoblast mineralisation ability

To determine the mineralisation ability of the cells after exposure to nanoparticles the
Alizarin red assay was used after 21 days of exposure to the nanoparticles. The control
cells had an osteocalcin production value of 0.7 OD, shown in Figure 2. A general
decrease in production was observed for both Cobalt and Titanium nanoparticles

treated cells. For Cobalt nanoparticles the decrease was statistically significant in



comparison with the control samples at concentrations greater than 50 pug/ml. While
for Titanium, only nanoparticles concentrations greater than 250 ug/ml gave results

statistically different from the control samples (p<0.05).

Biophysical properties
Elasticity and spring constant data are given in Figure 3 and Figure 4, respectively;

each graph represents all time points that were measured at 24, 48, and 72 hours.

After 24 hours of metal nanoparticles exposure there was a general increase in
elasticity i.e. the cells became stiffer with increasing concentrations of nanopatrticles,
and this was especially pronounced for Cobalt elemental nanoparticles. The initial
elasticity for the control cells were at 9 kPa, for the lowest concentration the elasticity
increased to 11 kPa for both Cobalt and Titanium nanoparticles, but this was not
statistically significant (p>0.05). However, a remarkable increase was observed at a
concentration greater than 50 pg/ml for both Cobalt and Titanium nanoparticles
(p<0.05) After 24 hours exposed to the highest concentration of 1000 pg/ml of either
titanium or cobalt nanoparticles the cells exhibited an elasticity almost double than of

the unexposed cells.

With exposure time of 48 hours, the control cells remained consistent with an elastic
modulus of 9 kPa, the same as the 24 hours. After exposure to Cobalt elemental
nanoparticles the cells demonstrated no change in elasticity at a concentration of 5
png/ml as observed at 9 kPa (p>0.05); the elastic modulus of exposed cells increased

thereafter for both titanium and cobalt.

The control cells had an elastic value of 13.5 kPa after 72 hour, greater than that

recorded for the previous time points (p>0.05). Again cells exposed to either cobalt or



titanium nanoparticles exhibited greater cell elasticity when the nanoparticles

concentration was greater than 5 pg/ml.

Figure 4 represents the spring constant results for both Cobalt and Titanium
nanoparticle exposure. At 24 hours, an obvious increase in spring constant was
recorded with increasing concentration for both nanoparticles. The control spring
constant was recorded at a value of 0.01N/m; for Cobalt nanoparticles this value
increased to 0.03 N/m at a concentration of 5 pg/ml, which remained the same for a
concentration of 50 ug/ml. At the highest concentrations of 250, 500, and 1000 pg/ml
the spring constant values continued to increase to 0.05, 0.07, and 0.10 N/m,
respectively. Titanium nanoparticle exposure also demonstrated a general increase in
spring constant values but at smaller values than Cobalt nanoparticles; for 5 ug/mi
concentration the spring constant of the exposed cells was the same as the control
value of 0.01 N/m, increasing to 0.08 N/m for concentrations of 50 and 250 pg/ml; at

500 pg/ml gave a spike at 0.05 N/m which decreased to 0.04N/m at 1000 pg/ml.

A similar pattern was observed for Cobalt nanoparticles exposed cells after 48 hours,
but no change was recorded for Titanium nanoparticles. The control cells spring
constant had increased to 0.02 N/m. For Cobalt nanoparticles the spring constant of
the cells was not statistically different for concentrations of 50 and 250 pg/ml (p>0.05),
and a dramatic increase was demonstrated at a concentration of 500 and 1000 pg/ml
at values of 0.11 and 0.13 N/m (p<0.01). For the Titanium nanopatrticles treated cells
the values for the spring constant with was not different than the control samples

(p>0.05).

After 72 hours exposure to nanoparticles, there not an statistically significant

difference between the control and exposed cells (p>0.05).



Cell adhesion forces

For all cells, control cells (unexposed to nanoparticles), and exposed cells to Cobalt
and Titanium nanoparticles adhesion data are given in Figure 5; the data
demonstrated a non-Gaussian spatial distributions of adhesion forces on the cell

surfaces.

