
ABSTRACT 

KIM, HOSHIN. Understanding the Role of Surface and Solvent on Biomolecular Structure 

and Dynamics. (Under the direction of Dr. Yaroslava G. Yingling.) 

 

Biomolecules have been used in many applications including biosensors and 

biocatalysts due to their unique recognition and catalytic properties. An understanding of 

biomolecular structures and dynamics is important because the structural stability of 

biomolecules is heavily related to their functionality and performance in these applications. 

This work focused on developing a fundamental understanding of how biomolecules respond 

under various conditions. More specifically, the goals of this study were (1) to understand the 

effect of solvent, surface, and structure on the behavior and properties of a single-stranded 

DNA (ssDNA) and a lipase enzyme, Candida antartica Lipase B (CALB), and (2) to provide 

overall guidance for improvements of applications utilizing these biomolecules. 

The structure and dynamics of ssDNA is crucial for cellular processes and also for the 

properties of DNA-based materials. In this thesis, we elucidated the dynamics of ssDNA as a 

function of its length and its behavior on surfaces as well as the mechanical stability of 

graphene on self-assembled monolayers (SAMs). All -atom molecular dynamics (MD) 

simulations revealed that ssDNA does not behave like an ideal chain due to internal non-

bonded interactions, such as base pairing and stacking. We then examined the effect of 

graphene-based surface properties on the structure and dynamics of folded ssDNA. Simulation 

results suggested that surface oxidation can affect the structural stability of ssDNA. For 

example, folded ssDNA structures can be easily disrupted on graphene surfaces with low or 

high oxidation states; in contrast, ordered ssDNA structures can be maintained on surfaces with 

moderate oxidation states. We also showed that similar conclusions are applicable to other 

biomolecules, such as silk fibroin. Next, we focused on graphene surfaces on SAMs by 



conducting a combined computational and experimental study to delineate how the polarity of 

SAMsô head group can influence interfacial mechanical properties of graphene ï SAM 

heterostructures. MD simulations showed a good agreement with experiments and also indicate 

important phenomena occurring at the interfaces due to the role of interfacial water on the 

mechanical strength of heterostructures. Our study showed that hydrophobic SAMs are 

preferable over hydrophilic SAMs to achieve higher mechanical strength. Overall, the results 

of our simulations can provide a fundamental understanding of ssDNA and surfaces and aid in 

the selection of surfaces (e.g., optimal surface oxidation states for different applications). 

CALB can catalyze complex chemical reactions for many high-value products. 

However, the choice of solvents as reaction media or amino acids for mutations is critical for 

biocatalysis processes; these choices can either enhance or diminish the stability of an 

enzymeôs structure, which is crucial to its enzymatic activity. In this thesis, we propose the 

design rules for the selection of solvents and mutation sites that can increase CALB enzymatic 

activity. Specifically, simulation results elucidated the roles of cations/anions in ionic liquids 

on the structure of CALB; if an anion is strongly coordinated or if the size of a cation is too 

large or small compared to that of an anion, secondary structures around the catalytic cavity 

become disrupted and lead to poor enzymatic activity. Further simulations enabled us to 

pinpoint important mutation sites of CALB that cause exposure of the catalytic cavity, with an 

increase in activity. Based on these observations, a CALB variant with a 6-fold higher activity 

than the native enzyme was obtained. Overall, strategies designed by computational 

observations allowed us to narrow down the possible number of solvent choices and mutation 

sites, which allows for rational enzyme engineering. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©  Copyright 2017 Hoshin Kim 

All Rights Reserved



Understanding the Role of Surface and Solvent on Biomolecular Structure and Dynamics 

 

by 

Hoshin Kim 

 

 

A dissertation or thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

Materials Science and Engineering 

 

 

Raleigh, North Carolina 

2017 

 

APPROVED BY: 

 

_______________________________  _______________________________ 

         Dr. Yaroslava G. Yingling               Dr. Donald W. Brenner 

                 Committee Chair 

 

_______________________________  _______________________________ 

           Dr. Thomas H. LaBean             Dr. Melissa A. Pasquinelli 

 

 

 

_______________________________ 

                                                           Dr. Stefan Zauscher 

                                                      Inter-Institutional Member          



 

ii  

DEDICATION  

This study is dedicated to my father, mother, and my wife, Jungmin. 

    ,    . 

  



 

iii  

BIOGRAPHY  

Hoshin Kim was born in Seoul, South Korea to Jeomseok Kim and Sungja Kim on October 

5th of 1985. Hoshin attended Baekshin High School and graduated in 2004. He then attended 

Inha University, majored in biological engineering, and received his Bachelor of Science in 

spring 2010. During his B.S. career, he served a 2-year military duty in the Korean army right 

after he finished 4th semester (2006 - 2008). In March 2010, he came to the United States and 

started working as a visiting scholar in the Department of Chemical and Biomolecular 

Engineering at North Carolina State University. After completion of his visiting NCSU for a 

year, he went back to South Korea, began his graduate study in the Department of Biological 

Engineering at Inha University and received his Master of Engineering in fall 2012. Upon 

achievement of his master degree, he subsequently started his Ph.D. study in the Department 

of Materials Science and Engineering at NCSU working under the guidance of his research 

advisor, Dr. Yaroslava G. Yingling.  



 

iv 

ACKNOWLEDGMENTS  

I would like to express my deepest gratitude to my research advisor, Dr. Yaroslava G. 

Yingling who had guided and supported me throughout my Ph.D. study. She gave me a lot of 

opportunities to perform state-of-the-art computational approaches, collaborate with leading 

research scientists, present my research at many conferences, and all the while gaining valuable 

knowledge from these activities. I strongly believe that her support and encouragement enable 

me to become a better scientific researcher. I would like to thank my research collaborator, Dr. 

