
 
 

Delft University of Technology

Trick and treat: Cell-instructive and bactericidal nanopatterns for bone implants

Modaresifar, K.

DOI
10.4233/uuid:aa5409dc-edb7-44f7-92ed-529e2cb575b3
Publication date
2022
Document Version
Final published version
Citation (APA)
Modaresifar, K. (2022). Trick and treat: Cell-instructive and bactericidal nanopatterns for bone implants.
[Dissertation (TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:aa5409dc-edb7-44f7-
92ed-529e2cb575b3

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:aa5409dc-edb7-44f7-92ed-529e2cb575b3
https://doi.org/10.4233/uuid:aa5409dc-edb7-44f7-92ed-529e2cb575b3
https://doi.org/10.4233/uuid:aa5409dc-edb7-44f7-92ed-529e2cb575b3


 
 

  



 

 

 



 

 
 

 

 

 



 

 
 

 

 

 

                   

                

 

http://repository.tudelft.nl/


 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

vii 
 

Summary 



viii 

 

 



ix 

 

 
 





 

xi 
 

Samenvatting 



xii 

 

 



xiii 

 

 
 





 

xv 
 

Content 



xvi   

 

 



  xvii 

 

 
 



xviii   

 

 



  xix 

 

 
 

 

 

  

 



 

 
 

  



 

 
 

1 
Introduction 



22  Chapter 1 
 

 

1.1 Background 



Introduction  23 
 

 
 

1.2 Problem definition and thesis objectives 



24  Chapter 1 
 

 

 

 

 

 

 

1.3 Thesis outline 



Introduction  25 
 

 
 



26  Chapter 1 
 

 

Bibliography 



Introduction  27 
 

 
 



 

 
 



 

 

2 
Bactericidal nanopatterns 



30  Chapter 2 
 

 

2.1 Introduction 

 



Bactericidal nanopatterns   31 
 

 
 



32  Chapter 2 
 

 

2.2 Methods 



Bactericidal nanopatterns   33 
 

 
 

2.3 Results 

2.3.1 Literature search output 

2.3.2 Effective dimensions of bactericidal nanopatterns 



34  Chapter 2 
 

 

2.3.3 Cytocompatibility of nanopatterns 

 



Bactericidal nanopatterns   35 
 

 
 

2.4 Discussion 



36  Chapter 2 
 

 

2.4.1 Bactericidal mechanisms of nanopatterns 



Bactericidal nanopatterns   37 
 

 
 



38  Chapter 2 
 

 

2.4.2 The role of surface affinity and surface adhesion 



Bactericidal nanopatterns   39 
 

 
 

2.4.3 The effects of other nanopattern design parameters 

2.4.4 The effects of bacterial-dependent characteristics 



40  Chapter 2 
 

 

2.4.5 The role of extracellular polymeric substance (EPS) 



Bactericidal nanopatterns   41 
 

 
 

2.4.6 Interactions of mammalian cells with the nanopatterns 



42  Chapter 2 
 

 

2.5 Conclusions 



Bactericidal nanopatterns    43 
 

 

2.6 Supplementary information 



44    Chapter 2 
 

 



Bactericidal nanopatterns              45 
 

 
 



46    Chapter 2 
 

 



Bactericidal nanopatterns              47 
 

 
 



48    Chapter 2 
 

 



Bactericidal nanopatterns              49 
 

 
 



50    Chapter 2 
 

 



Bactericidal nanopatterns              51 
 

 
 



52    Chapter 2 
 

 

 
 



Bactericidal nanopatterns  53 
 

 
 

Bibliography 



54   Chapter 2 
 

 



Bactericidal nanopatterns  55 
 

 
 



56   Chapter 2 
 

 



Bactericidal nanopatterns  57 
 

 
 



58   Chapter 2 
 

 



Bactericidal nanopatterns  59 
 

 
 



 

 



 

 

3 
Toward bioinspired 

bactericidal nanopatterns 



62  Chapter 3 
 

 

3.1 Introduction  



Toward bioinspired bactericidal nanopatterns   63 
 

 
 



64  Chapter 3 
 

 