At 24 hours, the median adhesive force recorded or the control cells was at 2.5 nN,
the values for the Cobalt and Titanium nanoparticles exposed cells did not vary greatly
from the control (p>0.05). After 48 hours, the control cells adhesion decreased to 1nN
compared to 24 hours control; for cells exposed to Cobalt nanoparticles the range of
values of adhesion increased with increasing concentration, with the highest adhesion
recorded at a concentration of 500 ug/ml at 2.5 nN. For cells exposed to Titanium
nanoparticles, the range of data was less than for cells exposure Cobalt nanoparticles

(p<0.01) and the greatest adhesion was observed at 2.0 nN at a concentration of 5

pg/mi.

Three days of exposure demonstrated little to no change in adhesion force distribution

for neither Cobalt nor Titanium exposed nanoparticles (p>0.05).

Metal uptake by cells

Metal uptake by cells data is shown in Figure 6. Regardless of the metal used, the
uptake generally increased with increasing concentration after all three exposure times
(p<0.01). For Cobalt nanoparticles, the maximum uptake was observed after 48 hours
for 500 and 1000 pg/ml concentrations at around 570 and 700 pg/108cell. For
Ttitaniumnanoparticles, the overall uptake was around six folds smaller than Cobalt
nanopatrticles, again after 48 hours exposure to the metal particles, demonstarted a

peak of uptake especially for a concentration of 500 pg/ml at around 90 pg/108cell.



After Ti nanoparticles exposure the cells demonstrated the greatest uptake at 24 hours
with the greatest concentration after exposure to 1000 pg/ml Ti nanoparticles with an
uptake of 110 ug/108cell. No statistical difference between data after 48 and 72 hours

for both types of particles (p>0.05).

Cell morphology

Osteoblast cell not exposed to any metal nanoparticles exhibited tubular filaments of
actin in the cytoskeleton after 1 and 3 days of incubation. On the other hand the
presence of Co induced conformational changes after 1 day of expose at nanoparticles
concentration greater than 0.5 mg/ml with the cytoskeleton appearing more rounded;
after 3 day of exposure to Co nanoparticles Saos-2 cells appeared similar to those in
the control sample (no nanoparticles) at concentration below 1 mg/ml (Figure 7). Ti
nanoparticles had a similar impact on the conformation of the actin in the cytoskeleton

of Saos-2 cells (Figure 8).

Apoptosis

Saos-2 cells not exposed to any nanoparticles (control samples) exhibited a population
of apoptotic cells of about 7-8 % (Figure 9) as determined by ANNEX. Once in contact
with either cobalt or titanium wear debris simulating nanoparticles, the fraction of
apoptotic cells increased with nanoparticles concentration and with exposure time.

Furthermore, cobalt appeared to induce more apoptosis than titanium.

Discussion

Cobalt and Titanium nanoparticles used in this study resemble those retrieved from

explants in terms of size and shape [12],[29]-[31]; this is critical in enabling the use of



these metal nanoparticles as model for joint replacement devices wear debris as
particles morphology (i.e. size and shape) impacts proliferation and differentiation of
cells along with wear particles concentration [29]. Particles with diameter smaller than
1 um are more easily phagocytosed compared to larger counterparts [32] and
elongated particles induce stronger cellular reactions than round particles
[29],[33],[34]. Moreover, particles concentrations used in this study were the same
range as studies and found in patient tissues [29],[35]. Moreover, no difference
between Ti oxides and Ti elemental nanoparticles was found on the mitochondrial
activity and mechanical properties of cells; [36],[37] similarly, Co oxide had the same
effects as elemental Co [38]. Therefore the experimental conditions closely resemble

in vivo situations.

Higher concentrations of Titanium (up to 10 mg/ml) were used with no noticeable
cytotoxic effect by Pioletti et al. (1999) [15]; however they were shown to induce
apoptosis [39]. Yet, similar concentrations of chromium and Cobalt-chromium induced
cytotoxic effects with reduced bone formation [35]. This was also found in this
investigation; for cells exposed to both Cobalt and Titanium, the bone mineralisation
decreased with increasing concentration of nanoparticles after 21 days of growth

(Figure 2).