Barry Farmer at Air Force Research Laboratory who had worked with me for DNA 

physisorption work. His insight and feedbacks were priceless and will be missed. I am also 

grateful to Dr. Stephanie Clendennen at Eastman Chemical Company for invaluable 

discussions about protein mutation studies. I had learned a lot from her and this collaborative 

study. I also would like to express my appreciation to other collaborators: Qing Tu, Dr. Stefan 

Zauscher (Duke University), Anise Grant, Dr. Vladimir Tsukruk (Georgia Tech.), Dr. Kirill 

Afonin (UNC-Charlotte), Dr. Kristin Krantzman (College of Charleston), Doyoung Eom, Dr. 

Yoon-Mo Koo (Inha University, South Korea) and Dr. Maria Hrmova (University of Adelaide, 

Australia). I was sincerely pleased to share valuable results and ideas with them. I also would 

like to thank the members of my committee: Dr. Donald Brenner, Dr. Melissa Pasquinelli, Dr. 

Stefan Zauscher, and Dr. Thomas LaBean. I appreciate their comments, feedbacks, and 

suggestions throughout my Ph.D. career, which were really helpful for strengthening my Ph.D. 

research. I wish to thank my previous research advisor, Dr. Yoon-Mo Koo (Inha University, 

South Korea) and a team leader, Dr. Sung Ho Ha (Hannam University, South Korea) for their 



 

v 

guidance throughout my master degree in South Korea. Their guidance was of help to build up 

a fundamental attitude as a researcher. 

I must acknowledge the members of the Yingling research group for their help and 

advice during my Ph.D. career. First of all, I would like to thank Dr. Rakhee Pani, Dr. 

Latsavongsakda Sethaphong (Sak), and Dr. Abhishek Singh who helped me a lot when I joined 

Yingling group first time. I will never forget their help and support at that time. I am 

specifically grateful to James Peerless and Thomas Deaton (Tad) for not only providing helpful 

insights on my research but also making my daily life in the U.S. more enjoyable. I wish to 

acknowledge other members in the Yingling research group: Dr. Nan Li, Dr. Jung-Goo Lee, 

Dr. Sergei Ponomarev, Dr. Sanket Deshmukh, Dr. Jessica Nash, Yuxin Xie, Matthew 

Manning, Nina Milliken, Sabrina Huang, Trisha Dupnock, Thomas Oweida, and Nate Brown 

for helpful discussions. 

Last but most importantly, I would like to highlight my gratitude to my parents and my 

wife for their endless love and support. Also, I would like to thank God, my Lord, who gives 

me strength from day to day. I would not be where I am today without Him. 



 

vi 

TABLE  OF CONTENTS 

1.1 Background and Motivation ....................................................................................... 1 

1.1.1 Understanding Single Stranded DNA: From Structure and Dynamics to 

Physisorption on the surfaces............................................................................................ 1 

1.1.2 Combined computational and experimental study for understanding Graphene-

based Surfaces for their applications: Mechanical properties and physisorption with 

proteins for bionanocomposites ........................................................................................ 3 

1.1.3 Increasing lipase activity through computational modeling: Structure-activity 

relation of Candida antarctica Lipase B and its mutants in various solvents.................... 5 

1.2 Methods ...................................................................................................................... 6 

1.2.1 All -atom Molecular Dynamics Simulations ....................................................... 8 

1.2.2 Steered Molecular Dynamics Simulations ........................................................ 11 

1.3 Publications .............................................................................................................. 12 

1.4 References ................................................................................................................ 15 

2.1 Introduction .............................................................................................................. 21 

2.2 Materials and Methods ............................................................................................. 24 

2.2.1 DNA structures ................................................................................................. 24 

2.2.2 MD simulations ................................................................................................. 24 

2.2.3 Analysis............................................................................................................. 26 

2.3 Results and Discussion ............................................................................................. 26 

2.4 Conclusions .............................................................................................................. 32 

2.5 Acknowledgements .................................................................................................. 34 

2.6 References ................................................................................................................ 35 

3.1 Introduction .............................................................................................................. 46 

3.2 Simulation Details .................................................................................................... 48 



 

vii  

3.2.1 Structure of ssDNA and graphene-based surfaces ............................................ 48 

3.2.2 MD simulations ................................................................................................. 49 

3.2.3 Analyses ............................................................................................................ 51 

3.3 Results and Discussion ............................................................................................. 52 

3.3.1 Results ............................................................................................................... 52 

3.3.2 Discussion ......................................................................................................... 58 

3.4 Conclusions .............................................................................................................. 61 

3.5 Acknowledgements .................................................................................................. 62 

3.6 References ................................................................................................................ 63 

4.1 Introduction .............................................................................................................. 82 

4.2 Computational Methods ........................................................................................... 83 

4.3 Results and Discussion ............................................................................................. 84 

4.4 Conclusions .............................................................................................................. 87 

4.5 Acknowledgements .................................................................................................. 87 

4.6 References ................................................................................................................ 88 

5.1 Introduction .............................................................................................................. 94 

5.2 Materials and Methods ............................................................................................. 97 

5.2.1 Preparation of SAMs on Au .............................................................................. 97 

5.2.2 SAM Surface Characterizations ........................................................................ 98 

5.2.3 Graphene Transfer and Characterization. ......................................................... 98 

5.2.4 AFM and CR-AFM Measurements. ................................................................. 99 

5.2.5 All -Atom MD Simulations of Graphene-SAMs Heterostructures.................. 100 

5.2.6 Steered MD Simulations of Graphene-SAMs Heterostructures ..................... 102 

5.2.7 Analysis of MD Simulations ........................................................................... 103 

5.3 Results and Discussion ........................................................................................... 105 

