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Abstract

Boron nitride nanomaterials have attracted significant interest due to their superior chemical and
physical properties. Despite these novel properties, investigation on the interaction between
boron nitride nanoparticle (BN NP) and living systems has been limited. In this study, BN NP
(100-250 nm) is assessed as a promising biomaterial for medical applications. The toxicity of BN
NP is evaluated by assessing the cells behaviours both biologically (MTT assay, ROS detection
etc.) and physically (Atomic Force Microscopy). The uptake mechanism of BN NP is studied by
analysing the alternations in cellular morphology based on cell imaging techniques. The results
demonstrate in vitro cytocompatibility of BN NP with immense potential for use as an effective
nanoparticle for various biomedical applications.
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Introduction

Nanoscale biomaterials (nanoparticles, nanotubes, nanowires etc.) have been subjected to intense
study and evolution because of their excellent properties suitable for different biomedical
applications (Gao and Xu 2009). In recent years, boron nitride (BN) nanomaterials
(nanotubes/particles) have attracted significant interest due to their superior chemical and
physical properties. However, in sharp contrast to many other nanomaterials (carbon nanotubes,
gold nanoparticles etc), BN nanomaterials (nanoparticle/nanotubes) have been largely
unexplored for advanced biomedical applications.

The combination of boron and nitrogen in order to form boron nitride does not occur naturally.
They are carefully synthesized because of their attractive physical and chemical properties
(Colombo 2010; Paine and Narula 1990). Boron nitride (BN) can be synthesized in different
crystalline structures such as hexagonal, cubic, rhombohedral and turbostratic (Boulanger et al.
1995; Coles et al. 1969; Joni et al. 2011; Lian et al. 2010; Raidongia et al. 2010; Salles et al.
2009; Shi et al. 2008; Tang et al. 2008; Wood et al. 2005). Based on structural characteristics,
BN demonstrates improved lubricating properties, resistance to chemical attack, resistance to
oxidation, high thermal conductivity, excellent temperature resistance, low thermal expansion,
better heat conductivity and excellent electrical insulation (Lian et al. 2010; Lin et al. 2009;
Mosleh et al. 2009; Podobeda et al. 1976; Wu et al. 2001). Given all these unique properties, BN
has a wide range of applications in different fields such as medical treatment, industrial tool
manufacturing, electrical devices, photocatalysis and lubrication (Salles et al. 2012).

Studies have already been conducted to explore the superior characteristics of boron nitride
nanotubes (BNNT). Chen et al. explored the use of BNNT as a drug delivery vehicle using
single-stranded DNA as cargo (Chen et al. 2009). They found out that, FITC-DNA-BNNT was
internalized successfully by the Chinese hamster ovary (CHO) cells. Ricotti et al. developed free
standing polyacrilamide gels and used them on human fibroblast and murine myoblast with
BNNT in order to control the skeletal muscle deformation at both gene and protein level (Ricotti
et al. 2013). In a separate study, they successfully used glycol chitosan (GC) coated BNNT in an
attempt to modulate F/G actin ratio and mechanical properties of human dermal fibroblasts
(Ricotti et al. 2014).

Researchers have adopted different approaches to assess nanomaterials depending on their
prospective applications. Recently, Ciofani et al. have conducted several studies in order to
evaluate boron nitride nanotube (BNNT) (Ciofani et al. 2014; Ciofani et al. 2008). After
conducting different assays and evaluating images of cells cultured with BNNT, they found
BNNT to be safe and suitable for future biomedical use. Several other studies which also
assessed the cytotoxicity of BNNT, support their claim (Chen et al. 2009; Del Turco et al. 2013).
However, in a contrasting study, Horvath et al. found BNNT to be cytotoxic even in a very low
concentrations in the investigated cell lines (Horvath et al. 2011). This highlights the influence of



particle characteristics and culture condition on the cytotoxicity of cells, further signifying the
importance of proper evaluation of nanomaterials prior to practical use.