It has been reported that the majority of titanium particles are phagocytosed in the first
24 hours [15]. This is in agreement with our results on the biophysical properties of
cells that exhibited the greatest variation from the control sample after 24 hours of
exposure (Figure 3, Figure 4, Figure 7, Figure 8). This was also observed for Cobalt
nanoparticles in the investigation of human osteoblasts (Figure 6), however, there was

no great change in the viability of the cells exposed to Titanium and these findings are
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in agreement with the results presented by Vandrovcova et al. (2014) [40]. Moreover
the apoptosis induced by both titanium and cobalt is well in agreement with previous

studies [39] .

Osteoblasts surface properties also govern the osseointegration of an implant that is
an essential process to ensure longevity and stability of implanted biomedical devices
[3]. All metal particles used in this work had a negative zeta potential (Table 1), and it
has been demonstrated that negatively charged surfaces increased the attachment to
Saos-2 cells [40]. Despite the same electrostatic charge (both cells and nanoparticles
were negatively charged), nanoparticles attached to the cells. This apparent violation
of the electrostatic repulsion is often seen in biological samples and explained by the
presence of adhering features on the cell external wall (proteins and other protruding
filaments) that enable living cells to attach onto surfaces exhibiting the same charge
as the cells despite the electrostatic repulsion [41] Cellular behaviour regulates the
attachment of cells especially when concerned with osteoblast and fibroblasts as these
cells need adherence for survival and growth [9],[42]. Others have suggested that the
nanotopography of cells have an influence on cell behaviour governing the integrin

clustering and focal adhesion assembly [43],[44].

The mechanical properties of single cells have been measured using various
techniques [45]-[48], some of which include rheometry with magnetic beads, optical
traps, and AFM [45]. Anchorage dependent cells can adapt to local physical stimuli by
changing cell stiffness [43]; evidence of this has previously been observed using
mesenchymal stem cells causing differentiation into specific lineage, for example,
softer matrix induces neurogenic routes whereas stiffer matrices cause developments

of myogenic and osteogenic phenotypes [43],[49],[50]. Alterations to the ECM can
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influence further mechanical stimuli which impact on the cellular function, for example

the growth, motility, survival, adhesion and contractility [51].

It has been noted that the elastic properties of osteoblasts are directly linked to the
cytoskeleton [52],[53]; hence our results corroborate this as the changes in
cytoskeleton structure observed though actin staining (Figure 7, Figure 8) are linked
to the measured changes in the cell elasticity (Figure 3) and spring constant (Figure
4) and potential the initial stages of apoptosis as determined by annexin V assay
(Figure 9) that is based on the exposure of a phospholipid-like phosphatidylserine (PS)

on the outer cell membrane

Other studies have also used AFM techniques to investigate the stiffness of cells and
reported that a cantilever spring constant of 0.06 N/m was sufficient to approach
cellular samples of mammalian origin [54], correlating to the spring constant used for
human osteoblasts in this study. Generally, it is accepted that differentiating cells are
stiffer [45], for example Saos-2 cells not exposed to nanoparticles had a mean
modulus of around 10 kPa while cells exposed to Cobalt exhibited an elastic modulus
twice that of the control samples illustrating that metal nanoparticles do alter the cells
mechanical properties. The elastic modulus of cells is of importance as, clinically, it
has been suggested that changes to cellular stiffness indicate pathological disorders,
for instance increased liver stiffness indicates cirrhosis [51]. Stiffness is therefore an
important characteristic to explore as it indicates damage to the cells as represented
by changes to the cytoskeletal organisation [51],[55]. It is believed that cytoskeleton is
the main component of sensing mechanical changes [51],[55],[56]. Even though wear
particles may not impact cell viability directly, they induce other mitochondrial and

structural changes in the cells they affect as the cascade of event subsequent to

12



exposure to metal wear debris can be potentially deleterious to the long life of

implanted joint replacement devices as shown here [36],[37].