5.3.1 Surface Characterization of SAMs on Au ...................................................... 105 

5.3.2 Graphene on SAMs ......................................................................................... 105 

5.3.3 Interfacial Mechanical Properties of Graphene on SAMs .............................. 106 



 

viii  

5.3.4 Molecular Dynamics Interpretation ................................................................ 109 

5.4 Conclusions ............................................................................................................ 114 

5.5 Acknowledgements ................................................................................................ 115 

5.6 References .............................................................................................................. 116 

6.1 Introduction ............................................................................................................ 139 

6.2 Results and Discussion ........................................................................................... 145 

6.2.1 Comparison of Silk Fibroin at Different Deposition Conditions .................... 145 

6.2.2 Silk Fibroin Behavior on Reduced GO with Increased Hydrophobicity ........ 149 

6.2.3 Simulation Compliance with Experiment ....................................................... 152 

6.2.4 Role of Non-bonded Interactions on Protein Synthetic Surface Interfaces .... 154 

6.2.5 Insight into silk fibroin self-assembly............................................................. 156 

6.3 Conclusions ............................................................................................................ 159 

6.4 Experimental Section ............................................................................................. 161 

6.4.1 Preparation of Reconstituted Silk Fibroin....................................................... 161 

6.4.2 Preparation of Graphene Oxides ..................................................................... 161 

6.4.3 Preparation of Reduced Graphene Oxide ....................................................... 162 

6.4.4 High Resolution Atomic Force Microscopy ................................................... 163 

6.4.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy....... 164 

6.4.6 Molecular Dynamics (MD) Simulation .......................................................... 164 

6.5 Acknowledgements ................................................................................................ 166 

6.6 References .............................................................................................................. 167 

7.1 Introduction ............................................................................................................ 190 

7.2 Materials and methods ........................................................................................... 193 

7.2.1 Molecular dynamics simulations .................................................................... 193 

7.2.2 Lipase-catalyzed transesterification reaction .................................................. 194 

7.3 Results and discussion ............................................................................................ 196 

7.4 Conclusions ............................................................................................................ 204 

7.5 Acknowledgements ................................................................................................ 205 



 

ix 

7.6 References .............................................................................................................. 206 

8.1 Introduction ............................................................................................................ 227 

8.2 Materials and Methods ........................................................................................... 229 

8.2.1 MD Simulations .............................................................................................. 229 

8.2.2 Experiment: Butyl acetate synthesis reaction ................................................. 231 

8.3 Results and Discussion ........................................................................................... 232 

8.4 Conclusions ............................................................................................................ 239 

8.5 Acknowledgements ................................................................................................ 240 

8.6 References .............................................................................................................. 242 

9.1 Introduction ............................................................................................................ 258 

9.2 Materials and Methods ........................................................................................... 260 

9.2.1 PCR-based targeted mutagenesis and cloning ................................................ 260 

9.2.2 Sequencing leads ............................................................................................. 261 

9.2.3 Lipase expression and immobilization............................................................ 261 

9.2.4 Synthesis activity ............................................................................................ 262 

9.2.5 Preparations of the structure of solvent molecules, CALB and its mutant for 

Computational Modeling .............................................................................................. 262 

9.2.6 MD simulations ............................................................................................... 263 

9.2.7 Analyses .......................................................................................................... 265 

9.3 Results .................................................................................................................... 266 

9.3.1 D223G and S227T mutation ........................................................................... 266 

9.3.2 Further Mutations with D223G/S227T background ....................................... 267 

9.3.3 The effect of catalytic triadôs substrate accessible area on enzyme activity ... 269 

9.4 Discussion .............................................................................................................. 270 

9.5 Conclusions ............................................................................................................ 272 

9.6 Acknowledgements ................................................................................................ 273 

9.7 References .............................................................................................................. 274 



 

x 

10.1 Conclusions and Summaries ............................................................................... 285 

10.2 Future Works ...................................................................................................... 288 

10.2.1 Precise estimation of ssDNAôs persistence length.......................................... 288 

10.2.2 Understanding the effect of surfactant and salt concentrations on physisorption 

of DNA on graphene-based surfaces. ........................................................................... 289 

10.2.3 Relationship between mechanical properties of graphene-based surfaces and 

polarity of solvents ........................................................................................................ 290 

 

 



 

xi 

LIST OF TABLE S 

Table 5.1. Surface characterization of SAMs on Au. ........................................................... 121 

Table 6.1. Wavenumber assignments for secondary structures from FTIR measurements . 172 

Table 6.2. Rate of forming hydrogen bonds between silk protein and various surfaces ..... 173 

Table 7.1. Secondary structure for residue 285 to 287 in four different solvents ................ 210 

Table 7.2. Non-bonded energy between CALB and solvents used in this study ................. 211 

Table 8.1. Non-bonded energy between ILE-285 - LYS-290 and LYS-290 ï [TfO] - ........ 245 

Table 9.1. PCR primers used in this study (5ô to 3ô) ............................................................ 278 

Table S 6.1. Simulation set-up. ............................................................................................ 219 

Table S 6.2. The average of initial reaction rate of lipase-catalyzed trans-esterification of butyl 

alcohol with vinyl acetate in [Bmim][TfO], tert-butanol, and [Bmim][Cl].  .... 220 

Table S 6.3. The number of anions that interact with CALB and the average non-bonded 

energy between CALB and one anion. ............................................................ 221 

Table S 7.1. Simulation setup............................................................................................... 253 

Table S 7.2. Reaction rate of butyl acetate synthesis reaction using CALB in ILs ............. 254 

Table S 7.3.  Secondary structure of Ŭ-10 helix (residue 285 to 287) in ILs ....................... 255 

Table S 8.1. Detailed information on wild type and its mutants .......................................... 282 

 