3.2 Materials and Methods 

3.2.1 Nanopatterns design, fabrication, and characterization 



Toward bioinspired bactericidal nanopatterns   65 
 

 
 



66  Chapter 3 
 

 

𝑐𝑜𝑠(𝜃𝑐) = 𝜑 (𝑐𝑜𝑠(𝜃0) + 1) − 1

𝜑 =
𝜋𝑑2

4𝑖2

3.2.2 Bacterial growth conditions 

3.2.3 Evaluation of bactericidal properties 



Toward bioinspired bactericidal nanopatterns   67 
 

 
 

3.2.4 Statistical analysis 

3.3 Results 

3.3.1 Characterization of nanopatterns 



68  Chapter 3 
 

 

3.3.2 Bactericidal activity of nanopatterns 



Toward bioinspired bactericidal nanopatterns   69 
 

 
 



70  Chapter 3 
 

 



Toward bioinspired bactericidal nanopatterns   71 
 

 
 



72  Chapter 3 
 

 

3.4 Discussion 



Toward bioinspired bactericidal nanopatterns   73 
 

 
 

http://www.therebedragonflies.com.au/


74  Chapter 3 
 

 



Toward bioinspired bactericidal nanopatterns   75 
 

 
 



76  Chapter 3 
 

 

3.5 Conclusions 



Toward bioinspired bactericidal nanopatterns   77 
 

 
 



78  Chapter 3 
 

 

Bibliography 



Toward bioinspired bactericidal nanopatterns   79 
 

 
 



80  Chapter 3 
 

 



Toward bioinspired bactericidal nanopatterns   81 
 

 
 



82  Chapter 3 
 

 



 

 

4 
The effects of geometry on 

bactericidal properties 



84  Chapter 4 
 

 

4.1 Introduction 



The effects of geometry on bactericidal properties   85 
 

 
 

4.2 Materials and Methods 

4.2.1 Nanopatterns design, fabrication, and characterization 



86  Chapter 4 
 

 



The effects of geometry on bactericidal properties   87 
 

 
 

4.2.2 Preparation of bacterial cultures 

4.2.3 Investigation of bactericidal properties 



88  Chapter 4 
 

 

4.2.4 Investigation of nanopattern-bacteria interface 

4.2.5 Statistical analysis 



The effects of geometry on bactericidal properties   89 
 

 
 

4.3 Results 

4.3.1 Characteristics of the fabricated nanopatterns 



90  Chapter 4 
 

 



The effects of geometry on bactericidal properties   91 
 

 
 

4.3.2 Effect of interspacing on bactericidal properties 

 



92  Chapter 4 
 

 

4.3.3 The effects of controlled disorder on bactericidal 

properties 



The effects of geometry on bactericidal properties   93 
 

 
 

4.3.4 Nanopattern-bacteria interface 



94  Chapter 4 
 

 

4.4 Discussion 



The effects of geometry on bactericidal properties   95 
 

 
 



96  Chapter 4 
 

 

4.5 Conclusions 



The effects of geometry on bactericidal properties   97 
 

 
 

Bibliography 



98  Chapter 4 
 

 



The effects of geometry on bactericidal properties   99 
 

 
 



100  Chapter 4 
 

 



 

 

5 
Cell adhesion, mechanics, and 

osteogenesis 



102  Chapter 5 
 

 

5.1 Introduction 







Cell adhesion, mechanics, and osteogenesis  103 
 

 
 



104  Chapter 5 
 

 

5.2 Materials and Methods 

5.2.1 Fabrication of the patterns 



Cell adhesion, mechanics, and osteogenesis  105 
 

 
 

5.2.2 Characterization of the patterns 

Morphological analysis  



Wettability 

Surface chemistry analysis 



106  Chapter 5 
 

 

5.2.3 Cell experiments 

Cell culture conditions  

Cell adhesion measurements by SCFS 



Cell adhesion, mechanics, and osteogenesis  107 
 

 
 

Immunocytochemical analyses 





108  Chapter 5 
 

 



Mechanics of living cells by AFM 



Cell adhesion, mechanics, and osteogenesis  109 
 

 
 

Image analysis 

Statistical analysis  

5.2.4 Computational models 



110  Chapter 5 
 

 

