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ABSTRACT

The interaction of nanostructured surfaces with cells is complex and has a profound impact on
the behaviour of cells by influencing their adhesion, migration, proliferation, and differentia-
tion. Our studies highlighted the contrasting effects of nanostructured and microstructured
surfaces on biological functions. Such contrasting effects include the relative influence of
physical and chemical attributes of the nanoscale surface compared to the microscale counter-
part. These attributes lead to an altered cellular activity at the bio-nano interface through
modulating cell adhesion, proliferation of cells and synthesis of functional proteins. Physical
and chemical changes induced by the nanostructure are likely to promote cell adhesion,
without introducing chemical functionalities on the surface. This represents a significant
advance beyond guiding the tailoring of cellular functionality at the bio-nano surface. This
would yield an improved understanding of a rational design of biotic/abiotic interfaces that can
promote optimal biological responses, leading to the development of new biomedical
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technologies.

Developing nanoscale structure for studying
nano-bio-interactions on bulk metallic
materials

Stainless steels and titanium are two widely used
alloys that are utilized in biomedical devices for
knee and hip joints [1-3]. However, these perma-
nently attached artificial metallic devices break
down more frequently even in the physiological
environment. Failure of such devices occurs
because of insufficient bone build-up around the
implants, making them loose and triggering less
interaction of cells with the surrounding implant
surface. Other reasons for such failure include the
generation of metallic debris due to wear absorp-
tion near the implant. This would lead to attacking
the body’s immune system, leading to inflamma-
tion, necrosis and loss of bone surrounding the
implant [1-3]. In this regard, nano-structuring of
implant materials is a promising approach for the
next generation of biomaterials [2]. As demon-
strated in sections 2 and 3, the nanoscale surface
favourably modulates cell-implant interactions in
the biological environment, promoting bone
growth. Simultaneously, the high strength of the
nano-grained (NG) metal implant provides wear
resistance to withstand long-term loading and is
in addition to a thinner and reduced mass leading
to a high strength/weight ratio.

In recent years, surface modification methods
including heat treatment [2-4], powder metallurgy
[5] and sintering [6,7] have been explored to obtain
ultrafine structures on the surface of metals and alloys
to promote modulation of cellular activity [6-11].
Approaches have been explored to obtain bulk NG
and ultrafine-grained (UFG) metals and alloys from
the viewpoint of long-term stability of implants and
increase in biological functions [12,13]. Those include
thermo-mechanical processing and laboratory-scale
severe plastic deformation approaches such as equal
channel angular pressing (ECAP) [13-16], accumula-
tive roll bonding (ARB) [17-19], high-pressure tor-
sion (HPT) [20-23], multiple compression [24] and
upsetting extrusion [25]). It is important to recognize
that the ductility of NG materials produced by severe
plastic deformation methods is significantly low com-
pared to CG materials. A high strength, high ductility
combination is an important mechanical property
requirement for a longer life of metallic formable
implants [26-29]. Misra’s group recently addressed
the issue of high strength-high ductility combination
in biomedical stainless steel by developing the concept
of phase reversion-induced NG materials [30-32]. In
this approach, severe cold deformation (~60-80%
reduction in thickness) of the austenite phase of Fe
at room temperature has led to the strain-induced
transformation of face-centred cubic (FCC) austenite
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to body-centred cubic (BCC) martensite phase. Upon
annealing at 700-800°C for short durations of 10-100
s, the martensite phase transforms back to austenite
via either a diffusional-reversion or shear mechanism
[30-32]. The grain size in the phase reversion con-
cept is controlled by temperature-time annealing
treatment of the severely cold deformed material,
where a lower temperature and time that completely
reverts strain-induced martensite to austenite pro-
vides finer grain size. Pre-dominance of dislocation-
cell type structure in the severely deformed marten-
site phase is an important criterion for obtaining NG
structure. Such an approach would enable NG struc-
ture without compromising ductility. Figure 1 shows
that with the decrease in grain size from the coarse-
grained (CG) to the NG regime, there is a significant
increase in strength without compromising ductility.
This would indicate an increase in the strength of the
NG structured material with no change in its ability
to absorb energy before fracture. It is important to
recognize that the resistance to wear would benefit
from high strength. On the other hand, the produc-
tion of medical devices would require the mainte-
nance of ductility [33].