 

xii  

LIST OF FIGURES 

Figure 1.1. Performance limit (simulation time per day) vs system size scale for various 

molecular modeling methods. The highest resolution methods in the lower left 

corner describe systems with the most detail, but these systems also have the lowest 

performance limit and system size. As size scale increases, the systems are 

described for less detail, and the performance limit increases due to the increased 

timesteps (ȹt) that are possible when describing a system with less detail. The 

bottom of the image shows snapshots depicting the application of various 

computational methods to the NPīnucleic acid interface..................................... 20 

Figure 2.1. Representative initial and last simulation snapshots in this study. Total charge on 

the phosphate group (left), snapshot of the initial (center) and a final (right) 

structures of (a) regular poly(T)20, (b) neutral polyT, poly(nT)20 ......................... 39 

Figure 2.2. (a) Representative folding pathway of 25-mer ssDNA in implicit solvent for the 

first 15 ns. Simulation snapshots illustrating a typical folding where backbone 

represented as a purple ribbon and backbone atoms are orange and base atoms are 

green. (b) Temporal profile of normalized radius of gyration for poly(T)25 (top) and 

poly(nT)25 (bottom) ............................................................................................... 40 

Figure 2.3. Simulation snapshots of (a) poly(T)n and (b) poly(nT)n representing equilibrated 

conformations after structure refinement in 0.5 M NaCl solution. Backbone is 

colored as orange licorice model with purple ribbon bands; and bases are colored 

as green licorice model. ........................................................................................ 41 



 

xiii  

Figure 2.4. Radius of gyration (Rg) and end-to-end distance (R) of poly(T) and poly(nT). True 

Rg, and R calculated from MD simulations are colored by black circles. Estimated 

Rg,WLC and RWLC for poly(T) and poly(nT) are navy diamonds. ............................ 42 

Figure 2.5. Formation of specific non-bonded interactions in poly(T) (orange or blue bars) and 

poly(nT) (grey bars). (a) Total number of hydrogen bonds; (b) percentage of non-

Watson-Crick T-T base-pairing; (c) percentage of pi-pi stacks; and (d) number of 

consecutive pi-pi stacks. Snapshots of (e) poly(T)15 and (f) poly(nT)15. Blue thick 

lines represent formation of pi-pi stacks, and red dotted lines indicate the TïT base 

pairings. ................................................................................................................. 43 

Figure 3.1. (a) Representative side and top view snapshots of initial conditions of pre-folded 

poly(T)20 on the graphene-based surface. DNA is represented by orange tube with 

white colored nucleobases. Green, blue, and red colored residues highlight the 

regions where nucleobases are involved in only pi-pi stacking interaction (green), 

internal hydrogen bonds (blue), both of them (Gray), or not involved in the internal 

interactions (red), respectively. (b) Detailed information on internal non-bonded 

interactions of poly(T)20. ....................................................................................... 67 

Figure 3.2. (a) Temporal profiles of non-bonded interactions between ssDNA and PG, GO 

20%, and GO 60%: (left) total non-bonded interactions (NONB), (middle) van der 

Waals (VDW) interactions, and (right) number of surface ï ssDNA hydrogen bonds 

(H-bonds). (b) Representative snapshots of ssDNA on PG, GO 20%, and GO 60% 

as an example of the case with no, moderate, and high oxygen coverage, 

respectively. Please refer to Figure S3, S4, S5, and S6 for other cases. ............... 68 



 

xiv 

Figure 3.3. (a) Representative snapshot of the initial structure of poly(T)20 on graphene-based 

surfaces with an axis normal to the surface (z-axis). (b) Atomic density profile 

(solid red line) of poly(T)20 atoms along z-axis over last 10 ns of 100 ns-simulation 

trajectories with red shaded regions representing standard deviation. Gray dotted 

lines represent density profile of the initial structure prior to adsorption depicted in 

(a). ......................................................................................................................... 69 

Figure 3.4. (a) Number of poly(T)20 atoms participating in hydrophobic contacts with the 

surface. (b) An average number of pi-pi stacking interactions between DNA bases 

(base stacking, black circles) and between DNA bases and graphene-based surfaces 

(base-surface stacking, blue squares). Red dashed line indicates the number of base 

stacks in initial poly(T)20 structure. ...................................................................... 70 

Figure 3.5. (a) Schematic of various non-bonded interactions observed during physisorption 

of poly(T)20 on graphene-based sur-faces. (b-f) Probability heat map (%) of non-

bonded interactions formed by each residue over last 10 ns: (b) stacking interactions 

between two consecutive nucleobases (y-axis shows  residue n interacting with 

n+1), (c) base ï surface stacking interactions, (d) internal hydrogen bonds, (e) 

interfacial hydrogen bonds between nucleobases and surfaces, and (f) water-

mediated hydrogen bonds connecting surface and DNA. Gray colored bar graphs 

located on the top and right side of probability heat maps represent physisorption 

intensity (I(%)) of entire residues with each surface (top) and specific residues over 

each case (right). DNA residues that are initially involved in base-base stacking 

interactions and internal hydrogen bonds (Int) are also shown in (b) and (d). (g) Top 



 

xv 

view and side view of poly(T)20 snapshots on GO 5%, GO 15%, and GO 40% as a 

representation for the case with low, moderate, and high oxygen content, 

respectively. Green colored surfaces in the snapshot illustrate regions where close 

DNA ï carbon surface contacts are found. ........................................................... 71 

Figure 3.6. (a) Representative snapshot of poly(T)20 and (b) its density profile on the regular 

GO20% (left) and on nGO20% (right). Average values (red lines) and standard 

deviations (red shaded regions) were taken from last 10 ns of 100 ns-simulations. 

