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ABSTRACT 

 

Towards the creation of the next generation of biomedical implants that effectively integrate in 

tissues, understanding cell behaviour at the material-host interface to control and optimize the 

biological outcome is a crucial endeavour. It is now well-known that the nanoscale surface 

properties of biomaterials play a significant role in directing the activity of adherent cells at the 

implant-host tissue interface. A variety of cellular functions, ranging from adhesion and 

proliferation to differentiation along specific lineages, are guided by the nanoscale 

topographical and physicochemical features of the substrate. This evidence reaffirms the role 

of surface features on eliciting an enhanced response of cells towards improved biological 

outcomes (e.g., bone integration) of implanted biomaterials. In this context, Titanium (Ti) and 

its alloys are popular biomaterials widely used in orthopedic, dental, and cardiovascular 

applications. In particular, in the field of osseointegrated devices, chemical treatments of 

titanium, specifically oxidative nanopatterning (i.e., a simple yet effective treatment with a 

H2SO4/H2O2 solution), have shown to be a promising strategy for guiding and controlling the 

fate of relevant cells (e.g., osteoblasts, stem cells), thereby achieving the ability to direct the 

biological response towards the desired outcome. In this context, the sponge-like nanoporous 

surface resulting from oxidative nanopatterning of titanium allows direct surface cueing to 

bone cells. It also has the capacity to selectively regulate cell behaviour, modulate the 

expression of crucial determinants of cell activity, and offers the potential to harness the power 

of stem cells. However, the mechanisms that control how cells sense and respond to these 

nanometric cues are still elusive. A novel strategy to elucidate them takes inspiration from in-

vivo protocols, where “knock-out” animal models are used to determine the role of a specific 

gene. Based on this, I propose an original approach aimed at investigating cell response under 

conditions known to affect specific cellular processes, thereby determining whether these 

activities can be rescued by direct cueing by the substrate, ultimately elucidating their 

implication in responding to a given nanostructured substrate. In particular, hyperglycemic 

culturing conditions often used to mimic diabetes in-vitro are known to exert detrimental 

effects on the proliferation and differentiation of osteoblasts, and thereby could be an excellent 

opportunity to test whether the nanometric surface features resulting from oxidative 

nanopatterning of titanium also possess the ability to compensate to the cell-level changes 

caused by higher levels of glucose. This would ultimately demonstrate a direct effect of the 
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substrate on these events and help us understand the mechanisms involved in cell-biomaterial 

interactions.  

To address this challenge, I propose to investigate the response of human MG-63 osteoblastic 

cells to nanoporous titanium under hyperglycemic conditions. The goal is, therefore, to 

understand whether direct nanotopographical cueing at the nanoscale can rescue MG-63 cells 

from the effects of hyperglycemia, thereby casting new light on the mechanisms underlying 

the interactions between this widely used cell line and nanoporous titanium. In parallel, results 

from my work aim at providing new fundamental evidence to interpret results from that body 

of literature that uses high glucose content as a way to mimic the osseointegration of 

biomaterials in diabetic conditions. 
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Chapter 1 

MOTIVATION, OBJECTIVES AND HYPOTHESES 

 

 

1.1 Context 

 

Endowing surfaces of biomaterials with nanoscale features have been shown to improve their 

bioactivity[1]–[5]. In this regard, researchers in the field of osseointegrated implants have been 

utilizing nanoscale surface modifications to reduce healing time, promote osteointegration and 

increase the life expectancy of implants[6]–[9]. Titanium has been the gold standard for 

biomedical implants for a long time due to its mechanical properties, high strength-to-weight 

ratio, exceptional biocompatibility, and high corrosion resistance[10], [11]. However, to create 

even more effective titanium implants, a large array of surface modification techniques have 

been developed to enhance cell adhesion, migration, proliferation, differentiation and, 

ultimately, osseointegration[12]–[15]. In this context, nanoscale modifications based on the 

use of chemical etchants have shown great potential in increasing biocompatibility [14]–[17]. 

Acid etching, alkali-heat treatment, and anodization are a few techniques that have been widely 

employed to achieve this goal[19]–[22]. However, the mechanisms employed to bring about 

these modifications remain unclear[23]. In this context, Nanci et al. [9] demonstrated a protocol 

to create nanoporous surfaces on titanium using a simple yet effective chemical treatment, 

namely oxidative nanopatterning. The controlled chemical oxidation leads to the modification 

of the outer oxide layer, which enhances the biological activity of the surface by selectively 

controlling protein adsorption[24] and uniquely promoting the activity of osteoblastic cells 

while inhibiting that of fibroblastic cells[4], [25], [26]. This nanoporous surface has gained 

increasing interest due to the ease of reproducibility and the beneficial effects of the treatment 

on both initial and subsequent osteogenic (bone-forming) events both in-vitro [4], [9], [14], 

[15], [26] and in-vivo[27]–[29].  

In a more general context, uncontrolled blood glucose remains a contraction in implant 

therapy[30]–[32], drawing attention to the need for awareness and the generation of implants 

which can still perform under the changes in hyperglycemic patients[30], [33]–[36]. In this 

regard, the potential of surface modifications at the nanoscale to resolve this problem must be 

evaluated. 
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1.2 Motivation 

 

The present study aims to contribute by analyzing the effects of oxidative nanopatterning of 

titanium[37] by employing a widely used human osteoblastic cell line, MG-63, in normal and 

hyperglycemic conditions. In this way, this study will assess whether the nanoporous surface 

possesses the ability to rescue osteoblastic cells from the detrimental effects of hyperglycemia, 

thereby contributing to elucidating cell-substrate interactions while supporting the research 

space that needs increasing clarity on whether surface modifications of implants are still 

effective in non-ideal conditions, such as hyperglycemia.  

 

1.3 Objectives 

 

Based on these premises, the main objective of my thesis is to determine the role of nanoporous 

titanium in rescuing osteoblastic cells from the detrimental effects of hyperglycemia. This will 

help determine whether nanostructured surfaces act on the functions that are impaired by 

hyperglycemia. To this end, I propose to: 

1. Create nanoporous titanium surfaces via oxidative nanopatterning. 

2. Employ a widely used human osteoblastic cell line (MG63) in normal and high glucose 

conditions.  

3. Quantify the changes in morphology, proliferation, and differentiation of MG-63 cells on 

untreated and nanoporous titanium. 

4. Compare the cellular differences observed in normal and hyperglycemic conditions.  

 

1.4 Hypothesis 

 

The hypothesis of the work is as follows: 

1. The oxidative nanopatterning will produce a nanoporous surface comparable to that 

reported in previous literature. 

2. Nanoporous titanium will lead to a better proliferation of osteoblastic cells in 

hyperglycemic conditions. 

3. Nanoporous titanium will improve osteoblastic cell’s differentiation capacity in 

hyperglycemic conditions.  
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Chapter 2 

LITERATURE REVIEW 

 

 

2.1 Biological Surface Science 

 

The human body is an intricate biochemical-mechanical system consisting of numerous 

components that work in harmony across a variety of levels thanks to a highly precise 

hierarchical organization, ranging from the nanoscale size of proteins to micro- and 

macroscopic dimensions of tissues and organs[38], [39]. Among the processes that occur at the 

nanoscale, cell-cell and cell-matrix interactions are fundamental for a wide variety of biological 

events[40], [41]. These not only control the response to the extracellular matrix but also that to 

synthetic biomaterials via phenomena like cell attachment, proliferation, differentiation, and 

gene expression[42]–[44]. This evidence led to the current health-research based on biological 

surface science, which focuses on rationally endowing surfaces with nanoscale features for the 

development of biomaterials with improved bioactivity[45]–[47]. Over the years, this field has 

seen huge advancements in the development of surface modification techniques to beneficially 

guide the biological process on metallic, polymeric and ceramic biomaterials towards a pre-

determined pathway[46]–[49]. Because of their wide use in implantology, metals, and in 

particular titanium, the gold standard for osseointegrated implants, have received particular 

attention in this regard, with specific nanoscale surface modifications aimed at providing an 

enhanced integration in bone[8], [15], [50], [51]. 