5.3 Results and discussion 

5.3.1 Characterization of the patterns 

 



Cell adhesion, mechanics, and osteogenesis  111 
 

 
 



112  Chapter 5 
 

 

5.3.2 Differential effects of the patterns on cell adhesion, 

morphology, and elastic modulus 

Cell adhesion  


 



  



 




 




 



  




Cell adhesion, mechanics, and osteogenesis  113 
 

 
 



114  Chapter 5 
 

 



Cell adhesion, mechanics, and osteogenesis  115 
 

 
 

Cell morphology and cytoskeleton organization 





116  Chapter 5 
 

 



Cell adhesion, mechanics, and osteogenesis  117 
 

 
 







118  Chapter 5 
 

 

 



Cell adhesion, mechanics, and osteogenesis  119 
 

 
 



120  Chapter 5 
 

 





The elastic modulus of the cells 

  



Cell adhesion, mechanics, and osteogenesis  121 
 

 
 



122  Chapter 5 
 

 



Cell adhesion, mechanics, and osteogenesis  123 
 

 
 

Summary of the early cellular responses on submicron pillars  



124  Chapter 5 
 

 



Cell adhesion, mechanics, and osteogenesis  125 
 

 
 

5.3.3 Effects of the patterns on the ECM  



126  Chapter 5 
 

 



Cell adhesion, mechanics, and osteogenesis  127 
 

 
 



128  Chapter 5 
 

 

5.4 Conclusions 



Cell adhesion, mechanics, and osteogenesis  129 
 

 
 

Bibliography 



130  Chapter 5 
 

 



Cell adhesion, mechanics, and osteogenesis  131 
 

 
 



132  Chapter 5 
 

 



Cell adhesion, mechanics, and osteogenesis  133 
 

 
 



 

 



 

 

6 
Nanoimprinting for upscaling 

the osteogenic nanopatterns 



136  Chapter 6 
 

 

6.1 Introduction 

 



Nanoimprinting for upscaling the osteogenic nanopatterns  137 
 

 
 

 



138  Chapter 6 
 

 

6.2 Materials and Methods 

6.2.1 Master mold fabrication by EBL 

  



Nanoimprinting for upscaling the osteogenic nanopatterns  139 
 

 
 

 



140  Chapter 6 
 

 



Nanoimprinting for upscaling the osteogenic nanopatterns  141 
 

 
 

6.2.2 Interactions of MC3T3-E1 preosteoblast cells with the 

patterned surfaces 





142  Chapter 6 
 

 



6.2.3 Contact angle measurements 

6.2.4 Fabrication of the hybrid PDMS replica molds 



Nanoimprinting for upscaling the osteogenic nanopatterns  143 
 

 
 

6.2.5 Cross-sectional characterization using FIB milling 

  



144  Chapter 6 
 

 



Nanoimprinting for upscaling the osteogenic nanopatterns  145 
 

 
 

6.2.6 Pattern transfer from the hybrid PDMS replica mold to the 

substrate of interest by thermal nanoimprint 

 



146  Chapter 6 
 

 

6.2.7 Statistical analysis 

6.3 Results 

6.3.1 Fabrication and characterization of the master mold 



Nanoimprinting for upscaling the osteogenic nanopatterns  147 
 

 
 

6.3.2 Adaptation of preosteoblasts to the patterned surfaces 



148  Chapter 6 
 

 

.



Nanoimprinting for upscaling the osteogenic nanopatterns  149 
 

 
 

 



150  Chapter 6 
 

 

6.3.3 Water contact angle 

 

 

6.3.4 Fabrication and characterization of the replica mold 

   

 

20

2



Nanoimprinting for upscaling the osteogenic nanopatterns  151 
 

 
 

6.3.5 Characterization of the patterns transferred into the 

fused silica substrate through thermal nanoimprinting 

 



152  Chapter 6 
 

 



Nanoimprinting for upscaling the osteogenic nanopatterns  153 
 

 
 

6.4 Discussion 

 

6.4.1 Interactions of MC3T3-E1 cells with patterns 



154  Chapter 6 
 

 



Nanoimprinting for upscaling the osteogenic nanopatterns  155 
 

 
 