Comparison of probability heat map for (c) internal hydrogen bonds, (d) base-base 

stacking interactions, and (e) interfacial hydrogen bonds (red), and pi-pi stacking 

interactions (cyan) among initial poly(T)20 structure (Int), GO 20%, and nGO 20% 

case. ....................................................................................................................... 72 

Figure 4.1. Root mean square deviations of poly(T) (black), poly(A) (red), and poly(AT) 

(blue) on (a) pristine graphene, (b) GO 5 %, (c) GO 10 %, (d) GO 15 % and (e) GO 

20% as a function of time. .................................................................................... 90 

Figure 4.2. Simulation snapshots of (a) poly(T)20, (b) poly(A)20, and (c) poly(AT)10 adsorbed 

on the graphene, GO surface with 5%, 10%, 15%, and 20% oxygen coverages. 

ssDNA structures are illustrated as purple backbone with blue bases. Red spheres 

represent oxygen atoms in functional groups of the surfaces. (d) Number of pi-pi 

stacking interactions between nucleobases and the surfaces (e) van der Waals 

contributions and (f) electrostatic contributions of DNA ï surface interactions. 

Numbers inside plots indicate the oxygen coverages of the surfaces (%) ............ 91 



 

xvi 

Figure 4.3. Persistence length of poly(T)20 (black squares), poly(A)20 (red circles) and 

poly(AT)10 (blue triangles) as a function of oxygen coverage of the surface. Black, 

red, and blue dashed lines represent a regression line of poly(T)20, poly(A)20, and 

poly(AT)10, respectively. Gray dotted line means persistence length of poly(T)20 in 

0.5 M NaCl solution. ............................................................................................. 92 

Figure 4.4. Internal non-bonded interactions of ssDNA: (a) the number of hydrogen bonds 

between nucleobases, (b) the number of base-base stacking interactions. Numbers 

inside plots represent oxygen coverages of the surface (%) ................................. 93 

Figure 5.1. Schematic of the CR-AFM setup. The AFM tip can be approximated as a sphere 

with radius R indenting the sample. .................................................................... 122 

Figure 5.2. (a) Optical microscopy and (b) AFM topographic images of a typical few layer 

graphene on UDT. The red arrows indicate the region where point measurements 

were made. (c) Raman spectra of graphene on CH3-(black, UDT) and NH2-SAMs 

(blue, AUT). (d) 2D FWHM comparison of graphene on CH3- and NH2-SAMs for 

both as-prepared samples and samples after vacuum annealing. ........................ 123 

Figure 5.3. Contact resonance frequencies of FLG-CH3-SAM (black) and FLG-NH2-SAM 

(blue) heterostructures: (a) for as-prepared samples and (b) for samples after 

vacuum annealing. (c) and (d) are the corresponding Raman 2D peak position for 

both samples before and after vacuum annealing, respectively. ......................... 124 

Figure 5.4. (a) Representative MD snapshots of FLG on SAM with ïNH2 (top) and ïCH3 

(bottom) head groups (water molecules are colored in dark blue). (b) Number of 

water molecules and (c) temporal profile of the non-bonded interaction energy 



 

xvii  

between FLG and SAM with ïNH2 (blue) and ïCH3 (black) head groups. Average 

values over the last 10 ns of the simulations are inserted as bar graphs. ............ 125 

Figure 5.5. (a) Simulated stress ï strain curves for FLG-NH2-SAM and FLG-CH3-SAM 

heterostructures in ambient (top) and vacuum conditions (bottom). (b) Estimated 

Youngôs modulus for each case. (c) Representative snapshots of steered MD 

simulations. The images from top to bottom correspond to regimes I, II and III of a 

FLG-CH3-SAMs heterostructure in vacuum. ..................................................... 126 

Figure 5.6. (a) Schematic showing the components of non-bonded interactions that are present 

in the SAM-FLG system: Interfacial non-bonded interactions between FLG and 

SAMs (green), inter-chain interactions among SAMs (blue), inter-chain 

interactions with only the alkyl chains (i.e., without head groups, orange), graphene 

(bottom layer only) ï water interactions (gray), and interactions between water and 

the SAM (red).  Deconvolution of the non-bonded interaction energy determined 

for (b) the FLG - CH3 SAMs and for (c) the FLG - NH2 SAMs in compression 

regime I. .............................................................................................................. 127 

Figure 5.7. Histogram of the nearest neighbor distances (head group to head group) in 

compression Regime I, for a CH3-SAM in (a) ambient conditions, and (b) in 

vacuum, and for a NH2-SAM in (c) ambient conditions, and (d) in vacuum. The 

red-dashed lines illustrate average values of the nearest neighbor distances between 

the well-aligned SAM head groups used as an initial structure in the simulations. 

The red dotted circles in the representative snapshots represent regions with lower 

molecular order, in (b) disruption at the edge and in (d) local aggregations. ..... 128 



 

xviii  

Figure 6.1. AFM topographical images of silk fibroin absorbed from 0.2 (A), 0.02 (B), and 

0.002 wt. % (C) SF deposited on GO flakes via conventional SA-LbL at 5000 rpm.  

Scale: 500 nm. Z range: 4 nm (A and C) and 5 nm (B). ..................................... 174 

Figure 6.2. AFM topographical images of 0.002 wt. % silk fibroin morphology after 

conventional SA-LbL on SiO2 surface (A, C, E) and GO flakes (B, D, F) on Si wafer 

at 3000 (A, B), 5000 (C, D), and 8000 (E, F). Scale: 2 um. Z range: 2 nm (A, C, 

and E), 3 nm (B), 6 nm (D), and 3 nm (F). ......................................................... 175 

Figure 6.3.  AFM topographical images of 0.002 wt.% silk fibroin morphology after dynamic 

casting on GO flakes on silicon wafer at 1000 (A), 2000 (B), 3000 (C), 4000 (D), 

5000 (E), and 8000 (F) rpm. Scale: 500 nm. Z range: 2 nm (A, B, D, E, and F) and 

9 nm (C). ............................................................................................................. 176 

