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ABSTRACT
The cytological behaviour and functional dynamics (adhesion, spreading, synthesis of proteins) of 
fibroblasts when interacting with biomedical surfaces are intricately influenced by the inherent nature of 
surface (nanocrystalline or microcrystalline), where the nanocrystalline (NC) surface is preferred in relation 
to the microcrystalline (MC) surface. This preference is a direct consequence of the distinct differences in 
physical and chemical characteristics between NC and MC surfaces, which include crystal boundary 
bio-physical attributes, electron work function, surface energy, and charge carrier density. The observed 
variances in cytological behaviour at the interfaces of NC and MC bio-surfaces can be attributed to these 
fundamental differences, particularly accounting for the percentage and nature of crystal boundaries. 
Recognising and understanding these physical and chemical characteristics establish the groundwork for 
formulating precise guidelines crucial in the development of the forthcoming generation of biomedical 
devices.

HIGHLIGHT POINTS
The significance of nanoscale surface in favourably modulating the cellular functionality is described with 
the aim to provide the solution to the current day challenges in the biomedical arena. Furthermore, the 
perspective presented advances the nano-bio science forward by implying that the nanoscale structure 
induces chemical and physical changes that can be considered responsible for favourable modulation of 
cellular activity in the living organism.

Fabrication and characterization of nanocrystalline 
surfaces to investigate fibroblast interactions

Titanium alloys and austenitic stainless steels are predomi-
nantly used for the fabrication of biomedical devices [1–5]. 
In some instances, biomedical devices exhibit premature 
failure, which is generally a consequence of inadequate 
build-up of tissue around the device. This leads to loosening 
of the biomedical device and is further facilitated by dimin-
ished cell–surface interactions. Additionally, factors such as 
wear and generated debris also contribute significantly to 
biomedical device failure. This impacts the immune response 
of the physiological system, which leads to inflammation, 
necrosis, and the loss of bone surrounding the implant [1–5]. 
Keeping this in mind, the nanocrystalline biomedical device 
system is a promising and viable approach for fabrication of 
futuristic biomedical devices [4]. This aspect is illustrated 
below, where the cytological interactions on NC surfaces are 
observed, which facilitate tissue growth and mineralization. 
Moreover, the enhanced strength associated with NC mate-
rials serves as an advantage, facilitating enhanced wear 

resistance and reduced device weight since a thinner bio-
medical device would meet requisite specifications [1–5].

To obtain nanocrystalline and ultrafine-crystalline struc-
tures, methods such as heat treatment [4–6], powder metal-
lurgy [7], and sintering [8,9] have been adopted, which 
modulate cytological functions and extend the operational 
lifespan of medical devices [8–15]. While laboratory-scale 
severe plastic deformation methods such as equal channel 
angular pressing (ECAP) [15–18], accumulative roll bonding 
(ARB) [19–21], high-pressure torsion (HPT) [22–25], multiple 
compression [26], and upsetting extrusion [27] have shown 
success, they often compromise ductility, a crucial factor for 
biomedical device fabrication. A high strength-high ductility 
combination is necessary for a prolonged lifespan in any 
metallic device [28–31]. To address this necessity, Misra’s 
group developed an ingenious concept of phase reversion 
with a specific focus on stainless steel to achieve a nano-
crystalline structure within the bulk alloy [32–34]. This con-
cept involves cold-reducing stainless steel by approximately 
∼60–80%, inducing a phase transformation from face-centred 
austenite to body-centred martensite. Subsequent short-term 
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heat treatment at higher temperatures of 700–800 °C for 
short durations of 10–100 s reverts the martensite phase to 
austenite [1–3,32–34]. Notably, the resultant crystalline 
structure is influenced by the degree of cold deformation 
and the specifics of temperature-time heat treatment. Figure 
1 illustrates a comparative analysis between the nanocrys-
talline structure and conventional microcrystalline struc-
tures. The nanocrystalline structure, achieved through the 
phase reversion process, remarkably preserves ductility 
while enhancing strength, defining a paradigm of high 
strength-high ductility combination within nanocrystalline 
stainless steel [33]. This augmented strength not only con-
tributes to wear resistance but also extends the material’s 
lifespan, while the retained ductility holds promise for bio-
medical device fabrication [1–3,32–34].