Nanoparticles are extremely popular in the field of biomedical engineering due to their unique
structure, size and shape (De et al. 2008; Jin and Ye 2007; Steichen et al. 2013). Given these
unique characteristics, BN NP can also be a crucial nanomaterial for advanced biomedical
applications. However, the scope of BN NP as a biomaterial needs further strict evaluation. For
instance, in the field of drug delivery; the effectiveness of nanoparticles can be hampered due to
the low efficiency of delivery to the targeted cell population, inadequate cellular uptake and
toxicity of nanoparticles. Therefore, researchers are continuously searching for safe and efficient
nanoparticles (Hussain et al. 2009). For successful delivery of drugs, nanoparticles have to be
efficiently taken in, be cytocompatible and facilitate normal functioning of living cells.

This study aims at evaluating BN NP as a potential biomaterial for future use. In order to
investigate whether BN NP can be taken in by cells, osteoblast cells were cultured with BN NP
in appropriate environment. Osteoblast cells play a crucial role in bone formation and are very
popular in tissue engineering (Erisken et al. 2008; Zhang et al. 2008). Efforts have been made by
researchers to better understand osteoblast-nanoparticle interaction for innovative tissue
engineering applications in different studies (Liang et al. 2011; Pauksch et al. 2014; Shi et al.
2009). In order to confirm the uptake of BN NP, osteoblast cells were sectioned in very fine
slices and evaluated visually using transmission electron microscopy (TEM). The penetration
mechanism and particle distribution in cells were analysed. The cytotoxicity of BN NP was
evaluated using the traditional MTT as well as ROS detection assay. Later the mechanical
properties of cells were characterized using spectroscopy techniques to understand the changes
of mechanical performances due to BN NP uptake.



Materials and methods

Preparing the nanoparticles

BN NP’s (Trade Name: TECO20051158 Boron nitride powder, purity 90%) were sourced from
Momentive Performance Materials Inc. (Ohio, USA). The particles were in white powder state
with a melting point of 3000°F. The bulk density of the particles ranged from 2.1-2.2 g/cc. The
nanoparticles were prepared by adding varying amount of UHQ water to dilute them at different
concentrations. The solution was then ultrasonicated for 4h at ambient temperature (Misonix
Sonicator, 3000). After that, solution was sterilized by autoclaving at 121° C for 20 mins before
future cell works. Prior to all the cell works, an ethical clearance was obtained from University
Human Research Ethics Committee (QUT approval number: 1400001024).

Cell culture

In this study, osteoblast cells were used as samples. Cells were seeded into six well plates and
cultured using Dulbecco’s Modified Eagle’s Medium (low glucose) (GIBCO, Invitrogen
Corporation, Melbourne, Australia) supplemented with 10% fetal bovine serum (FBS) (HyClone,
Logon, UT) and 1% penicillin and streptomycin (P/S) (GIBCO, Invitrogen Corporation,
Melbourne, Australia). The cells were placed in a secure environment depicting the human body
conditions (37°C in a humidified atmosphere with 6% CO,). After cells were confluent, they
were detached using 0.5% Trypsin (Sigma-Aldrich) and distributed into other flasks and dishes.
Cells were further processed depending on the experiments (AFM, TEM, Confocal etc.)
performed.

X-ray spectroscopy

The XRD patterns were recorded on a Philips PANalytical X'pert pro diffract meter. A fixed
power source (40 mA) and Cu Ka radiation (40 kV) were used. The data were collected between

a 20 (between 3.5 and 75) at a scanning rate of 2.5 degree min ' .

Transmission Electron Microscopy

Samples were properly processed in a step by step manner (buffer wash, post fixation,
dehydration, resin implantation) before being imaged using transmission electron microscopy
(TEM). The cultured cells were fixed using 3% Glutaraldehyde (10min) and rinsed twice using
0.1M Cacodylate buffer (20min). Then, they were treated with 1% Osmium Tetroxide for an
hour. They were rinsed again with UHQ water thrice (10 min each) before being treated with 1%
Uranyl Acetate for an hour. Cells were then dehydrated by multiple exchanges of ethanol, using
progressively higher ethanol concentrations starting from 50% and up to 100%. This was
followed by resin (LX112) implantation in the culture dish. The concentration of the resin was



varied from a low to high resin ethanol ratio (1:2, 1:1, 2:1). Finally the cells were treated with
100% percent resin (1h) before being put in the oven at 70°C (24h).