Figure 6.4. AFM topographical images of 0.002 wt.% silk fibroin morphology after 

conventional SA-LbL on rGO flakes on a silicon wafer at spin speeds 3000 (A), 

5000 (B), and 8000 (C) rpm.  Scale: 500 nm. Z range: 7 nm (A), 11 nm (B), and 28 

nm (C). ................................................................................................................ 177 

Figure 6.5.  AFM topographical images of 0.002 wt.% silk fibroin morphology after dynamic 

spin casting on rGO flakes on a silicon wafer at spin speeds of 1000 (A), 2000 (B), 

3000 (C), 4000 (D), 5000 (E), and 8000 (F) rpm. Scale: 500 nm.  Z range: 8 nm (A 

and C), 11 nm (B and E), 2 nm (D), and 12 nm (F). ........................................... 178 

Figure 6.6. ATR-FTIR spectra of SF (A), SF-GO (B), and SF-rGO (C) in the amide 1 region. 

The amount of each secondary structure in each sample calculated from peak area 

of their respective peaks is given in (E). ............................................................. 179 



 

xix 

Figure 6.7. (a) Density profile of silk atoms normal to the graphene (black), GO 20% (blue), 

SiO2 (red), and the initial silk structure on GO 20% (gray dotted line). (b) Final 

snapshot of each case in (a). (c) Density profile of silk parallel to the surfaces where 

the initial structure is indicated by black lines. ................................................... 180 

Figure 6.8. (A) -̡sheet content per each silk residue. (B) Temporal profile of the percentage 

of random coils (black) and ordered structures (gray) in silk structure. Yellow and 

red lines passing through the black and gray lines indicate the averaged values of 

the percentage of random coils and ordered structure, respectively. .................. 181 

Figure 6.9.  MD simulation (A) and experimentally (C) observed changes in secondary 

structure of silk on three different surfaces: graphene (rGO for experimental 

results), GO with 20 wt. % oxygen coverage, and SiO2. .................................... 182 

Figure 6.10. (A) Temporal profiles of van der Waals contributions (green), electrostatic 

interactions (red) and total non-bonded energy (black) between silk and graphene 

(left), GO (center), and SiO2 (right). (B) Temporal profiles of the number of internal 

hydrogen bonds for silk protein on graphene (left), GO (center), and SiO2 (right) 

surface, where averaged values for silk protein and silk protein-surface hydrogen 

bonding are represented by black and gray lines, respectively. .......................... 183 

Figure 7.1. Structure of Candida antarctica lipase B drawn as (a) a cartoon model and (b) Van 

der Waalôs surface. The Ŭ-10 helix region (residues 268 to 287) is represented as 

light grey, ILE-189 and ILE-285 are sticks, LYS-290 is light grey stick and catalytic 

triad residues SER-105, ASP-187 and HIS-224 are white spheres. ................... 212 



 

xx 

Figure 7.2. Depth profiles of the catalytic cavity calculated from the interior of the enzyme 

towards the surface for (a) [Bmim][TfO], (b) tert-butanol, (c) [Bmim][Cl], (d) 0.3M 

NaCl solution, with representative snapshots of CALB from MD simulations (ILE-

189 and ILE-285 are dark gray). Black thick line is the cavity profile of CALB 

crystal structure. Average value from simulations is shown as thin gray line. The 

approximate positions of cavity entrance at ~16 Å  and catalytic triad position at ~6 

Å  are shown by dotted lines. ............................................................................... 213 

Figure 7.3. The conversion rate of lipase-catalyzed trans-esterification of butyl alcohol with 

vinyl acetate in (a) [Bmim][TfO], (b) tert-butanol, (c) [Bmim][Cl]. .................. 214 

Figure 7.4. (a) Snapshot of CD1 atom positions in ILE-189 and ILE-285, which limits the 

width of catalytic cavity (b) Calculated probability distribution of the width of 

catalytic cavity entrance in different solvent systems. Dashed line indicates the 

distance between ILE-189 and ILE-285 in the crystal structure (7.294 Å). ....... 215 

Figure 7.5. Average root mean squared deviation for each residue in four types of solvents 

evaluated from 100 ns simulation. Shaded gray region represents Ŭ-10 helix region 

(residue: 268-287), and also show high RMSD peak in all solvents except for 

[Bmim][TfO]. ...................................................................................................... 216 

Figure 7.6. The interaction between chlorine anions and LYS-290 of CALB in [Bmim][Cl]. 

The snapshots were taken when cavity was (a) in the open conformation and (b) in 

the closed conformation where bonding is shown as a dotted line. .................... 217 

Figure 7.7. The correlation between experimentally observed initial reaction rate of butyl 

acetate synthesis reaction and calculated electrostatic, Van der Waals contribution 



 

xxi 

between solvents and surface of CALB in various solvents. Dashed line indicates 

regression fit........................................................................................................ 218 

Figure 8.1. Illustration of chemical structure of (a) cations: [Emim]+, [Bmim]+, [Hmim]+, 

[Omim]+ and (b) anion: [TfO]- used in this study. (c) Crystal structure of CALB 

represented as a surface model where ILE-189 and ILE-285 are colored red, LYS-

290 (K290) is green and catalytic triad (SER-105, ASP-187, HIS-224) is blue. (d) 

Calculated coordination number of cations and (e) snapshots of representative 

coordination from simulations of ILs. ................................................................ 246 

Figure 8.4. Snapshots of the part of Ŭ-10 helix region in (a) [Emim][TfO], (b) [Bmim][TfO], 

(c) [Hmim][TfO], and (d) [Omim][TfO]. Red and blue colored molecules represent 

anion and cation within 3.0 Å  of LYS-290, respectively. LYS-290 is illustrated as 