The primary aim of this study is to elucidate fundamental 
insights into the distinctive characteristics of nanocrystalline 
surfaces, characterized by crystal sizes within the nanoscale 
range and crystal boundaries exceeding 50%. We aim to com-
pare these characteristics with those of microcrystalline sur-
faces, characterized by crystal sizes in the microscale range 
with approximately ∼2–3% crystal boundaries. We hypothe-
size that these differences play a key role in enhancing the 
adhesion of fibroblast cells to the NC surface, leading to 
enhanced cellular spreading, synthesis of key proteins, and 
mineralisation processes. In this regard, we initially provide an 
overview by summarising the findings from prior studies on 
the cytological functions such as cell adhesion, proliferation, 
protein synthesis, mineralisation, and cell differentiation on 
both NC and MC surfaces. This is followed by a discussion of 
our viewpoints regarding the relationship between the chem-
ical and physical attributes of these surfaces and their poten-
tial impact on cellular functions. We postulate that these 
attributes significantly influence the observed differences in 
cellular activities between the NC and MC surfaces. This inves-
tigation seeks to uncover the relationship between surface 
properties and cellular behaviours, ultimately providing valu-
able insights into the molecular mechanisms governing bio-
logical functions. The understanding of these physical and 
chemical attributes is expected to provide a strong rationale 

for further mechanistic studies, the results of which will be 
reported in subsequent reports.

Experimental methodology to study cellular 
interactions between the nanoscale surface and the 
biological environment

The phase reversion concept enables varying crystal size to 
be obtained in the bulk alloy [1–3,32–34]. The data in Figure 
1 demonstrate the relationship between nanocrystalline size, 
determined by varying cold reduction percentages and tem-
perature heat treatments, and corresponding strength and 
mechanical percent elongation. This is contrasted with the 
characteristics of the microcrystalline counterpart. Multiple 
micrographs were used to derive the average crystal size, 
while the mechanical properties were assessed following the 
guidelines set by the ASTM standard. The average crystal 
size of MC steel was 22 ± 3 μm with a yield strength of 
350 ± 5 MPa and elongation of ∼40%. On the contrary, the 
nanocrystalline steel was characterized by average crystal 
size of 90 ± 8 nm, yielding a strength of 800 ± 7 MPa and 
elongation of ∼38%. These properties exhibit exceptional 
performance for bulk nanocrystalline stainless steel 
[1–3,32–34].

Here, we provide a concise overview of the experimental 
protocol employed to explore biological functions and sur-
face interactions with cells. A comprehensive and detailed 
description can be found elsewhere [35–40].

Preparation of nanocrystalline and microcrystalline 
surfaces

Recognising the substantial impact of surface roughness on 
cell adhesion, we carefully ensured that the surfaces under 
investigation for cellular functions exhibited near atomic-scale 
roughness. This was achieved by sequentially polishing the 
surface using various grades of SiC paper, resulting in a final 
polish using colloidal silica in water. The average arithmetic 
mean roughness (Ra), measured across a 3 μm × 3 μm scan 

Figure 1. light micrograph of microcrystalline (mc) and tem micrograph of nanocrystalline (Nc) biomedical stainless steels (adapted from references 1–3).
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area, was found to be 1.45 ± 0.21 nm for MC stainless steel 
and 1.52 ± 0.29 nm for NC stainless steel [35–40].