The high ductility of conventional CG stainless steel
is associated with a gradual transformation of austenite
to martensite, and this leads to an increase in the rate of
strain hardening and postpones the initiation of loca-
lized necking. However, the strain accommodation
mechanism shifted from transformation-induced plas-
ticity (TRIP) to twin-induced plasticity (TWIP) as the
structure transitioned from CG to NG [30.32]. The
exceptional ductility of the ‘high strength’ NG structure
resulted from nanoscale twinning, which played a vital
role as a deformation mechanism. Conversely, in the
‘low strength’ CG structure, the ductility was also high,
but it was primarily due to the formation of strain-
induced martensite. By utilizing phase-reversion, it is
possible to achieve varying grain sizes within a single
material while maintaining the same processing para-
meters [30-32].

Our objective is to provide an overview and per-
spective of cellular activity in terms of cell adhesion,
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proliferation and synthesis of proteins, mineraliza-
tion and differentiation of cells on the nano-grained
surface (NG - grain/crystal size in the nanometre
range) in comparison with the coarse-grained
(CG - grain size in the micrometre regime) counter-
part. Second, we will identify the chemical and phy-
sical attributes that could potentially contribute to
the mechanism responsible for the significant differ-
ence in the cellular activity on the NG surface com-
pared to the CG counterpart. This would provide
a strong rationale for follow-up mechanistic studies
that will be reported later.

Experimental approach to bio-nano
interactions

The different grain sizes (Figure 1) studied were
obtained by the phase reversion concept [30-32],
briefly described in section 1. NG (NG with few ultra-
fine grains) and CG structure were obtained by chan-
ging the percentage of cold deformation and annealing
temperature-time sequence. The grain size of fine-
grained (FG) structure to NG regime was determined
from at least 25 transmission electron microscopy
(TEM) micrographs using the ASTM linear-intercept
method, while the grain size of CG steel was measured
using light micrographs. The average grain size of CG
steel was 22 + 3 um (Figure 1a) with a yield strength of
350 £ 5 MPa and mechanical strain of nearly ~40%.
The NG steel with an average grain size of 90 + 8 nm
provided an excellent combination of yield strength of
800 £ 7 MPa and mechanical strain of nearly 38%.
This combination of NG structure and its mechanical
properties is obtained in bulk NG materials [30-32].

We briefly describe below the experimental meth-
ods that were used to study cell-substrate interactions
within a biological setting. The experimental protocols
are described in some detail elsewhere [34-38].

Selection of cells

Osteoblasts are responsible for the formation of new
bone. They first differentiate from the precursor
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Figure 1. Light micrograph of CG stainless steel with an average grain size of 22 + 3 um and TEM micrographs from NG to FG. NG:
nano-grained; UFG: ultrafine-grained; FG: fine-grained; CG: coarse-grained [30-33]. NG had a few ultrafine grains (UFG), hence

referred to as UFG/NG in Figures 2-6.
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Figure 2. Histograms represent (a) initial cell attachment after
culture time of 1-4 h and (b) metabolism of pre-osteoblasts
after 1-7 days on NG/UFG and CG substrates using MTT assay.
The pre-osteoblasts showed significantly better cell attach-
ment to NG/UFG substrate than CG material and control poly-
styrene culture plate. The higher attachment on NG/UFG
substrates in comparison to CG substrate was visible within
the first hour of culture [34-38].

adjacent to the bone surface. Thus, they were selected
to study the cellular activity on the surface of austeni-
tic stainless steel [29-32].

Sample preparation to similar nanometric
smoothness

Surface roughness is an important parameter that
influences cellular response. Thus, all the samples
were mechanically polished to almost similar surface
nanometric roughness using a Buehler Vibromet
vibratory polisher with a suspension of 20 nm colloi-
dal silica in water for 12 h.

Our objective was to examine the impact of nanos-
cale structure (NG versus CG) while minimizing the
influence of large-scale topographical features so that
the cell-substrate interactions remain unobstructed.
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The average arithmetic mean roughness, Ra, measured
from 3 pm X 3 pm scan area for CG and NG stainless
steel was 1.45+0.21 and 1.52+0.29 nm, respectively
[34-38].