 

2.2 Orthopedic Implant materials 

Orthopedic implants have been successfully used for decades to replace or repair damaged 

bones and joints[52]–[54]. The advancement in metals for orthopedic implants has seen 

tremendous growth in the past decades[55]–[57]. However, due to intrinsic limitations such as 

the lack of native bioactivity, corrosion and wear, a sub-optimal biological outcome may 

develop and ultimately negatively affect the implant’s performance in the long term [54], [58]. 

In turn, this has led to the continuous rise in demand for new and improved implant materials 

that are tough, corrosion- and wear-resistant, bioactive, and able to endure long periods without 

failing[11], [59], [60]. 
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2.2.1 Titanium 

Titanium and its alloys (e.g. Ti-6Al-4V) have emerged as the number one choice for orthopedic 

and dental implants and have been used extensively for decades due to their excellent 

combination of strength, fatigue strength, low modulus and biocompatibility[10], [50], [61]. 

Titanium has been shown to offer low cytotoxicity and is non-carcinogenic[62]. Furthermore, 

the spontaneous formation of a stable and protective titanium oxide (TiO2) surface layer due to 

air-induced passivation makes it corrosion-resistant[63], [64]. In addition, the TiO2 layer also 

provides the surface with a moderate charge at physiological pH, which is believed to enhance 

bioactivity[65], [66]. The presence of this charge has shown that protein denaturation will not 

occur upon the interactions with the hydrophilic outer shell of proteins[65], [66]. This negative 

charge is also expected to attract Ca2+ ions when exposed to body fluids, which could be 

advantageous for osseointegration[67], [68].  

Even though titanium has been widely used in medicine, several surface modification 

techniques have been employed to develop a new generation of implantable metals with 

enhanced bioactivity, i.e. cell adhesion, migration, proliferation, and differentiation that will 

ultimately lead to improved osseointegration[6], [23], [57], [66]. 

 

2.3 Surface modifications of titanium 

The extensive array of surface-modification approaches that have been employed to provide 

titanium-based implants with new biological functions has been mostly fixated at the nanoscale 

level[23], [28], [69] as it is quite evident from the literature that nanotopography possesses the 

ability to influence cellular activity[42]–[44]. It has been shown to not only trigger a distinct 

set of signalling pathways, thereby affecting the activity of osteogenic cells, but also to enhance 

osteogenic differentiation[8], [70]. In addition, studies have shown that these changes imparted 

in cellular activity due to the nanoscale surface modifications have been shown to modulate 

bone response[71]. This modulation in bone response validates the in-vivo performance of 

nanotopographic implants and promises their clinical efficiency[71].  

Depending on the treatment employed, surface-modification approaches are mainly 

categorized into physical and chemical modifications[23], [28], [69]. 
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2.3.1 Physical Modifications 

Biomaterials have been altered through various physical processes to give them new beneficial 

properties, and these modifications have been demonstrated to favour various biological 

processes[72], [73]. For instance, a nanoscale modification achieved by a superficial deposition 

of bioactive layers like TiO2 and hydroxyapatite using techniques like plasma, electrostatic 

spray or physical vapor deposition (PVD) led to an enhancement in osteoblastic cell activity 

and in-vivo osseointegration[73], [74]. Formation of nanonodular structure on Ti alloys during 

PVD of microroughened titanium led to an increase in their in-vivo osseointegration in rat 

femur in comparison to their microtextured metallic counterparts[75].  

Laser modification is another technique that has been used to modify the topography of the 

titanium surface[76]. Nanoscale textures generated using laser modifications on titanium 

implants led to an increase in their osseointegration[77]. Furthermore, cell proliferation and 

differentiation effects changed according to the nanogrid structure patterns generated by laser 

ablation on titanium surfaces[23].  

 

2.3.2 Chemical Modifications 

Surface properties of titanium designed by chemical methods have been widely reported to 

positively affect key biological processes such as protein adsorption, cell proliferation and 

differentiation[8], [78], [79]. In this context, the use of rationally selected acids and oxidants 

has proven to be an effective way to modify titanium surfaces at the nanoscale level[4], [8], 

[70]. In addition, the simplicity and the uniform and efficient access to all surfaces offered by 

chemical treatments make them an attractive approach for large-scale manufacturing[47]. 

Chemical modification techniques such as electrochemical oxidation allow nanostructuring of 

the TiO2 layer, which can be controlled by modifying treatment parameters such as electrolyte 

concentration and type, voltage and time [20], [47], [80]. The precise design of surface features 

via chemical treatments is a prerequisite to attain optical cueing to cellular functions. For 

example, Steeves et al. showed that nanotubular surfaces obtained by anodization affected the 

quality of bone minerals deposited using differentiated stem cells[12]. Popat et al. also reported 

an increase in proliferation and differentiation in marrow stromal cells isolated from rats[81].  

Acid etching is another straightforward surface modification technique that leads to nanoscale 

topography production on titanium[69], [70]. The surface is immersed in an acid solution using 

strong acids like sulfuric acid (H2SO4), Hydrofluoric acid (HF), and Hydrochloric acid 
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(HCl)[69], [82], [83]. The nanostructures created by this method have been shown to influence 

cellular activity like cell migration, adhesion, proliferation and differentiation [19].  

Likewise, oxidative nanopatterning is a chemical etching technique that generates 

nanotopography on titanium surfaces using combinations of strong acids and oxidants and has 

shown promising results in various aspects[4].  

 

2.4 Oxidative Nanopatterning 

Oxidative nanopatterning is a particularly effective method for nanostructuring titanium-based 

metals which involves the use of etching with combinations of strong acids and oxidants[26], 

[28], [37], [84]. The mixture of a strong acid like sulphuric acid (H2SO4) and a strong oxidant 

like hydrogen peroxide (H2O2), called the Piranha solution, has been shown to yield nanopits 

of approximately 20 nm diameter on titanium and its alloy (Ti6A4V) [25], [37].  

The treatment works by removal of the TiO2 layer followed by its recreation under controlled 

conditions, ultimately generating a nanostructured surface layer[37]. In addition, the change in 

the strength of the piranha solution and the time of exposure allows the control of essential 

parameters like the wettability, surface morphology and thickness of the TiO2 layer. 

Furthermore, this flexibility also extends to the change in the density of -OH (hydroxy) groups 

on the surface, a factor believed to influence cellular activity by possessing the capacity to 

control protein adsorption selectively.  

Several studies in this regard have shown that the nanoporous surfaces resulting from oxidative 

nanopatterning treatment exert biological activity and could modulate the expression of critical 

determinants of cell activity[4], [15], [85]. In addition, they uniquely promoted the activity of 

osteoblastic cells while inhibiting those of fibroblastic cells[4].  

An increased cell adherence, proliferation and expression of major matrix bone proteins such 

as osteopontin (OPN) and Bone sialoprotein (BSP) was also reported in calvaria-derived cell 

cultures [15], [26]. In the case of stem cells, accelerated growth and upregulated expression of 

differentiation markers like alkaline phosphatase (ALP) was observed, indicating the 

treatment’s effect on cell differentiation[15]. The nanopores generated on Ti6A4V alloy due to 

oxidative nanopatterning also showed an affected cell proliferation of osteoblast-like cells 

derived from rats (UMR-106) and selective inhibition of fibroblast-like cells derived from 

embryotic mouse (NIH3T3)[25]. In addition, nanoporous titanium has also proven effective in 

combating implant-association infections as they have been shown to confer antimicrobial 

properties to both titanium and medical-grade stainless steels[86], [87].  



