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ABSTRACT  

The objectfive of the study presented here fis to reflate the grafin boundary bfio-physficafl attrfibutes to the favorabfle 

ceflfluflar  actfivfity  on  the  nanografined  surface  as  compared  to  the  coarse-grafined  counterpart  fin  a  bfiomedficafl 

stafinfless steefl. The dfiscovery of the contrfibutfion of grafin boundary bfio-physficafl parameter fis proposed to be at 

fleast  one  of  the  fimportant  aspects  from  the  perspectfive  of  understandfing  the  ceflfluflar  finteractfions,  namefly, 

ceflfluflar  attachment,  proflfiferatfion,  and  synthesfis  of  protefins,  on  the  nanostructured  surface  fin  reflatfion  to  the 

conventfionafl coarse-grafined counterpart.   

1. Introductfion 

It fis fimportant to recognfize that stafinfless steefls and tfitanfium aflfloys 

are wfidefly used for bfiomedficafl devfices for the treatment of jofints and 

defects [1–3]. They sometfimes fafifl prematurefly because of finadequate 

bufifld-up  of  bone  around  the  fimpflants,  and/or  wear.  In  thfis  regard, 

nanostructured aflfloys are consfidered promfisfing next generatfion mate-

rfiafls [2], where nanoscafle surface favorabfly moduflates ceflfl-fimpflant fin-

teractfions  fin  the  bfioflogficafl  envfironment.  Sfimufltaneousfly,  the  hfigh 

strength of the nanografined metafl fimpflant fis an fimportant mechanficafl 

property requfirement for flong-term stabfiflfity of metaflflfic fimpflants, pro-

vfides wear resfistance to wfithstand flong term floadfing and fis fin addfitfion 

to thfinner and reduced mass (hfigh strength/wefight ratfio). The subject of 

hfigh  strength-hfigh  ductfiflfity  combfinatfion  fin  bfiomedficafl  stafinfless  steefl 

has been recentfly addressed vfia the concept of phase reversfion-finduced 

NG aflfloys [4–6]. The ductfiflfity of NG materfiafls produced by other severe 

pflastfic  deformatfion  methods  (e.g.,  ECAP)  fin  contrast  to  the  phase 

reversfion process fis sfignfificantfly flow compared to the CG materfiafls. 

Recentfly, ceflfluflar actfivfity (ceflfl adhesfion, proflfiferatfion, synthesfis of 

key protefins) on bfiomedficafl stafinfless steefl was studfied as a functfion of 

grafin sfize from the nanografined (NG) to the coarse-grafined (CG regfime) 

usfing osteobflasts [6–11], fincfludfing studfies on nanoscafle roughness [12] 

and nanoscafle twfinnfing [13]. The objectfive of the study presented here 

fis to reflate the grafin boundary bfio-physficafl attrfibutes to the favorabfle 

ceflfluflar  actfivfity  on  the  nanografined  surface  as  compared  to  the  CG 

mficrostructure fin an fidentficafl stafinfless steefl. 

2. Experfimentafl 

The  NG  and  CG  grafin  sfize  was  obtafined  usfing  phase-reversfion 

concept devefloped fin the author’s flaboratory (Ffig. 1) and fis descrfibed 

eflsewhere [4–6].  In  summary,  the  grafin  sfize  fis  controflfled  by  temper-

ature–tfime anneaflfing treatment of the severefly cofld deformed austenfite. 

The average grafin sfize of CG 301 LN austenfitfic steefl was 22 ±3 μm, 
whfifle NG steefl had an average grafin sfize of 90 ±8 nm (Ffig. 1) and was 

determfined  from  at  fleast  25  mficrographs  usfing  the  ASTM  flfinear- 

fintercept method. 

NG and CG sampfles were mechanficaflfly poflfished usfing a serfies of SfiC 

papers  foflflowed  by  dfiamond  suspensfion  to  aflmost  sfimfiflar  surface 

average  nanometrfic  roughness  (arfithmetfic  mean  roughness,  Ra, 

measured from 3 μm ×3 μm scan area for CG and NG stafinfless steefl was 
1.45 ±0.21 nm and 1.52 ±0.29 nm, respectfivefly). 