The processed samples were then sectioned in 80 nm thickness using the Leica UC7

Ultramicrotome. The sectioned samples were placed in a 400 mesh carbon grids and imaged
using the JOEL TEM 1400.

Atomic Force Microscopy

The osteoblast cells with and without BN NP were cultured and prepared properly before being
tested on AFM. The cells with particles were cultured for 24h with BN NP at a concentration of
30 pg/ml. Cells were then detached from the substrate using 0.5% of Trypsin (Sigma-Aldrich)
and seeded in a petri dish coated with poly-D-lysone (PDL, Sigma-Aldrich). Afterwards, they
were allowed to sit in the incubator for 1-1.5 hours to form a strong attachment while keeping the
cell morphology round. The testing was conducted at room temperature.

The Atomic Force Microscope (AFM) used in current study is a Nanosurf FlexAFM (Nanosurf
AG, Switzerland), which is mounted with a Leica DM IRB. The SHOCONG-SiO,-A-5
(AppNano) colloidal probe cantilever was used for the indentation (Fig- 1). The probe is of 5 pm
diameter and has a spring constant of 0.224-0.3114 N/m which was determined by the thermal
noise function.

Fig 1 SEM image of colloidal probe cantilever SHOCONG-SiO2-A-5 (AppNano) used in this
study (The inset shows the real diameter of the bead).

To investigate the mechanical properties of human osteoblast cells, Young’s modulus of each
cell was obtained from the force indentation curves using the modified Hertzian model proposed



by Dimitriadis et al (Dimitriadis et al. 2002). As colloidal probe cantilevers were used for this
study, the relationship between the force (F) and indentation (8) can be expressed as,
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indenter and E is Young’s modulus. For simplicity, Poisson’s ratio of the osteoblast cells was
assumed to be 0.5 (Zhou et al. 2005).

As the cells have strong attachment with the substrate, @,and £, can be expressed as,
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The force-indentation curves obtained from the indentation test were further processed using the
Scanning Probe Image Processor (SPIP 6.3.3). In order to get Young’s modulus from the force-
indentation curve, a Matlab (The MathWorks, Inc.) program was developed based on the
automatic force curve analysis algorithm proposed by Lin et al (Lin et al. 2007).

Confocal Imaging

The osteoblasts were cultured with BN NP with varied culture times depending on the
experimental requirements. Once the specified culture time was achieved, the cells were gently
washed with PBS (Sigma-Aldrich). The cells were then fixed with 4% Paraformaldehyde
(Sigma-Aldrich) for 20 minutes. The samples were repeatedly washed in PBS for several
minutes in order to remove any unwanted agents. Cells were then permeabilized with 0.1%
Triton X100 (Sigma-Aldrich).

After a few more washes with PBS, the samples were then incubated with 1:100 of DAPI and
Alexa Fluor 568 Phalloidin (GIBCO, Invitrogen Corporation, Melbourne, Australia) for 10-15
minutes in order to stain the nuclei and actin filament networks respectively. The samples were
then washed one more time and were taken to a confocal microscope (Nikon A1R confocal,
Japan) for the purpose of imaging. The 40X oil immersion objective lens was used.



MTT Assay

The cellular metabolic activity of the osteoblasts cells in the various BN NP solutions was
assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
In brief, cells were cultured in 96-well plates at an initial density of 5x10° cells in 200 mL of
medium containing various concentrations of BN. On day 1, 3 and 5, 20 mL of 5 mg/mL of MTT
solution (Sigma—Aldrich, Australia) was added to each well and incubated at 37 °C for 4 h to
form the formazan crystals. Then the media were replaced by 100 mL of dimethyl sulfoxide
(DMSO; Sigma—Aldrich, Australia) to dissolve the formazan. The absorbance was measured at
A= 495 nm using a SpectraMax Microplate Reader (Molecular Devices, Inc., USA).