Cell culture

Cell culture studies were performed using mouse pre-
osteoblasts cell line MC3T3-E1 subclone 4 (ATCC,
USA). Alpha minimum essential medium (a-MEM,
Invitrogen Corporation, USA) supplemented with
10% foetal bovine serum (FBS), penicillin (100
U mL™") and streptomycin (100 ug mL™") were used
to culture pre-osteoblasts. Polished stainless-steel
samples (1 cm®) cleaned in an ultrasonic bath with
ethanol, followed by deionized water, were wrapped
individually in gauze and sterilized in an autoclave.
Identical volumes of pre-osteoblasts with 80-85% con-
fluence obtained from T-flask cultures were used to
seed onto the disk samples [34-38].

Briefly, cells were washed with phosphate-buffered
saline (PBS), incubated with 0.25% trypsin/0.53 mM
EDTA for 5-7 min to detach the cells from the Petri
dish, dispersed cells in trypsin/EDTA, transferred to
a centrifuge tube and centrifuged at 2000 rpm for 5
min. Cell pellets obtained after centrifugation were re-
suspended in a culture medium and dilution was car-
ried out using a culture medium to obtain the required
cell concentration. Subsequently, the sterilized steel
disks were placed in a 24-well plate and incubated
with cell suspension at 37°C in a humidified atmo-
sphere with 5% CO, and 95% air. Polystyrene 24-well
culture plates were used for control experiments
[34-38].

Cell attachment

The ‘initial attachment’ of cells on NG and CG
substrates was evaluated as follows: Fluorescent
labelling of nucleic acids was performed to assess
the number density of osteoblasts on substrates
using a fluorescence microscope (Nikon E600). Pre-
osteoblasts (10,000 cells/cm?®) were seeded on the
surface of substrates and incubated for 1, 2 and 3
h, at 37°C in a CO, incubator (5% CO, and 95%
air). After the end of the prescribed period, the cells
were stained with the nucleic acid dye, Hoechst
33,342. Next, cell-seeded disks were washed twice
with PBS and incubated (10 pg dye/ml PBS) for 10
min at 25°C before viewing under a fluorescence
microscope with excitation and emission of 346/442
nm, respectively. Cell nuclei appeared as blue-
fluorescent spots. The number of cells in each of
the five random fields/substrate was counted using
the image analysis software and the average count/
substrate was expressed as cells/cm? of the substrate
area [34-38].
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Cell proliferation, morphology and morphometry
of osteoblasts

Scanning electron microscopy (SEM) was used to
observe the spreading pattern, morphology and mor-
phometry of pre-osteoblasts. Cell-seeded samples were
grown for 1, 2, 3, 6 and 20 days, and then fixed with
2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4
for 20 h; rinsed with PBS; dehydrated with a graded
series of ethanol (25-100%) and dried in a critical
point dryer. The samples were sputter-coated with
gold and examined under a JEOL 6300F field emission
SEM. The difference in spread and morphology pro-
vided details on the time course of growth and the
extent of biomineralization. The mineralization was
studied using EDS analysis in SEM. Simultaneously,
Image] analysis software was used to quantify Feret’s
diameter of cells, area and perimeter. This analysis was
important in identifying differences in cell-surface
interactions between NG and CG structures [34-38].

Bio-nano interactions: cellular activity

Nanograined (NG) versus coarse-grained (CG)
structure

The attachment of cells (Figure 2 and blue spots in
Figure 3) on both the steel substrates indicated good

cytocompatibility with the pre-osteoblasts. However,
the cells had greater attachments to the NG substrate
compared to the CG substrate. The greater attachment
was visible within 1 h of cell culture. This suggested
that the cell attachment to the surface was influenced
by grain size and was not a function of cell develop-
ment or adaptation over time. Thus, the NG structure
had a strong cell adhesion ability compared to the CG
structure. Cell adhesion to the surface is critically
important for subsequent cellular activities including
proliferation and differentiation [34-38].