7 

 

  

 

Figure 2.1: Oxidative nanopatterning of titanium and its bioactivity 

(A) SEM micrographs of mechanically polished (left) and nanoporous (right) titanium (Ti) surfaces, 

Scale bar = 100 nm[37] Copyright:© 2006 Elsevier B.V.. (B) TEM images of FIB ultrathin cross-

sectional profile of the nanoporous surface layer, Scale bar = 100 nm (left), 50 nm (right)[88] Copyright 

© 2014 Variola et al.. (C) Cell count after 6 h (black bar) and 3 days (gray bar) on control and different 

treated Ti6Al4V substrates for BHK-21 fibroblasts (top) and UMR-106 osteoblasts[4] Copyright ©2008 

WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim. (D) Immunolocalization of the matricellular 

proteins osteopontin (OPN) in primary calvaria-derived osteogenic cells grown on control (top) and 

nanotextured Ti surfaces bottom)[15] Copyright ©2009 American Chemical Society. (E) Human 

umbilical cord (HUC)-derived cells grown on control Ti surfaces (left) and nanotextured Ti surfaces 

(right). Areas of higher cell density were frequently observed for nanostructured Ti. Dual nuclear 

labeling with an anti-Ki-67 antibody and DAPI at day 3 allowed the detection of significantly more 

cycling cells on nanotextured Ti compared to controls[15] Copyright ©2009 American Chemical 

Society. (F) U937 macrophage protein expression on control (left column) and nanoporous (right 

column) titanium[89] Copyright © 2018 Ariganello et al.. (G) SEM images of Staphylococcus aureus 

on polished (left) and nanoporous (B, inset) titanium surfaces, Scale bar = 10 mm[88] Copyright © 

2014 Variola et al.. 
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Furthermore, a decrease in inflammatory response was also reported by Ariganello et al., who 

studied human immortalized U937-derived macrophage cells exposed to nanocavitated 

titanium surfaces[89]. 

In addition, oxidative nanopatterning does not affect the mechanical performance of titanium 

or the structural integrity of the nanostructured oxide layer, unlike other chemical treatments 

(such as anodization) used to nanostructure titanium, thereby making it a decent strategy for 

implanted devices under loading conditions[28].  

This extensive research shows that nanoporous titanium obtained by the oxidative 

nanopatterning method not only offers the ease of reproducibility but also beneficial effects on 

both, initial and subsequent osteogenic (bone-forming) events. Given these points, this study 

uses the oxidative nanopatterning treatment proposed by J.-H. Yi et al.[37] to further expand 

on the usage of nanoporous titanium in compromised metabolic conditions like hyperglycemia. 

 

2.5 In vitro cellular assays 

An essential aspect of osteo-related research is an effective cell model. It demands a molecular 

and morphological assessment of the cell line to be employed. Furthermore, choosing a cell 

model depends on the material’s intended application and/or the biological activity to be 

studied. Many cell lines, such as human Saos-2 and MG63, as well as murine MC3TC3-E1 

have been employed in this regard; however, despite their usefulness, they need to be carefully 

selected in order to facilitate data extrapolation relevant to the intended outcome[90], [91]. For 

instance, the interspecies difference in MC3T3-E1 cells and the limited mirroring of phenotypic 

changes in Saos-2 restrain their use in particular studies[92]. MG-63, osteoblasts-like cells, on 

the other hand, do not possess these restraints and have long been used to assess the in-vitro 

cell behaviour of osteoblasts[92]. 

 

2.5.1 MG-63 cells 

The MG-63 cell line has been employed in several osteo-based biological studies for 

experimental modelling. They are derived from a 14-year-old male’s osteosarcoma. These cells 

exhibit an immature osteoblast phenotype and undergo a temporal development when cultured 

for longer[92]. These cells divide rapidly, thereby displaying the ease of culturing with limitless 

growth. Furthermore, the congruity of integrin-subunits allows for simple cell-substrate 

studies[92]. They have also been shown to regulate various functions in osteogenesis and have 

been used in various studies to understand the expression of osteoblastic markers[90]. Overall, 
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making them an optimal choice for osteoblast-like experimental modelling of biomaterials that 

interface with the bone, especially in studies that are used in studying orthopedic or periodontal 

implants[21], [93], [94]. 

 

2.6 Effect of hyperglycemia on bone cells 

2.6.1 Osteoblast proliferation and differentiation 

Several studies have reported the effects of hyperglycemia on osteoblasts. The vast majority of 

these were conducted in the framework of in-vitro models for Diabetes Mellitus (DM), a 

metabolic disorder characterized by hyperglycemia caused by defects in insulin secretion, 

insulin action, or both[33]–[36]. Untreated DM has been one of the common contradictions in 

implant therapy[30] as it alters the bone formation and remodelling process and also negatively 

impacts the wound healing process during osseointegration[30], [95]. The root cause of these 

effects is the impairment of cellular function observed in osteoblasts under hyperglycemic 

conditions[96], [97]. 

Results from in-vitro research revealed that even though a change in the morphology of 

osteoblastic cells was not observed in hyperglycemic conditions[98], their proliferation is 

negatively impacted. Shao et al. reported a decrease in the proliferation of MG-63 cells under 

high glucose conditions stimulated through high glucose supplement media[94]. A decrease in 

the proliferation of osteoblasts differentiated from bone marrow-mesenchymal stem cells 

(MSCs) of diabetic rats compared to healthy rats was also observed by Bueno et al. [98]. 

Valdez-Salas et al. also demonstrated an initial decrease in the proliferation of MC3T3E-1 

preosteoblasts cultured in human diabetic serum[99].  

Similarly, several studies have reported a decrease in the expression of necessary transcription 

factors that regulate osteoblast differentiation in hyperglycemic conditions. RUNX2, or the 

Runt-related transcription factor 2, is an important transcription factor that regulates the 

differentiation of mesenchymal cells into pre-osteoblast and the formation of immature 

osteoblasts. It is also responsible for inhibiting the differentiation of mesenchymal cells into 

chondrocytes and adipocytes[100], [101]. However, insulin-deficient animal models have 

shown that RUNX2 transcripts are lowered in hyperglycemic conditions [102]. RUNX2 

expression levels were also lower in osteoblasts differentiated from bone marrow mesenchymal 

stem cells of diabetic rats[98]. Chen et al. also showed similar results, reporting a diminished 

expression of RUNX2 in rat MSCs in hyperglycemic conditions[103]. In addition, Lu et al. 

also reported a reduced expression and down-regulation of RUNX2 genes in hyperglycemic 
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mice[104](Figure 2.2 A). Liu et al. further confirmed the detrimental effects of hyperglycemia 

by an in-vitro analysis of RUNX2 expression in MC3T3E-1 cells grown in media supplemented 

with various high glucose concentrations[105].  

Osteoblast differentiation is also characterized by Alkaline phosphatase (ALP)[106]. ALP is 

considered to be an early marker of osteoblast differentiation, and an increased ALP level 

indicates active bone formation since it is a by-product of osteoblast activity[106]. Although, 

under hyperglycemic conditions, studies analyzing ALP activity have produced contradicting 

results.  

Osteoblasts differentiated from bone marrow MSCs of diabetic rats have shown diminished 

ALP levels compared to those obtained from healthy rats[98], [103]. However, a long-term 

assessment by Botolin et al. (Figure 2.2 B) showed induction of ALP expression in 

hyperglycemic conditions [107]. Similarly, a higher ALP activity in MC3T3E-1 cells grown in 

media supplemented with varying high levels of glucose concentrations was observed by Liu 

et al.[105]. Although, the reasons for these contradictions have not yet been established clearly. 

 

Hyperglycemia influences other markers of osteocalcin differentiation, like Osteocalcin 

(OCN). OCN is a late-stage marker of osteoblastic differentiation produced by mature 

osteoblasts and is responsible for developing the inorganic matrix of the bone [108]. It is also 

reported to improve adherence in the case of osteoblast-like cells [109]. However, several 

studies over the years have reported that a decrease in OCN expression in animal models of 

hyperglycemia has been observed [104], [107], [110]. Similar decreased expression of OCN 

was also reported in osteoblasts differentiated from bone marrow MSCs of diabetic rats[98]. 

In-vitro hyperglycemic studies by Shao et al. using MG-63 cells also reported a negative OCN 

expression in high glucose conditions[94](Figure 2.2 C).  

Additionally, OCN has been shown to have an association with glucose homeostasis. In this 

regard, a study conducted by Wei et al. showed an increase in insulin expression in pancreatic 

islets cultured with mouse osteoblasts[111]. Furthermore, this rise in insulin expression was 

not observed in osteoblasts obtained from mice deficient in OCN(OCN-/-). Besides, these mice 

were found to be hyperglycemic and hypoinsulinemic even with a regular diet. In summary, it 

was concluded that OCN is a hormone responsible for insulin expression and secreted by 

osteoblasts which also act as endocrine cells[111]. It was also seen that OCN and insulin are in 

a regulatory loop monitored by insulin receptors on osteoblasts. These results indicated the 

importance of OCN  in maintaining glucose homeostasis and insulin signalling.[111]  
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Figure 2.2: Effect of hyperglycemia on osteoblasts 

(A)RUNX2 expression in control(C) and diabetic mice(G) at different time points(days)[104] 

Copyright © 2003 by The Endocrine Society. (B)ALP activity in osteoblasts with treated 30 mM glucose 

(black bars) and 5.5 mM glucose conditions (control, white bars)[107] Copyright © 2006 Wiley-Liss, 

Inc.. (C) OCN expression in MG63 cells under control DMEM (ctrl), normal glucose (NG), high 

glucose (HG)[94] Copyright © 2014 Xinyu Shao et al.. 