6.4.2 Water contact angle 

cos(𝜃𝑤) = 𝑟 cos(θ)

𝑟 =  
𝐴𝑟𝑒𝑎𝑙

𝐴𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑

=  
𝑝2 + 4(

𝜋𝑑ℎ
4

)

𝑝2
= 1 +

 𝜋𝑑ℎ

𝑝2



156  Chapter 6 
 

 

6.4.3 Hybrid PDMS molding 

6.4.4 Thermal nanoimprint lithography 



Nanoimprinting for upscaling the osteogenic nanopatterns  157 
 

 
 



158  Chapter 6 
 

 

6.5 Conclusions 



Nanoimprinting for upscaling the osteogenic nanopatterns  159 
 

 
 



160  Chapter 6 
 

 

6.6 Supplementary information



Nanoimprinting for upscaling the osteogenic nanopatterns  161 
 

 
 

Bibliography 



162  Chapter 6 
 

 



Nanoimprinting for upscaling the osteogenic nanopatterns  163 
 

 
 



164  Chapter 6 
 

 



Nanoimprinting for upscaling the osteogenic nanopatterns  165 
 

 
 



 

 



 

7 
On the use of black titanium 



168  Chapter 7 
 

 

7.1 Introduction 



On the use of black titanium   169 
 

 
 



170  Chapter 7 
 

 



On the use of black titanium   171 
 

 
 

7.2 Materials and Methods 

7.2.1 Fabrication and characterization of bTi samples 

Fabrication 

 

   

     

 

           

Morphological characterization 

 



172  Chapter 7 
 

 

Surface chemical composition 

Surface wettability  

 

 

 

7.2.2 Preosteoblast cell response to bTi surfaces 

Pre-culture of cells and cell seeding 

PrestoBlue assay 



On the use of black titanium   173 
 

 
 

Immunocytochemical analysis of preosteoblast cells 





174  Chapter 7 
 

 

Investigation of the osteogenic properties of bTi surfaces 

Fluorescence image analysis 



On the use of black titanium   175 
 

 
 

7.2.3 Bacterial studies 

Preparation of bacterial cultures 

Bacterial metabolic activity (PrestoBlue assay)  



176  Chapter 7 
 

 

Live/dead staining 

 

 

CFU counting 



On the use of black titanium   177 
 

 
 

7.2.4 Statistical analysis 

7.3 Results 

7.3.1 Physicochemical characterization of bTi surfaces 



178  Chapter 7 
 

 

  



On the use of black titanium   179 
 

 
 



180  Chapter 7 
 

 

7.3.2 Short-term response of preosteoblast cells 

  



On the use of black titanium   181 
 

 
 



182  Chapter 7 
 

 

 

 



On the use of black titanium   183 
 

 
 

 



184  Chapter 7 
 

 



On the use of black titanium   185 
 

 
 

7.3.3 Expression of osteogenic markers in preosteoblast cells 

7.3.4 Early bactericidal effects of bTi surfaces 



186  Chapter 7 
 

 

7.4 Discussion 

 



On the use of black titanium   187 
 

 
 



188  Chapter 7 
 

 



On the use of black titanium   189 
 

 
 

7.4.1 Looking at the Ti pillars from a physicochemical 

perspective 



190  Chapter 7 
 

 

7.4.2 Adaptation of preosteoblast cells to bTi surfaces 



On the use of black titanium   191 
 

 
 

7.4.3 FA-mediated mechanical interactions with the surface 



192  Chapter 7 
 

 

7.4.4 Osteogenic properties of bTi from a mechanotransduction 

perspective 



On the use of black titanium   193 
 

 
 



194  Chapter 7 
 

 

7.4.5 Early interactions of bacteria with bTi 



On the use of black titanium   195 
 

 
 

7.5 Conclusions 



196  Chapter 7 
 

 



On the use of black titanium   197 
 

 
 

7.6 Supplementary information 

 



198  Chapter 7 
 

 



On the use of black titanium   199 
 

 
 

Bibliography 



200  Chapter 7 
 

 



On the use of black titanium   201 
 

 
 



202  Chapter 7 
 

 



On the use of black titanium   203 
 

 
 