Cellular ROS Detection

Cellular ROS detection assay was performed according to the protocol for the DCFDA Cellular
ROS Detection Assay Kit (Abcam, Cambridge, United Kingdom). Osteoblasts with 2x10*
cells/ml were seeded on 96-well plate and left overnight to attach. Next day, growth medium was
removed and replaced with serum free DMEM with BN NP (with varying concentration) for 24
hours. On the day of experiment, cells were incubated with DCFDA reagent for 45 minute at
37°C in the dark. The fluorescence was read using fluorescence plate reader to perform an

endpoint read at 485 nm excitation wavelength and 535 nm emission wavelength.

Results and discussions

Nanoparticle Characterization

Boron nitride consists of equal number of boron and nitrogen atoms. It is isoelectronic to similar
structured carbon lattice and therefore exists in different crystalline forms. Several tests such as
Energy-dispersive X-ray spectroscopy (EDS) and X-ray Diffraction (XRD) were carried out to
confirm the material as boron nitride. Moreover, the size and the shape of the particles were
unveiled using transmission electron microscopy (TEM) images from representative samples.

The EDS demonstrates the material consists of boron (49%) and nitrogen (49%) confirming the
material as boron nitride (Fig-2a). The XRD result indicates they are well crystallized (Fig-2b).
From the TEM images, the particles are found to be of varying shape with their size ranging
from 100-250 nm (Fig- 2a).
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Fig 2 (a) EDS results showing 49% Boron and 49% Nitrogen content. (b) XRD results indicating
the crystallinity of the material.

Toxicity of BN NP

In this study, we have adopted MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and reactive oxygen species (ROS) production to assess the cytocompatibility of BN
NP. Although few studies have previously been conducted assessing the biocompatibility of
boron nitride nanotubes and nanorods, this is the first study investigating the biocompatibility of
boron nitride nanoparticles (BN NP).

For the MTT assay, osteoblast cells were cultured with BN NPs for three different time periods
(day 1, 3, 5) with varying concentrations (0, 20, 30, 50, 200 pg/ml). The results are shown in Fig

3.
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Fig 3 The overall metabolic activity of osteoblast cells indicated by MTT, with increasing
concentration of BN NP. The concentration varies from none (blank) to 200 pg/ml. BN10,
BN20, B30, BN50 and BN200 indicate the concentrations 10 pg/ml, 20 pg/ml, 30 pg/ml, 50
pg/ml and 200 pg/ml, respectively. (* indicate statistically significant change in the value.)



The MTT results show that the overall metabolic activity of all cells increased with the
incubation time for all groups. This demonstrates normal growth of cells in the medium.
However, there is essentially little to no difference (statistically insignificant) between the
metabolism of normal cells and the cells with BN NPs in different incubation time, except for
high BN NP concentration (50 pg/ml, 200ug/ml).

In order to better evaluate the cellular response to the nanoparticle uptake, the ROS production
test was also carried out. Osteoblast cells were cultured in 96 well plates with varying
concentration of BN NP (0, 10, 20, 30,40, 50 pg/ml). The production of oxygen was quantified
as florescent intensity. The results are shown in Fig 4. A significant production of ROS can be
observed for all nanoparticle concentrations. The increasing nanoparticle concentration does not
show any real effect in terms of ROS production and cytotoxicity. Cells are found to adapt quite
well to the nanoparticle. Overall, The MTT assay and the ROS production test clearly indicates
that BN NP is cytocompatible (in vitro) and should be safe to be used for advanced biomedical
engineering applications.

50000 -
40000 -|
20000 -
10000 -|
0

BN 10 BN 20 BN 30 BN 40 BN 50

ROS (Mean Fluorescence Intensity)

Fig 4 The quantification of ROS levels in osteoblast cells exposed in different concentration of
BN NP. The concentration varies from none (blank) to 50 pg/ml. BN10, BN20, BN30, BN 40
and BN50 indicate the concentrations 10 pg/ml, 20 pg/ml, 30 pg/ml, 40 pg/ml and 50 pg/ml
respectively.