Cell culture

The study utilized a mouse fibroblast cell line (l-cell-l929 ATCC, 
USA) to investigate cytological functions on NC and MC sur-
faces. These fibroblasts were cultured in Eagle’s minimum essen-
tial medium (Invitrogen Corporation, USA) supplemented with 
10% horse serum, penicillin (100 U ml−1), and streptomycin 
(100 µg ml−1). The surfaces were prepared by mechanically pol-
ishing them to achieve nanometric roughness and sizing them 
to 1 cm2. Following cleaning in an ultrasonic bath with ethanol 
and deionized water, each surface was individually wrapped in 
gauze and sterilized in an autoclave. Fibroblasts at 80–85% con-
fluence, derived from T-flask cultures through trypsinization, 
were used to seed onto the polished samples [3,37,40]. Fibroblast 
cells were washed with phosphate-buffered saline (PBS), then 
incubated with 0.25% trypsin/0.53 mM EDTA for 5-7 min to 
detach them from the Petri dish. After dispersion in trypsin/
EDTA, cells were transferred to a centrifuge tube and spun at 
2000 rpm for 5 min. The resulting cell pellet was re-suspended in 
a culture medium and appropriately diluted to obtain the 
required cell concentration. Following this preparation, sterilized 
steel discs were placed in a 24-well plate and incubated with 
the cell suspension at 37 °C in a humidified atmosphere contain-
ing 5% CO2 and 95% air. For control experiments, polystyrene 
24-well culture plates were used [1–3,35–40].

Adhesion of fibroblasts

The adhesion and density of fibroblasts on NC and MC 
 surfaces were assessed using fluorescent labelling of nucleic 
acids with a fluorescence microscope (Nikon E600). Fibroblasts 
(10,000 cells/cm2) were seeded on NC and MC surfaces and 
left at 37 °C in an incubator with 5% CO2 and 95% air for 
varying durations. Following incubation, the fibroblasts were 
stained with the nucleic acid dye (Hoechst 33342). The discs 
containing the seeded cells were washed twice with PBS and 
then incubated in a solution of 10 µg dye/ml PBS at 25 °C for 
10 min before observation under a fluorescence microscope 

with excitation and emission wavelengths of 346/442 nm, 
respectively [1–3,35–40].

Response of fibroblasts to MC and NC surfaces

The adhesion and cell density of fibroblasts differed significantly 
between the NC and MC surfaces (Figure 2). Fibroblasts showed 
notably higher adherence and cell density on the NC surface 
compared to the MC surface. This trend was consistent with 
increased metabolic activity observed via mitochondrial reduc-
tion in the MTT assay, indicating superior cytocompatibility of 
the NC surface. Fluorescence micrographs of fibroblasts stained 
with nucleic acid-specific dye supported this finding (Figure 2) 
[1–3,35–40]. The variations in fibroblast adhesion density 
between the NC and MC surfaces were not attributed to cell 
development or surface adaptation over time [1–3,37,40].

Interestingly, SEM images revealed distinct differences in 
fibroblast morphology (Figure 3). On the NC surface, fibro-
blasts displayed widespread cellular with a star-like morphol-
ogy after approximately 24 h of cell culture. In contrast, while 
spreading occurred on the MC surface, it was less extensive 
compared to the NC surface. Overall, fibroblasts exhibited 
greater spreading on the NC surface, indicating a preferable 
interaction compared to the MC surface [1–3,37,40].

The synthesis and expression of key proteins (fibronectin, 
actin, and vinculin) on both surfaces provided further insights 
into fibroblast interaction. The observations (Figures 2–7) con-
firmed that the NC surface favoured interaction with surround-
ing cells, leading to some clumping of fibroblasts [3,37,40].

Confocal microscopy combining cytoskeletal elements and 
the nucleus (Figure 7) highlighted stronger expression levels 
of vinculin focal contacts and actin stress fibres on the NC 
surface compared to the MC surface. This indicated a more 
intense interaction of fibroblasts with the NC surface in the 
cellular environment [3,37,40].