 

 

 

 

 

A B 



12 

 

2.7 Hyperglycemia and surface modifications  

Extensive evidence in the previous section indicates that hyperglycemia impairs osteoblast 

cellular functionality (e.g., proliferation, differentiation, mineralization). Since nanostructured 

surfaces have been shown to exert favourable effects on osteoblastic functionality, proliferation 

and osteogenic expression compared to their nonmodified counterparts, current research is 

focused on understanding whether these surfaces can rescue osteoblastic cells from the 

detrimental effects of hyperglycemia. 

In this context, Jiang et al. reported that sandblasted/acid-etched and anodized titanium 

surfaces improved the proliferation and differentiation of MC3T3-E1 osteoblast cells in high 

glucose concentrations (25 mM)[70]. Similarly, Valdez-Salas et al. showed that nanostructured 

TiO2 nanotubes upregulated osteoblastic differentiation in MC3T3-E1 osteoblast cells under 

high glucose conditions stimulated by human diabetic serum [99]. Moreover, Yang et al. also 

reported that TiO2 nanotubes supported osteoblastic proliferation and differentiation in high 

glucose concentrations(22 mM)[112]. However, despite these results, the mechanisms of how 

nanostructured surfaces affect cells are not fully elucidated. 

 

This study will thereby contribute to the body of literature that uses high glucose content to 

mimic the osseointegration of biomaterials in diabetic conditions by utilizing oxidative 

nanopatterning to understand further and decipher the role that nanoporous titanium plays in 

rescuing osteoblast from the adverse effects of hyperglycemia. 
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Chapter 3  

MATERIALS AND METHODS 

 

 
3.1 Surface Preparation 

3.1.1 Titanium substrates  

Grade 2 titanium squares (1cm X 1cm, 1 mm in thickness) were obtained from a 200 X 200 

mm Titanium foil (99.2% (metals basis), Thermo Scientific). The samples were cut using the 

electronic discharge machine and were cleaned in toluene in an ultrasonic bath for 20 mins, 

followed by ultrasonic rinsing in deionized water (DI) three times. A portion of these samples 

was kept as the Control (Ti) condition. 12mm borosilicate glass coverslips (#1.5, Fisher, 

1254580), referred to as CS, were also ultrasonically cleaned with toluene and rinsed three 

times in DI. 

 

3.1.2 Oxidative nanopatterning 

Samples were treated with the “Piranha Solution,” which was prepared as a 1:1 mixture of 

H2SO4 (37N, Fisher Scientific) and H2O2 (30%, Fisher Scientific). The solution was cooled 

down by placing it in an ice bath until it reached room temperature. Successively, samples were 

carefully placed along the edge of the beaker, and the solution was stirred using a magnetic 

stirrer for a period of 2 hours, according to a previously established protocol[37]. After the 

treatment, the samples were rinsed three times in DI and successively air-dried. These treated 

samples were labelled as Nanoporous Titanium (NPTi). 

 

3.2 Surface Characterisation 

3.2.1 Scanning electron Microscopy (SEM) 

SEM imaging was carried out with JSM-7500F Field Emission Scanning Electron Microscope 

(FESEM, JOEL, Japan). The primary purpose was to ensure that the chemical treatment created 

the characteristic nanoporous surfaces on titanium previously reported in the literature [9], [27], 

[28], [37]. 
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Figure 3.1: Schematics of sample preparation 

Sample preparation to produce Control Untreated Titanium (Ti), Nanoporous Titanium 

(NPTi) conditions. 
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3.3 Cell culture 

Aliquots of commercially available human osteoblastic MG-63 cells (ATCC, USA) kept in the 

-80 °C freezer were thawed in a 37 °C water bath. The 1 mL volume contained in the vial was 

gently transferred to a 15 mL centrifuge tube using a 1 mL pipette. Successively, 9 mL of pre-

warmed cell culture medium (DMEM + 1g/L glucose supplemented with 10% Fetal bovine 

serum (FBS), 20 U mL-1penicillin and 20 U mL-1streptomycin (ThermoFisher Scientific, USA) 

and 1% L-glutamine (ThermoFisher Scientific, USA) at 37° C was added to make a cell 

suspension of 10 mL. The cell culture medium was added to the 15 mL tube in a dropwise 

fashion while rotating the tube by hand to prevent osmotic shock. The cell suspension was 

centrifuged at 190 g for 6 minutes. The pellet was resuspended in a 10 mL cell culture medium, 

transferred to a fresh 75 cm2 cell culture flask, and placed at 37 °C in a water-jacketed incubator 

with 5% CO2 / 95% air atmosphere and at 100% humidity.  

Cells were grown in Dulbecco’s modified eagle medium, with different glucose levels, normal 

glucose (5mmol/L or 1g/L glucose) and high glucose (25 mmol/L of 4.5g/L glucose) at 37 °C 

in a water-jacketed incubator with 5% CO2 / 95% air atmosphere and at 100% humidity. The 

media was changed every two days. Cells were trypsinized when they reached a 70-80% 

confluency. Once confluent, cells were detached from the surfaces using appropriate volumes 

of 0.25% trypsin-EDTA and incubating at 37 °C for 5 minutes. To ensure the complete 

neutralization of the trypsin enzyme equal volume of appropriate pre-warmed fresh culture 

media was added, followed by throughout mixing. Cells were collected and centrifuged at 190 

g for 8 mins, the supernatant discarded, and the pellet reconstituted in appropriate (normal 

glucose or high glucose) pre-warmed fresh culture media to desired concentrations specific to 

the experiment, approximately 2x104 cells per mL. 

Cells were grown in normal and high-glucose cell culture medium to pre-condition them for a 

period of 14 days before seeding them onto the samples. 

 

3.4 Cell seeding 

Both Ti and NPTi samples were sterilized with 70% ethanol for one hour. Successively, they 

were washed thrice with 1X phosphate-buffered saline (PBS, GIBCO), 5 minutes each before 

commencing seeding. The MG-63 cells were seeded in a 24-well plate and 500 mL cell 

suspension at a concentration of 1x104 cells per sample. Three conditions were used Ti, NPTi 

and CS as control. The medium was changed in the wells on every alternate date. The samples 

were seeded separately for high glucose cell culture medium and normal glucose cell culture 

medium. The plates were cultured for 1 and 3 days for cell morphology analysis, for 1, 3 and 
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7 days for cell proliferation assays and for 7, 14 and 21 days to assess differentiation. Each 

experiment was performed in quadruplicates with at least three samples per experimental 

condition (high or normal glucose). 

 

3.5 Immunofluorescence 

Immunofluorescence was used to understand cellular activity and subcellular localization of 

proteins with specificity and sensitivity. It is a widely employed technique to study cell 

proliferation and differentiation in surface modification studies[26], [89], [99], [113], [114]. 

After days 1 and 3 (for Ki-67, Section 3.5.1) and 7 days (for OCN and RUNX2, Section 3.5.2), 

cells cultured on the titanium samples were carefully washed twice with 1X PBS, 5 minutes 

each. Cells were successively fixed onto the samples by adding 500 mL of 4%-

paraformaldehyde (PFA, pH 7.2) for a period of 15 minutes at room temperature. Following 

this, the samples were washed thrice with 1XPBS, 5 minutes each. The cells were subsequently 

permeabilized using 0.5% Triton X-100 for a period of 30 mins. The samples were then washed 

thrice with 1X PBS, 5 minutes each. A 5% skim milk solution in 1X PBS was prepared using 

skim milk powder as the blocking buffer. 500 µL of the blocking buffer was added to each well 

for 30-60 minutes, following which they were washed twice with 1X PBS, 5 minutes each. The 

samples were then treated with respective antibodies (refer section 3.5.1 and 3.5.2) for analysis.  