Little to no change was observed in the MTT viability results for Saos-2 cells for both
Cobalt and Titanium nanoparticle exposure (Figure 1), even though the same sized
particles of Cobalt had a greater impact on the viability of the mouse MC3T3-E1 and
cells [44],[37]. Interestingly, both Cobalt and Titanium nanoparticles increased the
osteocalcin production in the mouse osteoblast cells but clear decreases in
osteocalcin productions were observed for Saos-2 cells (Figure 2); the decrease in
production suggests that damage to the cells viability of human osteoblast like cells
must be present and was supported by the LDH viability assay (Figure 1). Additionally,
cobalt induced more cell apoptosis than titanium (Figure 9) possibly linked to the lower
uptake of the latter (Figure 6) and one of the reasons for the well-known

cytocompatibility of titanium implants.

Similarly, the elasticity of cells exposed to either Cobalt or Titanium increased (Figure
3), demonstrating that cells become stiffer post exposure to metal wear debris
validating the results concluded using mouse MC3T3-E1 osteoblast cells [37]; yet
Cobalt in both cellular cases, MC3T3-E1 and Saos-2 induced greater increase in
spring constants of the cells than Titanium (Figure 4). Also, the data regarding the
adhesive forces increase with increasing concentration of nanoparticles observed in
this study for human osteoblast expand such observation in other species (mouse
osteoblast cells) [37]. The presence, therefore, of wear debris affects the normal
function of the cells by the potential alterations to the essential cytoskeletal
organisation which governs both the biophysical sensing and adhesive properties of

living cells; this effect is generally without impact on cell viability. However, higher
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levels of apoptotic cells were observed after exposure to simulated wear particles
leading to the possibility that the impact of wear debris is more observable in a longer
time window. Furthermore, the impact of the same conditions on murine osteoblast

properties appeared to be more remarked than in human osteoblast [37].

Conclusions

Joint replacement devices are increasingly implanted in patients as their performance
improves and the demand for such procedures is fuelled by aging population and
growing incidence of risk factors (i.e. obesity). However, wear debris originated by the

daily operation of these devices is the leading cause for their failure.

This works assessed the impact of simulated wear debris of joint replacement devices

on both biophysical properties and cell behaviour of human osteoblast.

Our results demonstrated that cobalt nanoparticles accumulate into osteoblasts more
than titanium and that such process induces immediate changes in the cell wall
properties (elasticity and spring constant along with adhesive forces) without
noticeable effects on the mitochondrial activity of the cells. However, both metal
nanoparticles increase the population of cells exhibiting the initial stages of apoptosis
(cobalt more than titanium) and thus suggesting that experiments carried out on short
periods (few days) using viability assays such as MTT and LDH may not be the most

appropriate to study the impact of wear debris.

As the performance of the currently commercially available joint replacement devices,
mainly in terms of longevity that is still about 10-15 years and consequently still not

satisfactory, new materials and technologies are under development to meet patients’
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needs. Such development will be aided by the determination of wider and more
appropriate testing conditions for the assessment of the impact of such new materials

on osteoblast cells that this work provides.

Experimental

Nanoparticles

Elemental Co and Ti nanopatrticles with average size of 30nm (Sigma Aldrich, UK). All
nanoparticles were weighed and suspended in RPMI-1640 medium to make a stock

solution of 5mg/ml.

Cell Culture

Saos-2 human osteosarcoma osteoblast-like cells (ATCC® HTB-85) were cultured in
RPMI-1640 media, supplemented with 10% (v/v) Foetal Bovine Serum (FBS), 1% (v/v)
of solution penicillin (5000 U/mL) and streptomycin (5000 mg/mL) (Gibco Invitrogen).

Cells were incubated at 37°C, with 5% CO2 humidified atmosphere.