Proliferation and morphology of attached cells
and cytoskeletal development

The cell spreading pattern (Figure 4) exhibited a different
morphology on NG and CG surfaces. On the CG surface,
the cell morphology after 24 h culture was compact with
a less well-defined periphery, while the NG surface
induced a significant change in cell morphology, such
that the cells were elongated and were spread uniformly
with less well-defined boundaries (see Figure 4). On the
other hand, the cells on the NG surface exhibited
a flattened morphology with star-like shapes and several
cytoplasmic extensions that appear to overlap and form
cytoplasmic bridges. This indicates a substantial level of
cell-substrate interactions (see Figure 4). Thus, the extent

| CG Austenitic Stainless Steel ‘

1h

b.

NG/UFG Austenitic Stainless Steel

Figure 3. Fluorescence microscopy of pre-osteoblasts nuclei stained with Hoechst 33,258 (1 pg/ml). Cell nuclei showed blue
fluorescence after staining. After 1 h and 24 h culture on CG (a, b) and NG/UFG austenitic stainless steels (c, d). Cell density on the
surface of NG/UFG austenitic stainless steel was higher than on CG austenitic stainless steel [34-38].



MATERIALS TECHNOLOGY 5

‘ CG Austenitic Stainless Steel |

Figure 4. Scanning electron micrographs of pre-osteoblast cultured for 24 h on CG austenitic stainless steel (a, b) and on NG/UFG
austenitic stainless steel (c, d). At low magnification, improved cell proliferation with abundant extracellular matrix formation on
the NG/UFG surface. High magnification (b, d) shows a higher extent of spreading and interconnectivity on the NG/UFG surface
than on CG austenitic stainless steel. On CG austenitic stainless steel, the cell morphology is circular with higher longitudinal
cytoskeletal alignment than on NG/UFG austenitic stainless steel cells, which show numerous cellular extensions indicative of
extensive attachment to and interaction with the substrate [34-38].

of cell spreading was remarkably greater on the NG
surface compared to the CG surface. Additionally, the
3D network of extracellular matrix macromolecules that
offer structural and biochemical support to neighbouring
cells and mineralization was found to be more pro-
nounced on the NG substrate as compared to the CG
substrate. This is suggestive of enhanced biological inter-
actions between the cells and the nano surface.

Organization of key proteins

Two prominent proteins that affect cell-substrate inter-
actions are actin and vinculin. Immunofluorescence
microscopy using antibodies was used to study the key
proteins because the approach enables us to study in
detail the organization of key proteins, sub-cellular fea-
tures including cytoskeleton, focal adhesion contacts and
cell differentiation besides cell adhesion and prolifera-
tion. Pre-osteoblasts were seeded on NG to CG surface
and cultured for 2 days and stained using standard pro-
tocol [34-38].

Using both the NG and CG surfaces we examined
the cytoskeletal proteins, actin and vinculin, which are
linked to cellular activity. The expression of vinculin
and actin that form focal contacts and stress fibres

showed higher expression levels at the edges and well-
defined stress fibres on NG steel compared to that on
CG steel (Figure 5). This was confirmed by quantitative
analysis of proteins (Figure 7), in terms of pixel-based
density of the recorded fluorescence micrographs using
an image analysis software. The pixel density was cal-
culated in two different ways, cell-based expression
(total pixels/cell number) and cell area-based expression
(total pixels/total cell area). Similarly, fibronectin
expression was greater on the NG surface than that on
the CG surface, as apparent from the distinct network
with a stronger intensity of fluorescence of immunos-
tained fibronectin (Figure 6) [34-38].

Quantitative analysis

Furthermore, a quantitative analysis of cytoskeletal
development, cytomorphometry (cell area, perimeter,
and Feret’s diameter), using a combination of fluores-
cence micrographs and image analysis tools also indi-
cated significant differences between cellular response
on CG and NG substrates (Figure 5), corroborating the
qualitative observations of Figures 4 and 5. The data
obtained were normalized to control experiments and
expressed as a mean of at least three replicates + SD
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CG Austenitic Stainless Steel

NG/UFG Austenitic Stainless Steel

d.