 

3.5.1 Ki-67 analysis 

The study utilizes the Ki-67 protein, which is recognized as an eminent proliferation marker in 

pathology[115]–[118]. It is present in the nuclei during the G1, S and G2 phases of cell cycle 

division and mitosis and not expressed in the G0 phase of resting or quiescent cells[115]. The 

fact that Ki-67 is absent in resting cells and its expression in proliferating cells[118] led to Ki-

67 labelling index via immunofluorescence[115], [116] which has also been employed in 

previous studies to assess cell proliferation on oxidative nanopatterned titanium and MG-63 

cells[15], [119]. 

To visualize the Ki-67 protein, samples were exposed to primary polyclonal rabbit antihuman 

Ki-67 oncoprotein (Sigma, SAB4501880-100UG). The antibody was diluted in the appropriate 

amount of blocking buffer at a dilution of 1:100, which was the best-optimized concentration 

after dilution experiments. Samples were carefully inverted on a 30 µL droplet of an optimized 

amount of the primary antibody solution placed on a dish lined with paraffin. The samples were 

incubated overnight at 4 °C. After incubation, the primary antibody was washed twice with 1X 
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PBS, 5 minutes each. The secondary antibody, donkey anti-rabbit IgG, was conjugated with 

Alexa Flour 647 (ThermoFisher, A31573) at an optimized concentration of 1:500 after dilution 

experiments. 4’, 6-Diamidino-2Phenylindole, Dihydrochloride (DAPI; ThermoFisher, D1306), 

was used for nuclei staining at an optimized concentration of 1:1000 and the actin cytoskeleton 

was stained using donkey anti-mouse IgG conjugated with Alexa Flour 594 (ThermoFisher, 

A21203) at an optimized concentration of 1:500. The secondary antibody (Alexa flour 674) 

along with DAPI and Alexa flour 594 were diluted in appropriated concentration in blocking 

buffer. The samples were carefully inverted on a 30 µL droplet of an optimized amount of this 

solution placed on a dish lined with paraffin. The samples were incubated at 37 °C for 1 hour 

in the dark. The samples were mounted on coverglass (#1.5, VWR 14150626) using 

Vectashield mounting media (Fisher Scientific, NC9532821).  

The process was repeated for both high and normal glucose conditions. 

 

3.5.2 Osteocalcin and RUNX2  

To visualize OCN and RUNX2, markers of osteogenic differentiation[85][97], samples were 

exposed to primary monoclonal mouse antihuman osteocalcin protein (ThermoFisher, 335400) 

and recombinant monoclonal mouse antihuman RUNX2 protein (ThermoFisher, MA5-41185). 

The antibody was diluted in an appropriate amount of blocking buffer at a dilution of 1:100 for 

RUNX2 and 1:200 for OCN, which was the best-optimized concentration after dilution 

experiments. The samples were carefully inverted on a 30 µL droplet of an optimized amount 

of the primary antibody solution placed on a dish lined with paraffin. The samples were 

incubated overnight at 4°C. After incubation, the primary antibody was washed twice with 1X 

PBS, 5 minutes each. The secondary antibodies, donkey anti-rabbit IgG conjugated with Alexa 

Flour 647 (ThermoFisher, A31573) and anti-mouse IgG conjugated with Alexa Flour 594 

(ThermoFisher, A21203) at an optimized concentration of 1:500 after dilution experiments 

were used. 4’, 6-Diamidino-2Phenylindole, Dihydrochloride (DAPI; ThermoFisher, D1306) 

was used for nuclei staining at an optimized concentration of 1:1000, and the actin cytoskeleton 

was stained using donkey anti-goat IgG conjugated with Alexa Flour 488 (ThermoFisher, 

A21203) at an optimized concentration of 1:500. The secondary antibodies along with DAPI 

and Alexa flour 488 were diluted in appropriated concentration in blocking buffer. The samples 

were carefully inverted on a 30 µL droplet of an optimized amount of this solution placed on a 

dish lined with paraffin. The samples were carefully inverted on a 30 µL droplet of an 

optimized amount of this solution placed on a dish lined with paraffin. The samples were 
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incubated at 37 °C for 1 hour in the dark. The samples were mounted on coverglass (#1.5, 

VWR 14150626) using Vectashield mounting media (Fisher Scientific, NC9532821).  

The process was repeated for both high and normal glucose conditions. 

 

3.5.3 Image Acquisition 

The mounted samples were imaged using the AxioOserver 7 inverted microscope (Zeiss, 

Germany). Multi-channel images were captured using different filter sets; Filter Set 37 (DAPI), 

Filter Set 43 HE (Phalloidin), and Filter Set 50 (Ki-67). Using the 10x, 0.3NA EC Plan-

NeoFluar objective, the samples were observed at low magnification. A total of 25 images per 

sample were captured using the 5X5 tiles features using the 20X, 0.8NA Plan-Apochromat 

objective for assessment of general morphology, cell proliferation and differentiation. High 

magnification 5X5 tiled images imaged with 40x, 1.3NA, Oil, Fluar objective were used for 

high-resolution cell structure images.  

 

3.6 Image analysis 

The acquired images were quantitatively analyzed after stitching and focus stacking, and 

deconvoluting them in AxioVision Mosaix Software (Zeiss).  

 

3.6.1 Cell morphology 

The cell morphology was measured using CellProfiler, cell image analysis software, version 

4.2.5. Custom pipelines were created in CellProlifer that were rigorously and periodically 

calibrated for the images to maintain quality results. The main measurements that were 

scrutinized for the cell structure were cell perimeter, area, compactness, and form factor. The 

cell area was determined by counting the number of pixels within the identified cells. The 

measure of the number of pixels around the boundary of the identified cell periphery was 

determined as the perimeter. The form factor reveals the cell shape irregularity. And it is 

measured using the following equation. 

  

𝐹 =
4 ∗ 𝜋 ∗ 𝐴

𝑃2
 

 

Where A is the area and P is the perimeter. A calculated value of 1 was associated with perfectly 

circular objects. The measure of the deviation of the cell from circularity was assessed using 

eccentricity, which is calculated as the ratio of the distance between the foci of the ellipse and 
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its major axis length. It has a value between 0 and 1, a 0 eccentricity value means that the 

ellipse is a circle, and 1 means it is a line segment.  

 

3.6.2 Ki-67 index 

The proliferation of the cells was determined using the Ki-67 index. The processed images 

were analyzed using IMARIS, an interactive microscopy image analysis software. Using 

custom pipelines, which were rigorously calibrated, the number of positive Ki-67 cells and the 

total number of cells were determined. The Ki-67 index percentage was obtained using the 

following formula.  

 

Ki-67 index = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑙𝑦 𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 
 𝑋 100 

 

 

3.8 Presto Blue Assay 

PrestoBlue assay was used because it is a non-destructive cell viability assay containing a 

growth indicator which is reduced by metabolically active cells to a fluorescent agent, which 

allowed us to monitor the trend of cell proliferation for 7 days, unlike end-point analysis; which 

would not be pertinent in this study[122], [123].  

At 1, 3 and 7 days, 10% Presto Blue reagent (ThermoFisher Scientific, USA) in the appropriate 

cell culture medium was added to each well at a volume of 500 µL per well. The PrestoBlue 

solution was also added directly to the cell culture plate which was used as blank control. The 

plates were incubated at 37 °C in the incubator for an optimized reaction time of 1 hour. The 

Presto blue solution was then added to a 96-well plate at 100 µL per well. The fluorescence 

intensity was measured at 560 and 590 nm using a plate reader. The exact process was repeated 

for both high and normal glucose conditions. 

 

3.9 Alkaline Phosphate Assay 

To estimate cellular ALP activity in the cell lysate, at days 7, 14 and 21, the conversion of p-

nitrophenyl phosphate (pNPP) to p-nitrophenol (pNP) was measured. The pNPP tablets 

(ThermoFisher Scientific, USA) were equilibrated to room temperature and added to readily 

purchased Diethanolamine Substrate Buffer (ThermoFisher Scientific, USA) diluted from 5X 

to 1X concentration. 10 mg of pNPP (two pNPP tablets) was dissolved in 10 mL of 1X 

Diethanolamine Substrate Buffer. The solution was vortexed for a couple of minutes to ensure 
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that the tablets dissolved entirely in the buffer. 500 µL of this solution was added to each well 

containing the samples. The pNPP solution was also added directly to the cell culture plate 

which was used as blank control. The plates were incubated for 90 minutes, which was the 

optimized reaction time for sufficient development of the colour. 250 µL of 2N NaOH (Sigma) 

was added to each well to stop the reaction. The amount of pNP was estimated by transferring 

100 µL from each sample solution into 96-well plates and measuring the absorbance at 405 nm 

using a plate reader. The exact process was repeated for both high and normal glucose 

conditions. 