For biophysical and adhesive properties measurements by the atomic force
microscope (AFM), 60,000 cells were seeded in each well of 24-well plates containing
a sterilised polystyrene slide. After incubation for 24 hours, Co or Ti nanoparticle were
added from stock suspension to the final concentration of 5, 50, 250, 500, and 1000
pg/ml; then the plates incubated for the chosen time. The protocol was the same for
cell uptake, osteoblast mineralisation ability, LDH and MTT assay and microscope

imaging.
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Mitochondrial activity assay

Saos-2 viability was assessed through MTT and Lactate dehydrogenase (LDH) assay
(Sigma, UK). Cells were exposed to the metal nanoparticles as described before; after
the desired exposure time, the media containing the metal nanoparticles was removed
and the cells rinsed with sterile PBS. Media was replaced with 100 pl of phenol red-
free RPMI-1640 and 10 pl of 5 mg/ml solution added; plates were then incubated for
4 further hours at 37°C in a humidified atmosphere containing 5% COz2. 200 pl of
dimethyl sulfoxide (DMSO) were added in each well; after complete dissolution of the
formazan produced, 200 ul were transferred to a 96-well plate; absorbance at 560nm
was measured using a spectrophotometer (ELISA Reader Labtech LT-500MS).
Untreated cells (not exposed to any metal nanoparticles) were used as the control; all

measurements were performed in triplicates.

For the determination of Saos-2 cells viability through LDH assay according to
manufacturer’s guidelines; 25 ul of medium from each well where osteoblast were
grown with/without nanoparticles were transferred into a 96-well plate containing 50 pl
of the freshly prepared LDH kit solution. The well plate stored in the dark for 30 minutes
and absorbance at 490nm determined (ELISA Reader Labtech LT-500MS). For the
total LDH levels, 100 ul of LDH assay lysis was added to each well containing Saos-2
cells, after incubation for 45 minutes at 37 °C; 25 ul from the well were transferred into
a 96-well plate containing 50 pl of the freshly prepared LDH kit solution. The well plate
stored in the dark for 30 minutes and absorbance at 490nm determined (ELISA

Reader Labtech LT-500MS).
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Osteoblast mineralisation activity

Saos-2 cells were grown and exposed to the Co or Ti nanoparticles changing both the
medium and nanoparticles twice a week. After 21 days, the medium was removed
from all wells, cells were fixed with 10% (v/v) gluteraldehyde (Sigma Aldrich, UK) in
sterile Phosphate Buffer Solution (PBS) (100 pul) for 10 minutes at 37 °C. Then the
gluteraldehyde solution was removed and cells were washed three times with PBS.
Calcium was stained with 100 pl of Alizarin red staining (ARS) (Sigma Aldrich, UK) (1
% wi/v in distilled water) at 37 °C. After 20 minutes, ARS was removed and the wells
washed with Milli-Q water; the staining was dissolved with 100 ul of 10% Acetic acid
(Sigma Aldrich, UK). After 30 minutes, 50 pl from each wells were transferred into a
96-well plate and absorbance measurements carried out using a spectrophotometer
(ELISA Reader Labtech LT-500MS) at a wavelength of 405nm [24]. All mineralisation

tests were performed in triplicates.

Cell biophysical properties measurements

Atomic Force Microscopy (AFM) (XE-100 Advanced Scanning Probe Microscope
(Park Systems, Korea) was used to determine the mechanical properties of cells;
experiments were performed using an open liquid cell containing PBS as previously
described [25]. Triangular tipless cantilevers (Bruker, UK) of nominal spring constants
(Kcantilever) €qual to 0.1 N/m were used; the actual spring constant of each individual
cantilever was determined using the Sader method [26],[27]. Borosilicate glass beads
(10 um in diameter) were glued onto the cantilever and served as cell indentor
[36],[37]. Indentation depths >400-500 nm were avoided setting the maximum applied
load to 4 nN, with the working load set at 2 nN. For each sample, at least 15 cells were

analysed at each concentration of nanoparticles at each time point. Cells were first
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located before at least 20 approaching and retracting z-piezo coordinates vs.
deflection curves were obtained from casually selected points on the surface of each
cell, attention was paid in avoiding the peri-nuclear area [36],[37]; all experiments were

performed in triplicates.