204  Chapter 7 
 

 



 

 

8 
Mechanotransduction in high 

aspect ratio nanopatterns 



206  Chapter 8 
 

 

8.1 Introduction 



Mechanotransduction in high aspect ratio nanopatterns  207 
 

 
 



208  Chapter 8 
 

 



Mechanotransduction in high aspect ratio nanopatterns  209 
 

 
 

8.2 Materials and Methods 

8.2.1 Fabrication and characterization of high aspect ratio bTi 

nanopillars 

     

     

     

                   

8.2.2 Investigating the response of hMSCs to high aspect ratio 

nanopillars 

Pre-culture of cells and cell seeding 



210  Chapter 8 
 

 

Immunocytochemical analysis of hMSCs settled on high aspect ratio 

nanopillars 





Mechanotransduction in high aspect ratio nanopatterns  211 
 

 
 

Investigation of cell-nanopillars interface 

PrestoBlue assay 

8.2.3 Inhibition studies 



212  Chapter 8 
 

 

8.2.4 Fluorescence image analysis 

𝑆ℎ𝑎𝑝𝑒 𝑖𝑛𝑑𝑒𝑥 =
4𝜋𝐴

𝑃2



Mechanotransduction in high aspect ratio nanopatterns  213 
 

 
 

8.2.5 Statistical analysis 

8.3 Results 

8.3.1 Characteristics of high aspect ratio bTi nanopillars 

  



214  Chapter 8 
 

 



Mechanotransduction in high aspect ratio nanopatterns  215 
 

 
 

8.3.2 Effects of high aspect ratio nanopillars on the behavior of 

hMSCs 

 



216  Chapter 8 
 

 

 



Mechanotransduction in high aspect ratio nanopatterns  217 
 

 
 

8.3.3 Effects of FAK inhibition on hMSCs 



218  Chapter 8 
 

 



Mechanotransduction in high aspect ratio nanopatterns  219 
 

 
 

8.3.4 Effects of ROCK inhibition on hMSCs 

8.3.5 Effects of YAP inhibition on hMSCs 

  



220  Chapter 8 
 

 



Mechanotransduction in high aspect ratio nanopatterns  221 
 

 
 



222  Chapter 8 
 

 

8.4 Discussion 



Mechanotransduction in high aspect ratio nanopatterns  223 
 

 
 



224  Chapter 8 
 

 



Mechanotransduction in high aspect ratio nanopatterns  225 
 

 
 



226  Chapter 8 
 

 

8.5 Conclusions 



Mechanotransduction in high aspect ratio nanopatterns  227 
 

 
 

Bibliography 



228  Chapter 8 
 

 



Mechanotransduction in high aspect ratio nanopatterns  229 
 

 
 



230  Chapter 8 
 

 



 

 

9 
Concluding remarks 

 



232  Chapter 9 
 

 

9.1 Main findings of this thesis 

What are the geometrical characteristics of bactericidal nanopatterns? 

How do the bactericidal nanopatterns kill the bacteria? 



Concluding remarks   233 
 

 
 

How should an osteogenic nanopattern be designed?   



234  Chapter 9 
 

 

How is a cell directed toward the osteogenic lineage? 



Concluding remarks   235 
 

 
 

9.2 Additional remarks and recommendations 

On the bactericidal nanopatterns 



236  Chapter 9 
 

 



Concluding remarks   237 
 

 
 

On the osteogenic nanopatterns 



238  Chapter 9 
 

 

On the fabrication of nanopatterns 



Concluding remarks   239 
 

 
 

9.3 Future research outlook 



240  Chapter 9 
 

 



Concluding remarks   241 
 

 
 

Bibliography 



242  Chapter 9 
 

 



 

243 
 

Acknowledgements  



244   
 

 



  245 
 

 
 



246   
 

 



  247 
 

 
 



 

 



 

249 
 

List of publications 

 

A. Peer-reviewed journal publications 

 

 

 

 

 

 

 



250 
 

 

 

 

 

 

 

 

 

 



251 
 

 
 

 

 

 

 

 

 

B. Selected conference presentations 

 

 



 

 



 

253 
 

 Curriculum Vitae 



 

 