 

 

3.10 Western Blot  

After 7 days, the cell culture plates were placed on ice, and 2X Laemmli buffer (10µL per well 

per sample) was placed on the samples (Ti, NPTi and CS); the surface was scratched using a 

cold plastic cell scraper to remove the adherent cells, and the harvested protein was gently 

transferred into a microcentrifuge tube. The cell lysate was boiled at 90 °C for 10 mins. SDS 

Page gel was prepared by using BioRad TGX Stain-Free FastCast 10% acrylamide kit. The 

resolver solution was added between the glass plates, and after it was set, it was followed by 

the stacker gel solution. Protein solutions were loaded into each well along with a molecular 

weight ladder (Pre-stained protein ladder; ThermoFisher Scientific, USA). The gel was run at 

50 V for 5 mins, after which the voltage was increased to 150 V till the run was finished. The 

gel was placed in a 1X transfer buffer for 5 minutes. The nitrocellulose membrane was activated 

by placing it in methanol for one minute. The semi-dry transfer sandwich was assembled with 

extra-thick blotting filter papers, ensuring that no air bubbles were trapped between the layers. 

The transfer was run for 20 mins at 20V in BioRad Trans-Blot® SD semi-dry transfer cell. The 

blotted membrane was washed with Tris-buffered saline with Tween 20 (TBST) buffer before 

it was blocked with 5% bovine serum albumin (BSA) in TBST for 1 hour on a shaker at a slow 

speed. The primary antibody for RUNX2 (Thermo Fisher Rabbit anti-RUNX2, MA541185) 

was diluted in blocking buffer at a concentration of 1:1000, and the blot was incubated 

overnight in this solution at 4 ⁰C. The membrane was then washed thrice in TBST, 5min each 

and incubated in the horseradish peroxidase-conjugated secondary antibody (Life 

Technologies, Goat anti-Rabbit IgG-HRP, G21234) diluted 1:5000 in blocking buffer. Bands 

were imaged with Bio-Rad, Chemidoc MP. The same procedure was repeated for determining 

OCN differentiation, with the primary antibody for OCN (Thermo Fisher Mouse anti-
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Osteocalcin, 335400) and horseradish peroxidase-conjugated secondary antibody (Thermo 

Fischer Scientific, Goat anti-mouse IgG-HRP,62-6520). The process was repeated for both 

high and normal glucose conditions. 

 

3.11 Statistical Analysis 

The experimental data are evaluated by analyzing the significant differences from at least four 

independent experiments, each in quintuplicate. 

Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by 

Tukey’s multiple comparison test for multiple group comparisons using GraphPad Prism 7.0. 

The data from the experiments are represented as the mean and the standard deviation of the 

mean (mean ± standard deviation (SD)). The significant differences are represented by asterisks 

(* = p < 0.05, ** = p < 0.01, ***p< 0.0005, ****p< <0.0001).  
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Chapter 4  

RESULTS and DISCUSSION 

 

 

4.1 Material Characterisation 

4.1.1 SEM Analysis 

In order to identify the topographical characteristics of nanoporous surfaces, SEM imaging was 

used to visualize the surface nanoscale changes that occurred due to the oxidative 

nanopatterning of titanium. SEM micrographs (Figure 4.1 B-C) revealed that Ti controls did 

not display any topographical features at the nanoscale, aside from irregular elements which 

resulted from the mechanical polishing of the original foil. Conversely, NPTi displayed the 

characteristic 3-dimensional network of nanopits, as expected based on published literature[4], 

[9], [15], [28], [37]. Image analysis of SEM micrographs revealed a non-uniform size 

distribution of nanopits with an average nanopore diameter of 21 ± 8 nm, which confirmed 

earlier studies [37]. The histogram in Figure 4.1 A was determined by analyzing a total number 

of 40 nanopits throughout 4 independent experiments with 10 nanopits each (n=4). From a 

qualitative standpoint, it is evident that the chemical treatment modifies the nanotopography of 

titanium, as can be clearly observed from Figure 4.1 B-C. Taken together, these findings 

reiterate the high degree of reproducibility offered by oxidative nanopatterning, thereby 

vouching for the consistency of the protocol and, ultimately, for its application in interfacial 

studies aimed at investigating the interplay between cells and nanoengineered surfaces. 

 

4.2 Bioactivity of MG-63 cells  

To assess the biological response to nanoporous titanium, we carried out cell culture studies 

with MG-63 human osteoblastic cells. This cell line was chosen as it has been proven to be a 

better model to adopt given its fibroblast-like morphology, which therefore makes them more 

suitable for fluorescence imaging when compared to other human osteoblastic cells, such as 

Saos-2 [91]. Notably, MG-63 cells have been previously used in fundamental studies aimed at 

assessing the role of hyperglycemia in the osteoblastic response[94], thereby providing an 

important benchmark to compare our results. 
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Figure 4.1: SEM imaging and nanopit diameter 

(A) Size distribution (B) SEM image of NPTi (C) SEM image of Ti, Scale bar=100µm 
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4.2.1 Morphological Analysis 

To investigate the impact exerted by oxidative nanopatterning of titanium at the single-cell 

level, I first carried out a qualitative analysis based on fluorescent imaging. Representative 

images of MG-63 cells adhering on both control and nanoporous titanium (Figures 4.2 and 

4.3) exhibited a large and elongated morphology with membrane projections (i.e., lamellipodia 

and filopodia). From the qualitative analysis, it became evident that no discernible 

morphological differences existed between Ti and NPTi samples in both normal and 

hyperglycemic conditions after 1 and 3 days of culture.  

To further close in on our understanding of substrate-driven morphological alterations, I 

proceeded to quantify substrate-dependent variations in cell morphology in terms of aspect 

ratio(i.e. minimum diameter/maximum diameter, determines cell interspersion during 

division)[124], form factor (calculated as 4πXarea/perimeter2, determines the shape of the 

cell)[125], eccentricity (a measure of the deviation of cell from circularity)[126] and area 

(spreading( a sign of adherence to the substrate))[127]. Figure 4.4 shows these parameters after 

1 and 3 days of culture, determined by analyzing data collected from a total number of 160 

samples during 4 independent experiments with 20 different samples for each condition and 

timepoint (n=4). Figures 4.4 A and E confirm the qualitative observations, namely that 

elongated shape characterization is observed in both cells adhering to Ti and NPTi samples, 

also presenting that this morphology is adapted early on. Comparison of the form factor in 

Figure 4.4 B and F provides information about the cell shape complexity (i.e., jagged edges). 

As expected from the qualitative observation, cells adhering onto both NPTi and Ti samples 

showed a similar elongated morphology. A similar trend was also determined for the 

eccentricity and aspect ratio: Figure 4.4 C and G display a similar degree of cell elongation 

for all conditions tested.  

However, a significantly larger (35-50%) surface area of cells in contact with NPTi samples at 

Day 3 was seen compared to Ti samples regardless of glucose levels (Figure 4.4 D and H), 

demonstrating a higher cell spreading on treated samples at longer culturing intervals. These 

observations are indicative of the enhanced bioactivity exerted by nanoporous titanium. The 

similar morphology, regardless of glucose levels, could be attributed to the pre-conditioning 

step. In fact, no morphological differences between cells grown in normal and hyperglycemic 

conditions have been previously observed in osteoblasts obtained from healthy and diabetic 

animals or patients[98]. 
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Figure 4.2: Immunofluorescence images of MG-63 morphology at day 1 

Representative images of immunofluorescence staining, blue (DAPI) and red (Actin), Scale 

bar=50µm; Ti: Control titanium in normal glucose conditions, NPTi: Nanoporous titanium in 

normal glucose conditions, Ti High: Control titanium in high glucose conditions, NPTi High: 

Nanoporous titanium in high glucose conditions. 
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Figure 4.3: Immunofluorescence images of MG-63 morphology at day 3 

Representative images of immunofluorescence staining, blue (DAPI) and red (Actin), Scale 

bar=50µm; Ti: Control titanium in normal glucose conditions, NPTi: Nanoporous titanium in 

normal glucose conditions, Ti High: Control titanium in high glucose conditions, NPTi High: 

Nanoporous titanium in high glucose conditions. 
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Figure 4.4: Cell spreading and Morphology 

(A)Form factor, (B) Eccentricity, (C) Aspect Ratio and (D) Surface contact area (expressed as percentage 

increase/decrease in respect to bare titanium) of MG-63 osteoblastic cells at Day 1 and Day 3. (ANOVA test, 

(n=4): ***p< 0.0005) 
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I thus believe that pre-conditioning MG-63 cells allowed us to create a cellular environment 

similar to that present in diabetic mouse models characterized by higher levels of glucose. 