Cell elasticity and spring constant determination

Cell biophysical properties were calculated through model fitting of the approaching
part (trace) of the AFM curves [36],[37]. The Young modulus of the cell membrane
location under investigation was estimated fitting the Hertz model (Eq. 1) to the part of

the indentation vs. force curve after contact between AFM tip and cell surface [36],[37].

4 E

_a % 1
F—3 (1_7)\/}5 ( )

Where:

F = force recorded by AFM

E = Young modulus
R = radius of the spherical indentor (5 um)
v=  Poisson ratio (set at 0.5)

0= indentation depth

The spring constant exhibited by the cell surface in the location probed was, instead,
calculated as the slope of the indentation curve after the Hertzian regime [36],[37],

according to:
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F=k,0 (2)
Where:

F = force recorded by AFM

Kb = spring constant of the cell

o= indentation depth

The separation between cell surface and AFM tip (5), necessary for both models fitting,
was estimated from the coordinates (z-piezo) of the trace curve offsetting the
coordinated of the point of contact that was assumed to coincide with the local

minimum of force [36],[37]:

§=|z—z|-d,, (3)
Where:

Zp= z-piezo value of the minimum of the trace curve

z=  z-piezo value of the trace curve

dcant = cantilever deflection

0= indentation depth

and
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F=K

Cantilever dcant (4)

All fitting calculations were carried out using an in-house written FORTRAN code

employing the least squares method.

The heterogeneity of the biophysical cell surface properties was investigated through

the spatial distribution of E and Kb.

Cell Adhesion force

The forces of adhesion between cells and AFM tip were determined as the minimum

value of the retracting (retrace) part of the AFM curve.

Cell uptake of metal nanoparticles quantification

Cells were grown and exposed to the relevant nanoparticles for the required time
period. Media was then removed from each well and the cells washed three times with
PBS; 500 ul of Nitric acid were added and the plates were incubated at 60°C for further
24 hours. From each well 400 pl were removed and mixed with 8 ml of Milli-Q water
in a polypropylene tube. The concentration of Ti or Co in this solution was measured
using inductively coupled plasma-mass spectroscopy (ICP-MS) Optima 2100DV OES
(Perkin ElImer, Waltham, MA, USA) calibrated with standard element Primar 28. The
sample rate for the ICP-MS was 1.5 ml/min with characteristic wavelengths for each
metal used: 288.616 nm for cobalt and 334.940 nm for titanium. Experiments were

performed three times independently.
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Microscope imaging

Saos-2 cells were cultured and exposed to the various concentrations of metal
nanoparticles as stated above in 24-well plates; after the required exposure time cells
were at first washed thoroughly three times in PBS. For the staining of the F-actin
cytoskeleton and nuclei, cells were fixed with 3.7% (w/v) formaldehyde in PBS at room
Temperature for 5 min and permeabilised with 0.1%Triton X-100 at room Temperature
for 5 min. Then cells were stained with 50mg/L of tetramethyl rhodamine B
isothiocyanate-conjugated phalloidin (Sigma-Aldrich, St. Louis, MO, USA) for 40
minutes at room temperature, followed by incubation with 5mg/L of trihydrochloride
Hoechst 33342 (Thermo Fisher Scientific, Eugene, OR, USA) for 10 minutes in the
dark. After washing with PBS, samples were mounted and examined using LSM 880
upright confocal laser scanning microscope with Airyscan (Zeiss, Oberkochen,
Germany) for visualization of the staining with a 63X magnification objective.
Processing of the obtained images was conducted using ZEN imaging software
(Zeiss). Aex 540-545 nm and Aex 340 nm; Aem 570-573 nm and Aem 488 nm for
tetramethyl rhodamine B isothiocyanate-conjugated phalloidin and Hoechst,

respectively.

Flow-Cytometry

Apoptosis in Saos-2 cells after exposure to nanoparticles was determined using
Annexin V-FITC Apoptosis Detection Kit (Sigma, UK) through flow-cytometry (BD
FACSVerse™). Two fluorescent stains were used: Annexin V-FITC (Ex 480nm / Em

520 nm) and Propidium lodide (Ex 520nm / Em 615nm).