Cellular Uptake Mechanism

It has already been established through the MTT assay and ROS production test that BN NPs do
not affect the cell viability to a great extent. Now, it is vital to investigate the mechanisms
dictating the cell and nanoparticle interaction (uptake process, drug coating suitability etc.)
depending on specific biomedical applications (drug delivery vehicle, tissue engineering,
implants etc.). In this study, our main focus was the physical aspects of the interaction between
cell and nanoparticle.
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To identify the uptake of BN NP, osteoblast cells were cultured with BN NPs for different time
periods. There are several available experimental techniques that could have been adopted for
this test. The most commonly used technique for characterization of nanoparticle along with cells
is confocal microscopy. However, due to the limited resolution of this technique, it is hard to
conclude whether the nanoparticles are taken in by the cell or just bound to the cell surface.
Transmission electron microscopy (TEM), on the other hand facilitates higher quality imaging
where the material can be cut and observed in nanoscale slides. Hence, TEM characterization
was adopted to identify the actual position of BN NP within the cell. The osteoblast cells were
sectioned in very thin slides using ultramicrotome (80 nm, details can be found in the section of
Material and Methods) before being imaged in TEM.

Fig -5 shows a sectioned human osteoblast cell after being cultured by BN NPs for 24 hours. The
plasma membrane and nucleus can be clearly identified. BN NP can be clearly observed
randomly locating throughout the cytoplasm. This proves that osteoblast cells happily take in BN
NP. This is crucial for potential use of BN NP for future biomedical applications like tissue
engineering, gene delivery, nanovector, nano imaging and so on.

Fig 5 A TEM image of a sectioned osteoblast cell after being cultured by BN NP for 24 hours.

The interaction mechanisms between living systems and materials are attracting more and more
attention due to their potential to provide insightful feedback for sophisticated biomaterial
designs (Iversen et al. 2011; Lesniak et al. 2012; Nativo et al. 2008). Therefore it is necessary to
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study the physical mechanisms of cellular uptake process of BN NPs. After extensive analysis of
TEM images of osteoblast cells (cultured with BN NPs), it was found that the cellular uptake
process of BN NPs can be generally divided into three stages: the adhesion to cell membrane,
particle invagination and particle internalization. Detailed illustration of each stage is provided in
Figs 6-8 respectively.

When the nanoparticles are suspended in the cell medium, a good number of particles end up on
the cell surface due to physical sedimentation of particles and adhesive characteristics of the
plasma membrane. The cells come into contact with the remaining particles when they are
spreading naturally. The uptake process begins with an initial contact adhesion between the cell
membrane and nanoparticle. The same phenomenon can be observed for all cells irrespective of
culture time. This is the first step of the particle uptake process and can be clearly observed from
Fig -6. It is also consistent with previous observations (Lesniak et al. 2013).

Fig 6 The initial contact between the cell and BN NP at different culture time.

Once the particle adheres to the cell membrane, the cell membrane folds backwards to form a
cavity and tries to cover the particle from all directions (Fig -7). This is the second step of the
uptake process and we will call it invagination. The invagination of the cell membrane indicates
the uptake process to be endocytosis (Colognato et al. 2012).
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Pseudopodia

Fig 7 The invagination of cell membrane. TEM image of osteoblast cell cultured with BN NP for
different culture time

Once the particles are covered by the cell membrane, they are transported from the membrane to
the cytoplasm. We call this step particle internalization. The particles are separated from the
other cytoplasmic components by creating a circular cavity (Fig -8). As particles can internalize
from any direction, they are distributed throughout the whole cytoplasm.