Although further studies are required to confirm this hypothesis. 

 

4.2.2 Proliferation Analysis 

In these experiments, I evaluated the proliferation of MG63 cells using two different 

approaches, namely Ki-67 analysis and PrestoBlue assay, which are both well-established 

methods to assess cell proliferation[115]–[118], [123]. The experiments were performed at 

short (Days 1 and 3) and longer intervals (Day 7) to validate the effects of oxidative 

nanopatterning on the capacity of cells to grow and proliferate. The question now is to 

determine whether the nanoporosity can compensate the well-known detrimental effects of 

hyperglycemia on MG-63 proliferation[94]. Figures 4.5 and 4.6 display the representative 

images of Ki-67 expression in MG63 cells at day 1 and day 3. Figure 4.7  displays the relative 

variations in cell proliferation at days 1 and 3 determined by employing the IMARIS software 

to count nuclei expressing the Ki-67 protein, an eminent proliferation indicator[115]–[118] that 

was determined by analyzing data collected from a total number of 160 samples, during 4 

independent experiments with 20 samples in each experimental condition and timepoint (n=4). 

My results demonstrated that cell proliferation did not significantly vary in relation to the 

substrate at day 1. However, a higher cell count was observed on Ti and NPTi substrates in 

normal glucose condition samples in comparison to the hyperglycemic state, although the 

difference was not statistically significant. While cell proliferation was not expected to be a 

predominant effect at this early stage, the overall decrease in cell count observed on samples 

in high glucose conditions could be indicative of the detrimental effects of hyperglycemia on 

cell viability[96]. A remarkable increase in proliferation was, however, observed on day 3; the 

proliferation of cells grown on NPTi samples experienced a statistically significant (p < 0.01) 

increase of around 65-70% with respect to Ti samples in normal glucose levels, which is 

evidence of enhanced bioactivity exerted by oxidative nanopatterning. An increase was also 

observed in cell proliferation on NPTi samples with respect to Ti samples in high glucose, 

although the findings were not statistically significant. These findings confirm previous studies 

which showed the ability of oxidative nanopatterning of titanium to enhance cell proliferation 

in different cell lines, ranging from primary osteoblasts to stem cells[4], [25], [27].  
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Figure 4.5: Immunofluorescence images of Ki-67 expression at day 1 

Representative images of immunofluorescence staining, blue (DAPI), red (Actin), green (Ki-

67), Scale bar=50µm;  Ti: Control titanium in normal glucose conditions, NPTi: Nanoporous 

titanium in normal glucose conditions, Ti High: Control titanium in high glucose conditions, 

NPTi High: Nanoporous titanium in high glucose conditions. 
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Figure 4.6: Immunofluorescence images of Ki-67 expression at day 3 

Representative images of immunofluorescence staining, blue (DAPI), red (Actin), green (Ki-

67), Scale bar=50µm; Ti: Control titanium in normal glucose conditions, NPTi: Nanoporous 

titanium in normal glucose conditions, Ti High: Control titanium in high glucose conditions, 

NPTi High: Nanoporous titanium in high glucose conditions. 
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Figure 4.7: MG-63 cell proliferation by Ki-67 analysis 

Ki-67 index on Day 1 and 3. (ANOVA test, (n=4): * = p < 0.05, ** = p < 0.01). Results are expressed 

as percentage increase/decrease with respect to bare titanium in normal glucose levels (Ti).  
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Figure 4.8: MG-63 cell proliferation analysis by PrestoBlue assay 

Fluorescence intensity on Days 1, 3 and 7. (ANOVA test, (n=4): * = p < 0.05, ** = p < 0.01, ***p< 

0.0005, ****p< <0.0001).  
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To further investigate the effects of nanoporous titanium on cell proliferation in normal and 

hyperglycemic conditions, PrestoBlue analysis was carried out. Figure 4.8 displays the 

PrestoBlue analysis of cell proliferation showing a considerable difference between MG-63 

cell proliferation at days 1, 3 and 7; that was determined by analyzing data collected from a 

total number of 160 samples during 4 independent experiments with 20 samples in each 

experimental condition and timepoint (n=4). Cell proliferation quantified at days 1 and 3 by 

PrestoBlue assay confirmed results obtained by the Ki-67 analysis. Variation in cell 

proliferation was not observed in relation to the substrate at day 1, a higher non-significant 

proliferation was observed on Ti and NPTi substrates in normal glucose condition samples in 

comparison to the hyperglycemic state. Cells in normal glucose levels continued to show a 

similar trend to earlier days at day 7; however, significant differences were observed in high 

glucose conditions. In particular, cell proliferation on NPTi samples showed a 3-fold increase 

compared to Ti samples in hyperglycemic conditions. Furthermore, NPTi samples in 

hyperglycemic conditions showed almost similar cell proliferation to samples in normal 

glucose conditions. This reinforces the concept that direct topographical cueing may be able to 

rescue MG63 cells from the negative effects of hyperglycemia.  

Osteoblast proliferation is an essential aspect that affects the osseointegration of implants. In 

this study, both Ki-67 analysis and PrestoBlue assay at days 3 and 7 revealed that high glucose 

suppresses the proliferation of osteoblasts, thereby confirming the widely accepted theory 

based on previously published experimental evidence of such detrimental effects [70], [99]. 

However, my results reveal that the direct physicochemical cueing exerted by nanoporous 

surfaces is independent of glucose levels and could compensate for the detrimental effects of 

hyperglycemia in MG-63 cells. 

 

4.2.3 Differentiation Analysis 

In addition to cell adhesion and proliferation, surface nanotopography also affects the 

differentiation of cells[70], [107], [128]. In this context, I investigated the osteoinductive 

capabilities of nanoporous titanium by assessing the osteoblasts differentiation markers, 

RUNX2, OCN and ALP in normal and high glucose conditions by analyzing the data collected 

from a total number of 160 samples during 4 independent experiments with 20 samples in each 

experimental condition (n=4) at day 7. Furthermore, long terms effects of ALP activity were 

also examined at days 7, 14 and 21. 
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RUNX2 is an essential transcription factor called the master regulator, as it is the initial gene 

for several genetic expression pathways, especially in the early stages of differentiation[101]. 

A qualitative assessment was initially performed using images obtained from 

immunofluorescence staining (Figure 4.9). Figure 4.11 shows the representative graph of the 

significant differences in RUNX2 expression between nanoporous and untreated titanium 

under experimental conditions at day 7, obtained from the quantitative assessment of results 

obtained after western blotting. I detected a significant increase in RUNX2 expression in cells 

on NTPi samples compared to Ti samples in normal glucose conditions, which is indicative of 

the fact that oxidative nanopatterning treatment elicits osteogenic induction. The trend found 

here corresponds to that of previous studies that have shown that topographical modification 

of titanium is effective in lineage guidance[9], [70], [99].  

Furthermore, a significant increase in expression was also observed in NPTi samples under 

hyperglycemic conditions compared to Ti samples under the same conditions. Even though the 

increase was not on par with that observed in normal glucose levels, which was expected as 

hyperglycemia has shown to have detrimental effects on RUNX2 expression levels[107], it is 

still a remarkable result as it highlights the ability of oxidative nanopatterning to attenuate the 

effects of hyperglycemia on osteogenic expression. 