Biophysical attributes and the relationship with the 
interaction of fibroblasts with NC and MC surfaces

To understand the contrasting cytological functions of NC 
and MC surfaces, we begin by defining a key biophysical 

Figure 2. fluorescence microscopy of fibroblasts nuclei with hoechst 33258 after 24 h culture on: (a) mc and (b) Nc surfaces. Nc surface shows higher cell density 
(b) with abundant extracellular matrix formation as compared to mc (a) surface. (c) histograms showing higher initial cell density and viability of fibroblasts on 
Nc and mc surfaces using mtt assay (adapted from references 3, 37, 40).
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parameter: the average crystal boundary length per surface 
area. Analysing several micrographs in Figure 1 revealed this 
parameter to be approximately ∼15.5 µm/µm2 for NC and 
∼0.14 µm/µm2 for MC surfaces. Next, considering the typical 
width (∼10–20 µm) and length (∼80–100 µm) of fibroblasts, we 
observe that on the NC surface, a fibroblast cell spans approx-
imately 100–200 crystals in width and 900-1000 crystals in 
length. Conversely, on the MC surface, a fibroblast extends 
across only a few crystals in width and approximately 10-15 
crystals in length. In brief, the NC surface, rich in crystal 
boundaries (>50%), accommodates a significantly larger area 
covered by fibroblasts (1612 µm2) compared to the MC sur-
face (984 µm2). To clarify these findings, we combined an 
important bio-physical parameter [41]—average crystal 
boundary/cell—with the cellular functionality, i.e. the average 
area of NC or MC surface covered by fibroblasts. This combi-
nation provided the average crystal boundary length per cell. 
Table 1 summarizes these biophysical parameters and estab-
lishes a relationship between these characteristics and the 
interaction of surfaces with fibroblasts. The table clearly indi-
cates that the average length of crystal boundary/cell 

occupied by fibroblasts on the NC surface is considerably 
greater than that on the MC surface. Remarkably, the average 
intercept length of ∼ 50 nm of the NC surface mirrors the 
average separation distance of endothelial cells (∼40 nm) [42].

The relevance of NC surface in the context of 
cellular interactions

The findings summarised above suggest a clear preference for 
the NC surface in promoting fibroblast adhesion, proliferation, 
and key protein synthesis (fibronectin, actin, vinculin) when 
compared to the MC surface. This preference holds true for sim-
ilar roughness and an identical microstructural constituent (i.e. 
austenite phase). This leads us to enunciate that the observed 
differences in cellular interaction on the NC and MC surfaces 
stem from disparities in their physical and chemical characteris-
tics. Notably, factors like surface energy, electron work function, 
surface charge density, and the physical and chemical attributes 
of crystal boundaries discussed above contribute to these differ-
ences. Understanding these distinctions is crucial in customizing 
the biological functionality of biomedical devices.

Figure 3. fibroblasts attachment morphology at 1 h on Nc (a, b) and mc austenitic stainless steel (c, d). At low magnification, cells on Nc exhibited greater 
number of attached cells and numerous cellular extensions with thicker extracellular matrices compared to the cg surface. cells on cg surface is spherical. high 
magnification micrographs (b, d), cell show higher extent of spreading on Nc surface than on mc austenitic stainless steel. cells on Nc austenitic stainless steel 
show numerous cellular extensions are indicative of extensive attachment and interaction with the substrate (adapted from references 37, 40).
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Figure 4. scanning electron micrographs of fibroblasts morphology at 24 h on Nc (a, b) and mc austenitic stainless steel (c, d). fibroblasts grown on Ng/Ufg and 
cg surfaces are significantly different. After 24 h culture, fibroblasts on Nc surface exhibit more extensive spreading, interconnectivity and thicker extracellular 
matrices as compared to mc surface (adapted from references 37, 40).

Figure 5. fluorescence micrographs representing immunocytochemistry of fibronectin expressed by fibroblasts after incubation for 2 days on (a) mc and (b) Nc 
stainless steel surface. A higher fluorescence intensity and expanded network of fibronectin expression along with a higher cell density is observed labelling of 
cell nuclei with dAPi. inset is the magnified view of the cell (adapted from references 3, 37, 40).
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Figure 6. focal contacts and actin stress fibres of fibroblasts after 2 days culture on mc (a,b) and Nc (c,d) stainless steel surfaces. Vinculin (a, c) staining shows a 
larger number of focal contact sites in fibroblasts grown on the surface of Nc(c) compared to cells grown on mc surface (a). the higher number of focal adhesion 
points corresponded well with a higher number of actin stress fibres on Nc surface (d) compared to mc surface (b) (adapted from references 3, 37, 40).