Cells were prepared as previously described; after the chosen contact time with the

nanopatrticles cells were washed with PBS, trypsinised and resuspended in PBS. 1 ml
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of this cells suspension was placed into Eppendorf and centrifuged at 4 °C, for 5
minutes at 1800 rpm (363 g). The supernatant was removed and the pellet of cells in
re-suspended in 500 ul of annexin-binding buffer. After 30 min of incubation, 10 pl of
annexin V=FITC and 5 pl of Pl were added and the samples were incubated for

another 30 min in the dark at room temperature prior to analysis.

Data collected were then analysed using FlowJo software (LLC, Data Analysis

Software, Oregon, USA) to generate four quadrant plots.

Statistical analysis

Comparison of the effects of Cobalt and Titanium nanoparticles on the biophysical
property of Saos-2 cells was performed using ANOVA test followed by Tukey’s post
hoc test of individual pair of data sets (p<0.05). The Kruskal-Wallis test, followed by
Dunn’s test post hoc for the individual pairs of data sets, was used to compare the

adhesive force measurements. All statistical analysis was performed using SPSS.
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Table 1. Zeta potential and size of nanoparticles and zeta potential of Saos-2 cells

measured in media solution along with their pH values.

Nanoparticles pH Zeta (I::\t;)antial
Co 30nm 8.33 -19.4+1.0
Ti 30nm 7.07 -44.7+1.9
Saos-2 cells -7.70£0.6
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Figure 1. Cell Viability results (MTT assay on left side and LHD on right side) of Saos-

2 cells (n =6) exposed to Cobalt (black columns) and Titanium (grey columns)

elemental nanoparticles at (a, d) 24h, (b, e) 48h, and (c, f) 72h. * p<0.05 and ** p<0.01
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Figure 2. Saos-2 cells (n = 6) osteoblast mineralisation ability post exposure to Cobalt

(black columns) and Titanium (grey columns) nanoparticles. ***p<0.005.
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Figure 3. Mean cell elasticity of Saos-2 cells (n = 30) exposed to Cobalt (black
columns) and Titanium (grey columns) nanoparticles at three time points: (a) 24h, (b)

48h, and (c) 72h. *p<0.05, ** p<0.01 and ***p<0.005.
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Figure 4. Median spring constant of Saos-2 cells (n = 30) exposed Cobalt (black
columns) and Titanium (grey columns) nanoparticles at each time point: (a) 24h, (b)

48h, and (c) 72h. *p<0.05, ** p<0.01 and ***p<0.005.
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Figure 5. Violin plots of adhesion force distribution of Saos-2 cells (n = 30) exposed
to Cobalt (green) and Titanium (red) nanoparticles for all time points (controls in white

columns): (a) 24h, (b) 48h, and (c) 72h.
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Figure 6. Saos-2 cells (n = 6) uptake of Titanium (a) and Cobalt (b) ions from
corresponding nanoparticles after exposure from 24 h (l), 48 h (") and 72 h (M) at

various nanoparticles concentrations. * p<0.05, ** p<0.01 and ***p<0.005.
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(b)

(d)

Figure 7. Microscope images of Saos-2 cells stained with phalladolin (actin) in red
and DAPI in blue exposed to Co nanoparticles. Left side images correspond to 1 day
and right side images correspond to 3 days exposure. (a) and (e) control samples (0
mg/ml), (b) and (f) 50 ug/ml, (c) and (g) 500 ug/ml, (d) and (h) 1000 ug/ml. bar

represent 10 um.
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Figure 8. Microscope images of Saos-2 cells stained with phalladolin (actin) in red
and DAPI in blue exposed to Ti nanoparticles. Left side images correspond to 1 day
and right side images correspond to 3 days exposure. (a) and (e) control samples (0
mg/ml), (b) and (f) 50 ug/ml, (c) and (g) 500 ug/ml, (d) and (h) 1000 ug/ml. bar

represent 10 um.
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Figure 9. Percentage of apoptotic Saos-2 cells (n = 6) after exposure to Cobalt (black
column) and Titanium (grey column) elemental nanoparticles for (a) 24h, (b) 48h, and

(c) 72 h.
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