 

To further the investigation on osteogenic differentiation, the expression of OCN was also 

quantified following a qualitative assessment (Figure 4.10). OCN is a protein secreted by 

osteoblasts, identified as a late differentiation marker and a hormone responsible for 

maintaining glucose homeostasis [108], [129]. The protein quantification (Figure 4.12) 

obtained from western blotting showed a significantly enhanced level from cells cultured on 

NPTi samples compared to Ti in normal glucose levels. This further reinforces the previous 

knowledge that nanoporous titanium stimulates late osteogenic differentiation. One interesting 

aspect that emerged from the analysis is that NPTi samples in high glucose showed almost 

similar expression to that observed on NPTi samples in normal glucose conditions, along with 

a significant increase compared to Ti-high glucose samples. The higher expression observed in 

cells on nanoporous samples, regardless of experimental condition, is noteworthy since OCN 

has been shown to have an association with glucose homeostasis[129]. Therefore, although 

farfetched based on these preliminary data, it could be nonetheless extrapolated that the higher 

expression of OCN by MG-63 cells on nanoporous titanium would thereby have dual effects 

in in-vivo hyperglycemic conditions. In particular, it would not only attenuate the negative  
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Figure 4.9: Immunofluorescence images of RUNX2 expression at day 7 

Representative images of immunofluorescence staining, blue (DAPI), red (Actin), RUNX2 

(green), Scale bar=50µm; Ti: Control titanium in normal glucose conditions, NPTi: 

Nanoporous titanium in normal glucose conditions, Ti High: Control titanium in high glucose 

conditions, NPTi High: Nanoporous titanium in high glucose conditions. 

 

 

 

 Ti NPTi NPTi High Ti High 

DA
PI

 

    

Ac
tin

 

    

RU
NX

2 

    

M
er

ge
 

    



36 

 

 

 Ti NPTi NPTi High Ti High 

DA
PI

 

    

Ac
tin

 

    

Os
te

oc
al

ci
n 

    

M
er

ge
 

    

 

Figure 4.10: Immunofluorescence images of OCN expression at day 7 

Representative images of immunofluorescence staining, blue (DAPI), red (Actin), OCN 

(orange), Scale bar=50µm; Ti: Control titanium in normal glucose conditions, NPTi: 

Nanoporous titanium in normal glucose conditions, Ti High: Control titanium in high glucose 

conditions, NPTi High: Nanoporous titanium in high glucose conditions 
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Figure 4.11: RUNX2 Differentiation in MG-63 cells 

Western blot analysis for RUNX2 (ANOVA test, (n=4): ** = p < 0.01, ***p< 0.0005, ****p< 
<0.0001). The western blot images are representative.  
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Figure 4.12: Osteocalcin Differentiation in MG-63 cells 

Western blot analysis for Osteocalcin. (ANOVA test, (n=4): * = p < 0.05, **** = p < 0.0001). The 

western blot images are representative. 
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effect of hyperglycemia on osteogenic differentiation, but it would also lead to better insulin 

signalling, ultimately helping with glucose level maintenance. In fact, OCN has been identified 

as a hormone secreted by osteoblasts responsible for insulin expression through a regulatory 

loop monitored by insulin receptors present on osteoblasts. Overall concluding that OCN is 

essential in maintaining glucose homeostasis and insulin signalling.[111]  

In this context, ALP is another critical marker recognized widely for osteogenic differentiation. 

Therefore, ALP activity was used as an indicator of osteoblast maturation and differentiation 

(Figure 4.13). My findings show that cells in normal glucose showed similar activity at day 7 

regardless of the substrate, which was followed by a rise in activity in cells on NPTi samples 

at day 14, although the rise was not statistically significant. Day 21 marked a decline in ALP 

activity in cells on NPTi, although Ti samples showed similar results as day 14. Similar trends 

in ALP activity under normal conditions have been previously reported by De Oliveira et al. 

in an in-vitro study [26], although the mechanisms responsible for these observations are 

undetermined.  

 

However, observations in higher glucose conditions were contradictory to those seen in normal 

glucose conditions. Even though day 7 acted as an exception and reported a lower ALP activity 

in cells in high glucose conditions compared to normal glucose conditions, a significantly 

elevated ALP activity in cells was recorded henceforth at day 14 and day 21 in high glucose 

conditions as opposed to normal conditions. In terms of experimental samples, cells on NPTi 

samples showed significantly increased results than Ti samples in high glucose conditions at 

all time points, highlighting the ability of oxidative nanopatterning to attenuate the effects of 

hyperglycemia on osteogenic expression (Figure 4.13). 

ALP activity was monitored for longer intervals (Day 7 to day 21), as opposed to the other 

differentiation markers, which were only monitored for 7 days as I wanted to investigate its 

expression in high glucose conditions during extended periods, as differences in literature have 

been observed in this regard. 

My results in high glucose conditions contradicted those obtained by Jiang et al. [70],  who 

observed a lower ALP activity in high glucose conditions during extended periods. However, 

they were in agreement with those obtained by Botolin et al. [107], who also reported a high 

ALP activity in osteoblasts in high glucose conditions during extended periods.  

These contradictory results may be due to the differences in incubation times. The Pre-

conditioning step in my work increases the incubation time experienced by osteoblasts, and  
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Figure 4.13: ALP activity of MG-63 cells 

The relative ALP activity of MG-63 cells measured on Day 7, 14 and 21. (ANOVA test, (n=4): 

* = p < 0.05, ** = p < 0.01, ***p< 0.0005, ****p< <0.0001) 
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this could be compared to the chronic conditions described by Botolin et al.[107], characterized 

by higher ALP levels in osteoblasts. Chronic conditions negate the effect of hyperosmotic 

stress (a condition observed in hyperglycemia which leads to cell shrinking), which causes an 

effect on osteoblasts marker gene expression[107]. This could thus be the reason for the 

changes observed. However, additional studies to support these findings are required.  

 

Effective osteoblasts adhesion, proliferation and differentiation are amongst the important 

biological events required for the effective bone tissue integration of implants. In this regard, 

nanoporous titanium has been shown to improve osteoblast bone-forming functionalities when 

compared to the untreated metal[9], [27], [28], [37]. However, whether these properties can 

rescue cells under hyperglycemic conditions was never investigated. The development and 

investigation of novel nanostructured surfaces capable of rescuing cells from challenging 

conditions would cast new light on the mechanisms underlying cell-surface interactions and 

therefore unlock the key to better-performing biomaterials. To this end, this study focused on 

characterizing osteoblast bone-forming capabilities of NPTis under the detrimental growing 

environment in hyperglycemia known to affect proliferation and differentiation.  

As a result of my findings, nanoporous titanium has been demonstrated to compensate for some 

of the detrimental effects, thereby opening the door for future studies aimed at better 

understanding the interplay between hyperglycemia, reduced proliferation and differentiation, 

and countereffects exerted by the nanostructured surface. 
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Chapter 5  

CONCLUSIONS AND FUTURE DIRECTIONS 

 

This study provides insights into the use of nanoscale surface modifications to develop 

biocompatible metals with enhanced surfaces that are able to counter challenging conditions 

like hyperglycemia. To this effect, we investigated whether the use of oxidative nanopatterning, 

a technique previously proven to increase the bioactivity of titanium, is capable of ameliorating 

the effects of high glucose content on osteoblasts functionality. To this end, I was able to 

demonstrate that nanoporous surface resulting from oxidative nanopatterning provides 

bioactive effects that extend to both normal and high glucose levels. An increased cell 

spreading, along with more rapid proliferation and upregulation in differentiation, was 

observed in osteoblasts on nanoporous titanium, even in hyperglycemic conditions. These 

results demonstrate the capabilities of the treatment in rescuing osteoblastic cells as these 

cellular activities are known to be severally reduced due to hyperglycemic conditions. Moving 

forward, a more sophisticated understanding of the underlying mechanisms responsible for the 

beneficial role of nanostructured titanium surfaces will provide deeper insights into cell-

substrate interactions. Ultimately, this new knowledge is expected to support the development 

of novel orthopedic and dental implantable biomaterials that are capable of exerting positive 

effects on cells, even if these are in sub-optimal conditions.  

I hope that this study’s findings will ultimately provide the foundation for future work aimed 

at understanding the role of nanoscale surface modifications in the development of next-

generation functional biomaterials. 
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