The ceflfl cuflture protocofls are descrfibed fin detafifl fin prevfious studfies 

[6–13]. Ceflfl cuflture studfies were performed usfing mouse pre-osteobflasts 

ceflfl flfine MC3T3-E1 subcflone 4 (USA). Brfiefly, ceflfls were washed wfith 

phosphate  buffered  saflfine,  fincubated  wfith  0.25%  trypsfin/0.53  mM 

EDTA for 5–7 mfin to detach the ceflfls from the Petrfi dfish, dfispersed ceflfls 

fin  trypsfin/EDTA,  transferred  to  a  centrfifuge  tube  and  centrfifuged  at 

2000  rpm  for  5  mfin.  Ceflfl  peflflet  obtafined  after  centrfifugatfion  was  re- 

suspended  fin  cuflture  medfium  and  dfiflutfion  carrfied  out  usfing  cuflture 

medfium  to  obtafin  the  requfired  ceflfl  concentratfion.  Subsequentfly,  the 

sterfiflfized steefl dfisks were pflaced fin 24-weflfl pflate and fincubated wfith ceflfl 

suspensfion at 37 ◦C fin a humfidfified atmosphere wfith 5% CO2 and 95% 

afir.  Poflystyrene  24-weflfl  cuflture  pflates  were  used  for  controfl 
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Ffig. 1.Lfight mficrograph of CG stafinfless steefl wfith average grafin sfize of 22 ±3 μm and TEM mficrographs from NG to FG. NG: nanografined; UFG: ufltrafine-grafined; 
FG: fine-grafined; CG: coarse-grafined. 

Ffig.  2.Ffluorescence  mficroscopy  of  pre-osteobflasts  stafined  wfith  Hoechst  33,342  after  24  h  cuflture  on  (a)  CG  and  (b)  NG  substrates.  Hfigher  ceflfl  numbers  wfith 

abundant extraceflfluflar matrfix were observed on NG surface compared to CG substrate after 24 h. (c) The number of pre-osteobflasts grown on the NG substrate after 

cuflture tfime of 1–3 h exceeded the number of ceflfls attached to the CG substrate and poflystyrene cuflture pflates (c); p <0.05. 

Ffig. 3(fi.. SEM mficrographs of pre-osteobflasts cufltured for 24 h on (a, b) CG and (c, d) NG stafinfless steefls [8–10]. At flow magnfificatfion (a, c) flarger ceflfl numbers are 

apparent on NG surface (c) than on CG surface (a). Hfigh magnfificatfion (b, d) mficrographs shows a greater degree of spreadfing and finterconnectfivfity on NG (d) 

compared to CG surface (b). 

Ffig. 3(fifi.. Organfizatfion of vfincuflfin focafl adhesfion contacts and actfin stress fibers of ceflfls after 2 days cuflture on (a, b) CG and (c, d) NG substrates [8–10]. Vfincuflfin 

(a, c) stafinfing shows a flarger number of focafl contact sfites fin ceflfls grown on NG surface (c) compared to CG surface (a). The hfigher number of focafl adhesfion contacts 

are consfistent wfith hfigh number of actfin stress fibers on NG steefl (d) than on CG steefl (b). 
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experiments. 

3. Results and discussion 

The attachment of cells (blue spots in Fig. 2a, b) on NG and CG 
indicated good cytocompatibility with the pre-osteoblasts, but with a 
difference. The cells had greater attachment to the NG surface compared 
to the CG surface and the greater attachment was visible within one hour 
of cell culture. This suggested that the cell attachment to the surface was 
influenced by the grain size and was not a function of cell development 
or adaptation over time. 