Fig 8 The internalization of BN NP in the cell cytoplasm. TEM image of osteoblast cell cultured
with BN NP for different culture time
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After careful study of the TEM images, the uptake process can be confirmed as typical
endocytosis. Now, endocytosis can be of different types; phagocytosis (cell eating), pinocytosis
(cell drinking), receptor mediated endocytosis and so on. Ideally, for nano-sized materials, cells
tend to adopt micropinocytosis. However, careful study indicates that, the uptake process of BN
NP by osteoblast cells is in fact phagocytosis, as all the steps of phagocytosis can be clearly
identified. Once the BN NP’s stick to the plasma membrane, the cell recognizes the material and
makes a conscious effort to protrude towards the nanoparticles (Fig- 7). The membrane
projection generated by the cell to engulf the nanoparticle from all directions is normally called
pseudopodia. Once the BN NP’s are engulfed, large vesicles are formed to transport the
nanoparticles from the membrane to the cytoplasm (Fig- 8). These large vesicles are normally
known as phagosomes. The phagocytosis of BN NP instead of micropinocytosis is
understandable because of the relatively larger size of BN NP (100-250 nm). Similar
phenomenon was also observed in previous studies (Gupta et al. 2004).

In order to further establish that the particle uptake process of BN NP by osteoblast cells is
indeed endocytosis, we adopted a unique approach. Two sets of osteoblast cells were separately
cultured in a 6 well plate for 24 hours, referred to as set A and set B. After the cells were
confluent, set A was treated with Cytochalasin D at a concentration of 5 pg/ml for 30 min.
Cytochalasin D is known to inhibit endocytosis (specially phagocytosis, micropinocytosis) and is
widely used for in vitro research (Dutta and Donaldson 2012; Herre et al. 2004; Stevenson and
Begg 1994). Both set A and B were then cultured with BN NP at a concentration of 20 pg/ml.
After 24h, the solution of each culture medium (set A and B) was collected and the
concentrations of BN NP in each solution quantified using a spectrophotometer (Cary 60 UV-Vis
spectrometer). Spectrophotometric determination is a unique method to quantify concentration of
nanoparticle in a solution (Maye et al. 2003; Unciti-Broceta et al. 2015). The system was
properly calibrated by scanning a series of standardized solutions (BN concentration from 0-50
png/ml) before the concentration of set A and B were quantified.

As Cytochalasin D is bound to inhibit endocytosis and if endocytosis is indeed the principle
uptake mechanism of BN NP uptake, set A is less likely to uptake any nanoparticle whereas set
B is expected to uptake BN NP normally.

Fig- 9 demonstrates the concentration of BN NP (expressed in percentage in relation to the initial
concentration; 20 pg/ml) in the culture medium after 24h. The concentration of BN NP in set A
is found to be around 82.5% whereas in set B it is 19.5%. Under normal conditions cells seems
to uptake a lot of particles (set B). However, if the endocytic pathways are blocked (set A) cells
barely take in any particles at all. This result clearly establishes the uptake mechanism of BN NP
by osteoblast cells as endocytosis.
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Fig 9 Concentration of BN NP in the solutions (Both set A and B) expressed in percentages. Set
A represents cells treated with Cytochalasin D before being cultured with BN NP at a
concentration of 20 pg/ml for 24 hours. Set Set B represents cells cultured with BN NP at a
concentration of 20 pug/ml for 24 hours.

Apart from the mechanism, another vital aspect of the uptake process is observed. In one
particular time frame, BN NPs were observed to be in different stages of the uptake mechanism.
Some particles were observed to stick to the plasma membrane after 24 h (Fig- 6c&d) whereas
others were observed to be internalized after just 8 h (Fig- 8a). Therefore, it can be concluded
that, the cellular uptake of BN NP is not a linear process. It is independent of the culture time.

Localization of BN NP

The localization of nanoparticles in the cell is particularly important for specific biomedical
applications. Osteoblast cells were cultured with BN NP for 24 hours and imaged with both TEM
and confocal to obtain a visual demonstration of nanoparticles positions in the cytoplasm. Fig -
10 represents confocal image of osteoblast cells with and without nanoparticles. Cells are
observed to be spreading in different directions with the actin filament (red) and the nucleus
(blue) clearly visible. The BN NP’s (green) are observed to be distributed throughout the F-actin
network around the nucleus. A significant number of particles are observed to be taken in by the
osteoblast cells.
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Fig 10 Confocal Image of osteoblast cells without (a) and with (b) BN NP

Fig- 11 demonstrates a typical TEM image of osteoblast cells cultured with BN NP’s. The image
is enlarged in order to better observe the distribution of nanoparticles in the cell cytoplasm (Fig-
11 b&c). It can be observed that nanoparticles are not uniformly distributed; rather they are
clustered together in different parts of the cells indicating signs of aggregation. However, as
observed in the confocal images, a significant number of BN NPs are observed to be distributed
throughout the cytoplasm which is an encouraging sign.