Figure 7. confocal micrographs show combined distribution of cytoskeletal organisation and focal adhesion contacts. Actin (red), vinculin (green) and nucleus 
(blue) in fibroblasts cultured for 2 days on Nc (a) and mc (b) stainless steel surfaces. the focal contact sites where vinculin is linked at the actin leading edges, 
which connect cells to the steel surface (adapted from references 37, 40).



ARTIFICIAl CEllS, NANOMEDICINE, AND BIOTECHNOlOgy 235

Our ongoing study investigates the physical and chemical 
characteristics of biomedical surfaces concerning crystal size. 
This exploration aims to unravel the molecular mechanisms 
dictating fibroblast interaction across various crystalline sur-
faces. Central to our investigation is unravelling how a surface’s 
physical and chemical attributes influence cellular functionality. 
Clarifying and revealing the mechanism by which the NC sur-
face promotes biological processes such as adhesion, prolifera-
tion, and protein synthesis holds the potential for a 
transformative understanding that could significantly impact 
the tailoring of surface functionality in biomedical devices.

The insights mentioned above will significantly advance 
nano-bio science forward by unravelling the understanding of 
how nanoscale structures induce chemical and physical 
changes that are responsible for favourable modulation of 
cellular activity within living organisms. The discovery that 
nanostructures can enhance cell adhesion through these 
physical and chemical changes without introducing additional 
chemical functionalities on the surface represents a signifi-
cant advancement beyond guiding the customization of cel-
lular functionality at the bio-nano surface.

Ongoing studies into the physical and chemical attributes 
hold potential for several contributions: (i) Revealing a mech-
anism explaining how the NC surface induces changes in sur-
face chemistry, surface energy, and electron work functions, 
thereby impacting cellular functionality. (ii) Elucidating mech-
anisms involving measurable changes in the crystal boundary 
state/energy caused by the NC surface compared to the MC 
surface, and how these changes influence cell adhesion and 
biological functionality. (iii) Uncovering the mechanism 
guided by the relationship between the high density of crys-
tal boundaries with high crystal boundary energy and the 
electronic properties of the NC surface. This exploration aims 
to enhance our fundamental understanding of how this rela-
tionship contributes to the high cell adhesion ability of the 
NC surface. (iv) Elucidating the relationship between the 
adhesive force or adhesion energy of the NC surface and its 
electronic properties, providing a foundational understanding 
of how this mechanism regulates cell adhesion.

Potential long-term outcomes and benefits to the 
biomedical field

Understanding the interaction between cells and surfaces can 
aid in developing surfaces capable of exhibiting specific phys-
ical and chemical properties. These surfaces could potentially 
facilitate targeted biological responses that are critical for 
optimizing the design of biomedical devices. This understand-
ing can be directly applied to various metallic (like Ti- and 

Co-based alloys) and non-metallic systems (including ceram-
ics and polymer nanocomposites). This shared 
structure-property relationship influences osseointegration 
and the replacement or reconstruction of hard tissues. 
Biomedical alloys like Ti and Co can undergo severe plastic 
deformation (e.g. high-pressure torsion) in a manner like the 
phase reversion concept to attain a NC structure. Exploring 
how nano-structuring affects cellular functions could signifi-
cantly advance tissue engineering.

Understanding cell-surface interactions is vital for nanoscale 
substrate patterning and potentially innovating new biologi-
cal electromechanics and microfluidic systems at the nano-
technology level. For example, integrating NC elements into 
microfluidic devices has the potential to broaden their appli-
cations to include cell differentiation, sorting, and selective 
staining. In addition, optimizing the processing of NC implants 
to modulate biological functionality and enhance wear resis-
tance could enable the customization of surface properties. 
This customisation could influence cellular behaviours by pro-
moting optimal responses from surrounding tissues, thus 
enhancing implant functionality.
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