Figure 5. Organization and assessment of focal contacts and actin stress fibres of pre-osteoblasts after 2 days culture on CG (a,b)
and NG/UFG (c,d) stainless steel substrates. Vinculin (a, ) staining shows a larger number of focal contact sites in pre-osteoblasts
grown on the surface of NGUFG (c) compared to cells grown on the CG surface (a). The higher number of focal adhesion points
corresponded well with a higher number of actin stress fibres on NG/UFG steel than on CG steel (b) [34-38].

Coarse-grained Austenitic Stainless Steel | ‘ NG/UFG Austenitic Stainless Steel

Figure 6. Fluorescence micrographs representing immunocytochemistry of fibronectin expressed by pre-osteoblasts after
incubation for 2 days on (a) CG and (b) NG/UFG stainless steel surface. A higher fluorescence intensity and an expanded network
of fibronectin expression along with a higher cell density is observed after labelling of cell nuclei with 4',6-diamidino-2-pheny-

lindole (DAPI) (inset micrographs) [34-38].
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Figure 7. Cytomorphometric evaluation of cell parameters (cell area, perimeter, Feret’s diameter) using micrographs of the type
presented in Figure 3 and expression level of proteins (actin and vinculin) (Figure 5) by densitometry approach using the image
analysis software. Data are represented as mean £SD (n =5) p < 0.05. CG and NG show a statistical difference [34-38]..

(standard deviation) and statistically analysed.
Statistical analysis was performed using a one-way ana-
lysis of variance (ANOVA) with a 95% confidence
interval [34-38].

Relationship between grain boundary parameters
and the bio-physical parameter and average grain
boundary length/cell for NG and CG surfaces

Quantification of cells attached to the surface was car-
ried out in detail and was correlated to grain boundary
parameters. Analysis of at least 10 light (for CG) and
transmission electron (for NG) micrographs indicated
significant differences in the average grain boundary
length/surface areas and were ~15.5 micrometer/
micrometer” and ~0.14 micrometer/micrometer’ for
NG and CG structures, respectively. Also, the average
distance between grain boundaries and the dimensions
of cells was significantly different between the NG and
CG structures. Considering a representative average
width of osteoblasts of 5-20 micrometer, as seen in
Figures 2 and 3, on the NG surface, an attached cell
covered ~25-75 grains by width and ~720 grains by
length. In striking contrast, a similar average size of
a cell on the CG surface covered ~1-3 grains by width
and ~15-24 grains by length.

Thus, the NG surface had a significantly greater
number of grain boundaries than surface-attached
cells. This was based on a computation of
a ‘biophysical parameter’, average grain boundary
length per surface-attached cell [39]. Such biophysical
parameter considers the physical aspect of the surface,
namely, the average grain boundary length/area with
the cell characteristic, i.e. the average area of the surface
covered by the cells. Table 1 presents interesting data
and a positive relationship of cell attachment with bio-
physical parameters such as the ratio of grain boundary
length to surface attached cells. This is supported by our
data that showed more than 20 times the average length
of grain boundaries/cells were occupied by the cells on
the NG surface compared to the CG [33]. The intercept
length of ~40-60 nm of the NG surface is similar to the
average separation distance of cell adhesion contact or
endothelial cells (~40 nm) [33,40].

Interaction process of cells with the NG surface
with a high density of grain boundaries

The data in Figures 3-7 demonstrate the potential
for the higher density of grain boundaries in the NG
structure compared to that of the CG structure to
provide greater avenues for cell-surface interactions.
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Table 1. Relationship between grain boundary parameters
bio-physical parameters and average grain boundary length/
cell for NG and CG surfaces [33].

Average total grain

Average grain

Average area of the boundary length/ boundary
surface covered by the surface area length/cell
cells (um?) (um/micrometer?) (um)
NG 1252.5 155 19414
cG 517.8 0.14 Al

This would trigger an altered mechano-transduction
pathway, potentially leading to a highly mineralized
extracellular matrix by the differentiating cells.

Our data show that cell attachment, cell prolifera-
tion, cell morphology, the expression level of key pro-
teins, and the degree of mineralization of the
extracellular matrix were greater on the NG surface
compared to the CG surface. This was established
based on comprehensive studies including MTT
assay, trypan blue assays, SDS-Page analysis, alizarin
red mineralization assay, cytomorphometric analysis
of cell parameters, immunofluorescence microscopy,
and electron microscopy studies [34-38].