Van der Waals spheres and two gate residue, ILE-189 and ILE-285 are drawn as 

licorice models covered with transparent red surface models representing gate 

conformations. (e-h) The temporal number of cation and anion within 3.0 Å  of 

LYS-290 in (e) [Emim][TfO], (f) [Bmim][TfO], (g) [Hmim][TfO], and (h) 

[Omim][TfO]. Red and blue lines represent anion and cation, respectively. ..... 249 

Figure 8.5. (a) Side-view of Ŭ-10 helix in [Emim][TfO] (left) and in [Omim][TfO]. Cation is 

illustrated by blue colored licorice model. Ŭ -10 region and HIS-224 is colored by 

gray and yellow, respectively. (b) The number of cations within 3.0 Å  of LEU-278 

in four ILs. (c) Non-bonded energy between cation and LEU-278, where ELEC, 

VDW, and NONB are electrostatic, Van der Waals contributions, and total non-

bonded energy (ELE + VDW), respectively. ...................................................... 250 



 

xxii  

Figure 8.6. (a) A snapshot of Ŭ-10 helix region and the position of LEU-278 and ALA-282 of 

CALB in [Emim][TfO] (upper), and [Omim][TfO] (lower). LEU-278 and ALA-

282 are represented as licorice model colored by atom name. Green dotted line 

illustrates a hydrogen bond. (b) Temporal profile of the number of hydrogen bonds 

between LEU-278 and ALA-282. (c) A snapshot of catalytic cavity of CALB in 

[Omim][TfO] and [Omim]+ (blue), [TfO]- (red) molecules within 3.0 Å  of catalytic 

triad (yellow). (d) Temporal profile of the number of [TfO]- within 3.0 Å  of HIS-

224 in ILs. ........................................................................................................... 251 

Figure 8.7. Correlation between geometrical stability of catalytic triad (black circles), most 

probable distance between two gate amino acids (D189-285, blue squares) and 

initial reaction rate. Red shaded region represents closed gate conformation of 

CALB in [Emim][TfO]. Regression lines of the cases with open conformations are 

shown as grey and blue dashed lines. ................................................................. 252 

Figure 9.1. (a) Front view (top) and Top view (bottom) of the crystal structure of CALB with 

an opaque and transparent 3-D surface model, respectively. Amino acids mentioned 

in this study including catalytic triad (S105, D187, H224), mutation sites (D223, 

S227), red gate (I189 and I285), and green gate (E188, L278) are highlighted as 

colored surface models. (b) An overview of combined experimental and 

computational approach used in this study. ........................................................ 279 

Figure 9.2. Probability heat map of distance between gate residues regulated by ILE189 ï 

ILE285 (x-axes, red gate), and GLU188 ï LEU 278 (y-axes, green gate). Relative 

BZA activity normalized by WT case are shown inside the plot. Probability graphs 



 

xxiii  

indicating a size of the red gate and green entrance are illustrated top and right-side 

of the heat map, respectively. Representative snapshots for each case are also 

shown in this figure. For the snapshots, same color codes shown in Figure 1a are 

used to highlight important residues in CALB. .................................................. 280 

Figure 9.3. (a) Representative snapshots illustrating H224 ï 188 hydrogen bonding interaction 

(top) and hydrogen bonding occupancy (%) of H224 ï 188 interaction observed in 

WT and its variants (bottom). (b) Representative snapshots of a-10 helix region in 

WT and D188E mutant (top). Hydrogen bonding occupancy (%) of L278 ï A282 

(green), L278 ï A281 (brown), and L278 ïA274 (orange) (bottom). (c) A 

correlation between the solvent accessible surface area of catalytic triad and relative 

BZA activity of WT and its variants with snapshots of CALB representing buried, 

partially exposed and fully exposed catalytic triad. ............................................ 281 

Figure S 2.1. Partial charge of thymine monomer of (a) regular ssDNA, poly(T), (b) neutral 

ssDNA, poly(nT), Neutralized oxygen atoms for poly(nT), OP1 and OP2 are 

colored as red and reference atoms for the vector calculation, O3ô are illustrated as 

blueéééééééééééééééééééééééééééééé44 

Figure S 2.2. Comparison between folding pathway and persistence length (Å ) of poly(T)40 

via (a) implicit solvent simulations (60 ns) and (b) explicit solvent simulations (400 

ns). Each snapshot represents folding dynamics of poly (T)40 at both 0.5 M implicit 

and explicit solvent. .............................................................................................. 45 



 

xxiv 

Figure S3.1. (a) Snapshots of graphene-based surfaces used in this study. Blue and red colors 

on the surfaces represent partial charges of functional groups. The charged 

functional groups bond with both the top and bottom surfaces of the sheet......... 73 

Figure S3.2. Simulation setup. (a) The initial position of poly(T)20 structure on graphene-based 

surface in the water box. (b) Top view of initial position of poly(T)20 on graphene-

based surface. (c) Partial charges used for hydroxyl and epoxy groups. (d) RMSD 

of free poly(T)20 solvated in 0.5 M NaCl solution. ............................................... 74 

Figure S3.3. (a) Top view and (b) side view of representative snapshots of poly(T)20 

conformation on various graphene-based surfaces. Green color surfaces represent 

close contact regions between carbon atoms on a graphene sheet and DNA atoms.

............................................................................................................................... 75 

Figure S3.4. Temporal profiles of non-bonded energy between poly(T)20 and various 

graphene-based surfaces. ...................................................................................... 76 

Figure S3.5. Temporal profiles of VDW energy between poly(T)20 and various graphene-

based surfaces. ...................................................................................................... 77 

Figure S 3.6. Temporal profiles of electrostatic (ELEC) energy between poly(T)20 and various 

graphene-based surfaces. ...................................................................................... 78 

Figure S3.7. Temporal profiles of the hydrogen bonds between poly(T)20 and various 

graphene-based surfaces. ...................................................................................... 79 

Figure S 3.8. Estimated binding free energy differences between poly(T)20 and the surfaces. 