The cell spreading pattern (Fig. 3 (i) exhibited a different 
morphology on NG and CG surfaces. On CG surface, the cell morphology 
after 24 h culture was compact with less well-defined periphery (Fig. 3 
(i) a, b), while the NG surface induced a significant change in the 
morphology of cells (Fig. 3(i) 3c, d), such that the cells spread uniformly 
with less well-defined boundaries and were elongated. On the NG sur
face, cells appeared flat and had star-like morphology with numerous 
cytoplasmic extensions, overlapping each other and forming cyto
plasmic bridges (Fig. 3 (i) c, d), implying significant degree of cell- 
substrate interaction. Thus, the extent of cell spreading was remark
ably greater on the NG surface compared to the CG surface. Examining 
individual proteins, actin, and vinculin, which are linked to cellular 
activity indicated that the NG surface produced favorable results. The 
expression of vinculin and actin that form focal contacts and stress fi
bers, showed higher expression level at the edges and well-defined stress 
fibers on NG steel than on the CG steel (Fig. 3i). 

The summary of the above studies (Figs. 2 and 3) provided the 
foundation to consider the relationship between grain boundary bio- 
physical parameters. Analysis of at least 10 light (for CG) and trans
mission electron (for NG) micrographs indicated significant difference in 
the average grain boundary length/surface area and was ~15.5 μm/μm2 

and ~0.14 μm/μm2 for NG and CG microstructures, respectively. Also, 
the average distance between grain boundaries and the dimensions of 
cells was significantly different for the NG and CG microstructures. 
Considering the representative average width of osteoblasts of 5–20 μm, 
as seen in Figs. 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 cell on the CG surface covered ~1–3 grains by 
width and ~15–24 grains by length. Thus, the NG surface had signifi
cantly greater number of grain boundaries to surface-attached cells. 
Based on this analysis, a biophysical parameter, average grain boundary 
length/cell was defined that considered the physical aspect of the sur
face, namely, average grain boundary length/area with the cell char
acteristic, i.e., average area of the surface covered by the cells. The bio- 
physical parameter, average grain boundary length/cell was defined as 
the ratio of the average grain boundary length/area to the average area 
of the surface covered by the cells [14]. Table 1 presents interesting data 
and positive relationship of cell attachment with the biophysical 
parameter, viz., grain boundary length/surface attached cells, where 
more than 20 times the average length of grain boundaries/cell was 
occupied by the cells on the NG surface as compared to the CG coun
terpart such that 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) [15]. 

Thus, we envisage at this time that the high density of grain 

boundaries in the NG microstructure (versus CG microstructure) pro
vided greater opportunities for cell-surface interactions by impacting 
cell signaling and mechano-transduction pathways. This aspect is 
related to the physical characteristics of the grain boundaries, which 
favorably promotes interaction of cells with grain boundaries. The study 
suggests that the cells globally interact with the NG surface in a manner 
similar to the CG surface. Upon attachment to the surface, the cell ex
plores the surrounding biological environment and migrates via lamel
lipodia and filopodia, such that their ends establish focal adhesion. This 
potentially occur for subsequent migration and communication between 
cells leading to proliferation and mineralization of the extracellular 
matrix (ECM) by the differentiating osteoblasts. 

The results summarized above suggest a clear impact of nanoscale 
feature when the cells interact with the NG surface. This commences 
with greater attachment of cells to the nanoscale-surface, followed by 
proliferation, and synthesis of proteins. Thus, the increased cellular 
activity on the NG surface is related to the relative influence of grain 
boundary bio-physical attributes (Table 1) and associated mechanisms. 
Studies are in progress to elucidate a molecular physiological mecha
nism that links the physical and chemical attributes of the NG surface. 

4. Conclusions 

The high density of grain boundaries in the NG microstructure pro
vided greater opportunities for cell-substrate interactions. The cells 
globally interact with NG surface in a manner to the CG surface. This 
commences with greater attachment of cells to the nanoscale-surface, 
followed by proliferation and synthesis of proteins. Grain boundary 
bio-physical parameter is at least one of the attributes that governs the 
increased cellular activity on the NG surface. 
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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.   

Average area of the 
surface covered by the 
cells (μm2) 

Average total grain 
boundary length/surface 
area (μm/mm2) 

Average grain 
boundary length/ 
cell (μm) 

NG  1252.5  15.5 19,414 
CG  517.8  0.14 71  
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