Fig 11 TEM Image of osteoblast cells surface with BN NP.
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Investigating the mechanical response

It should be noted that although the BN NP does not have adverse effect on the
viability/metabolism of the cells, it is still a concern whether BN NP will change the biochemical
and biomechanical properties of the cells. As physical entities, cells possess structural integrity
that enables them to withstand the mechanical stimuli it is subjected to. For proper functioning of
the human body, cell structure and mechanical properties have to be retained. Any deviation may
cause breakdown of physiological functions and lead to diseases. For example, the deterioration
of the mechanical properties of chondrocyte cells is believed to be one of the main factors in the
development and progression of osteoarthritis (Trickey et al. 2000). In this study, we aimed to
assess the physical response of cells to BN NP uptake and thereby test the physical wellbeing of
cells. This is a new and innovative approach of evaluating the cytocompatibility of nanomaterials
from a physical point of view.

We adopted Atomic Force Microscopy (AFM) to conduct this bio-mechanical characterization.
In AFM, a flexible cantilever fitted with a tip of microscopic dimension is used to indent the
material/sample and Young’s modulus is measured from the generated force-indentation (F-9)
curve (Darling et al. 2006; Faria et al. 2008; Ladjal et al. 2009). Recently Trung et al. have
successfully developed a technique to test the mechanical stiffness of different cells using AFM
(Nguyen and Gu 2014a; Nguyen and Gu 2014b). The aim was to quantify the stiffness of both
normal cells and cells cultured with BN NP to assess them in relation to biosafety.

An approach similar to Trung et al. was adopted to quantify the stiffness of cells. Both normal
cells (n=35) and cells cultured with BN NP (n=37) were processed before being tested in AFM
(details in Methods and materials). Fig- 12 shows Young’s modulus of both variations and it can
be observed that there is little difference between them (statistically insignificant). Despite taking
in a significant amount of nanoparticles, cells are still as stiff as they were before. This is
significant, because it indicates that even though nanoparticles are spread in the cell cytoplasm,
structural stability is not compromised. Cells are still functioning normally as cells without BN
NPs.



17

25.00

20.00

15.00

10.00

Young’s Modulus, (kPa)

5.00

0.00 -

Normal Cells Cell Cultured with BN
Nanoparticles

Fig 12 Comparing Young’s Modulus between normal cells and cells cultured with BN NP at a
concentration of 30 pg/ml.

Conclusion

This study confirmed BN NP as a potential candidate for advanced biomedical engineering
applications. The MTT assays and ROS production study showed BN NP (100-250 nm) does not
have adverse effects on the viability/ metabolism of osteoblast cells. The transmission electron
microscopy (TEM) images showed that BN NP’s are successfully internalized by the cells. The
interaction of osteoblast cells and BN NP was extensively studied through analysing images
taken by TEM and confocal microscopy. The complete uptake process of BN NP was uncovered
which is distinctly divided in three separate stages: adhesion to cell membrane, invagination and
internalization. The uptake mechanism was identified as phagocytosis and different stages of
phagocytosis were also identified. The localization of BN NP inside the cell was also studied and
analysed. A significant amount of nanoparticles were observed to be taken in by osteoblast cells.
The effect of nanoparticle uptake on the mechanical stiffness of cells was also studied. It was
observed that despite significant BN NP uptake, there was no change in the cell stiffness. This
signifies cells still maintained their structural integrity.

Collectively these experimental works enable us to develop a better understanding of the
interaction between BN NP and osteoblast cells before being used in an in vivo situation. Initial
results confirm BN NP to be a potential candidate for sophisticated biomedical engineering
applications (drug delivery, gene delivery, cell therapy etc.) and calls for more research efforts in
this field.
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