Our studies show that the high density of grain
boundaries in the NG structure compared to the CG
structure increased the interaction between the cells
and its substrate surface. Such interactions would
impact cell signalling and mechano-transduction
pathways, and this would lead to a highly mineralized
extracellular matrix by the differentiating cells. The
data suggest that the cells ‘globally’ interact with the
NG surface in a manner like CG. Upon attachment to
the surface, the cell explores the surrounding biologi-
cal environment and migrates via lamellipodia and
filopodia, such that their ends establish focal adhesion.
This potentially occurs for subsequent migration and
communication between cells leading to proliferation
and mineralization of the extracellular matrix (ECM)
by the differentiating osteoblasts. The filopodial inter-
action amongst cells is the governing factor in the
secretion of ECM, with a consequent influence on
maturation and mineralization.

Nanoscale effect and future outlook

Our results demonstrate that the presence of nanos-
cale features on the surface of NG has a significant
effect on how the cells in the biological environment
interact with it. This commences with the greater
attachment of cells to the nanoscale surface, followed
by proliferation, synthesis of proteins, differentiation
and mineralization. The CG and NG substrates had
identical microstructural constituent (austenite-
phase), and near-identical average arithmetic mean
roughness, Ra (CG: 1.45+0.21 nm; NG: 1.52+0.29
nm), as determined by an atomic force microscope
[34-38]. Thus, it is highly likely that the heightened

cellular activity on the NG surface is dictated by the
interplay of physical and chemical attributes as well as
the mechanisms that govern the interaction between
cells and nanometre scale surface. It is postulated that
the nanoscale features in the NG surface trigger altera-
tions in cell adhesion (cell binding) ability, surface
activity (electron work function, charge carrier den-
sity), grain boundary state and surface energetics. This
is because of an increase in grain boundary density in
the NG surface compared to the CG counterpart. This
significantly impacts the functionality of cells at the
bio-nano interface (cell-substrate interface) and is the
focus of the proposed research. A fundamental under-
standing of the physical and chemical mechanisms
involved in modulating the cellular activities on the
NG surface is vital for the development of
nanotechnologies.

Thus, the ongoing studies on physical and chemical
attributes of NG and CG surfaces in a single material
will uncover the molecular mechanisms that are
involved in the nano-bio interface interactions.
Furthermore, regardless of the current understating
of how nanoscale features affect the cellular function-
ality of osteoblasts (as depicted in Figures 2-7), it is
crucial to address two fundamental questions from
a transformative point of view. Doing so will contri-
bute to the sustainable development of nanotechnol-
ogy. These questions include an inquiry into the
contrasting influence of nanoscale structure on the
unique physical and chemical attributes of the NG
surface compared to that of the CG counterpart, and
how such contrasting influence impacted the func-
tionality of cells at the bio-nano interface (i.e. cell-
substrate interactions). Uncovering the mechanism
responsible for connecting the nanoscale feature of
the NG surface and how it affects its grain boundary
state, surface energetics and surface activity such as
electron work function and charge carrier would be
a major contribution to the field. In addition, addres-
sing the question of how such effects would impact
biological functions such as cell adhesion, prolifera-
tion, protein synthesis, and cell signalling would be
vital to our mechanistic understanding of the interac-
tion of nanostructured surfaces with cells in the con-
text of biological functions.

The discovery of physical and chemical mechanisms
that are responsible for modulating cellular functions
could potentially contribute to the fundamental under-
standing of the science concerning bio-nano interac-
tions. Furthermore, it will enable us to decipher the
pathways and mechanisms for nanostructure-induced
favourable cellular functions by integrating biological
functions with chemical and physical attributes. A deep
understanding of cell-substrate interactions can even-
tually aid in the development of engineered surfaces
that possess specific physical and chemical attributes,
and this could potentially result in a desired biological



response. The scientific principles underlying bio-nano
interactions can be readily extrapolated to other bio-
medical devices such as metallic systems such as tita-
nium and cobalt-based alloys and non-metallic systems
such as ceramics and polymer nanocomposites, owing
to their similar structure-property relationships. This is
pertinent to the process of osseointegration and the
replacement of hard tissues.
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