A yellow circle at GO 20% case illustrates binding free energy of poly(T)20 on 

neutral GO 20% surface (nGO 20%). ................................................................... 80 



 

xxv 

Figure S3.9. Comparisons of multiple simulations: simulation 1 is the case with poly(T)20 on 

the graphene-based surface, which are introduced in the manuscript; simulation 2 

is additional MD simulation with poly(T)20 on the surface with different distribution 

of oxidation groups (a) Side and top view of representative simulation snapshots, 

(b) atomic density profile of poly(T)20 atoms along the axis perpendicular to the 

surfaces, (c) stacking and hydrogen bonding interactions observed in the cased of 

PG, GO20%, and 60% (Gray bars) and their flip sides of the surfaces (Red bars).

............................................................................................................................... 81 

Figure S 5.1. Beam model of the AFM cantilever in contact with a sample surface........... 129 

Figure S 5.2. Partial charge information on (a) 1-undecanethiol (-CH3), (b) 11-amino-1-

undecanethiol (-NH2), and (c) protonated 11-amino-1undecanethiol (-NH3
+) used 

in this study. ........................................................................................................ 130 

Figure S 5.3. Elastic modulus as a function of indentation speed (v), 0.05, 0.001, and 0.00001 

pN/time step. (a) Stress ï strain curve in compression regime I. The negative strain 

in the beginning part of some of the curves is due to FLG-SAM force fluctuations 

when the applied stress is low. (b) Elastic modulus values with corresponding R2 

values (number inside the bar graphs) obtained from the slopes in the linear 

compression regime for three different indentation speeds, and (c) comparison 

between reduced modulus values from the experiment and averaged modulus 

values from SMD simulations. ........................................................................... 131 

Figure S 5.4. Temporal profiles of the overall interfacial interaction energy between (a) FLG 

and CH3 terminated SAMs and (b) FLG and NH2 terminated SAMs in compression 



 

xxvi 

regime I. Dark colored and light colored bars with step value (t) illustrate the 

approximate yield point. Temporal profiles of inter-chain interactions among (c) 

CH3 and (d) NH2 terminated SAMs. The dotted lines represent the profiles of inter-

chain interactions of alkyl chains without head groups. ..................................... 132 

Figure S 5.5. High resolution N 1s XPS shows the protonation of amine groups in the NH2-

SAM .................................................................................................................... 133 

Figure S 5.6. Raman spectra of bulk HOPG. The blue arrow indicates the characteristic 

shoulder of the bulk HOPG 2D peak, which does not show up in the FLG samples.

............................................................................................................................. 134 

Figure S 5.7. Time evolution of the non-bonded interaction energy between SAMs and 

interfacial water (red), SAMs and surrounding water (water molecules within 4.5 

ἴ of head groups excluding interfacial water, blue), the bottom layer of FLG and 

water (gray), and the entire SAM and water molecules (black). ........................ 135 

Figure S 5.8. (a) Representative simulation snapshot of FLG on NH3
+-SAMs in water. In this 

snapshot, water molecules are omitted. (b) Average number of water molecules and 

(c) average non-bonded interaction energy between FLG and ïNH3
+ head groups.

............................................................................................................................. 136 

Figure S 5.9. Non-bonded interaction energy between FLG and ïCH3 head groups, ïNH2 head 

groups, and ïNH3
+ head groups in vacuum condition. ....................................... 137 

Figure S 5.10. Schematic showing the presence of water in the vicinity of the FLG-CH3-SAM 

interfaces in real systems: (a) due to defects and roughness of the underlying 

substrate, small water clusters (blue) can present between graphene and the CH3-



 

xxvii  

terminated SAM when graphene is transferred to the SAM surface in ambient 

conditions. (b) Top view, showing that the SAM is a polycrystalline structure, with 

some grain boundaries and defects, where water (blue) can be present (The image 

is modified from a STM image of a CH3-terminated alkanethiol SAM on Au (111)). 

The MD simulations simplify this complex scenario into a patch of the FLG-SAM 

heterostructure with surrounding water molecules and periodic boundary 

conditions. ........................................................................................................... 138 

Figure S 6.1. Silk fibroin at 0.002 wt. % dynamically cast on GO flakes at 5000 rpm 

morphology in AFM height (A) and phase (B) images with height profiles 

corresponding to the white (C), red, green, and blue lines (D) in A.  Scale: 100 nm. 

Z range: 2 nm. ..................................................................................................... 184 

Figure S 6.2. Silk fibroin at 0.002 wt. % deposited via conventional SA-LbL on GO flakes at 

5000 rpm morphology in AFM height (A) with height profiles corresponding to the 

red, green, and blue lines (B) in A. Scale: 100 nm. Z range: 10 nm. .................. 185 

Figure S 6.3. ATR-FTIR spectra of silk fibroin (A) on GO (B) and rGO (C) in the amide I and 

amide II regions. ................................................................................................. 186 

Figure S 6.4. Sequence of Bombyx Mori heavy chain with 258-amino acid segment used in 

MD simulation. ................................................................................................... 187 

Figure S 6.5. XPS of rGO carbon peak for hydrazine solution (A) and vapor reduction methods 

(B). ...................................................................................................................... 188 

Figure S 6.6. Ramachandran plot with the probability (I) of silk on (A) graphene, (B) GO, (C) 

SiO2, and (D) free standing where red indicates greater density. ....................... 189 



 

xxviii  

Figure S 7.1. Chemical structure of solvents used in this study. (a) 1-Butyl-3-

methylimidazolium   ([Bmim]+), (b) Trifluoromethanesulfonate ([TfO]-) and (c) 

tert-butanol. ......................................................................................................... 222 

Figure S 7.2. The production yield of butyl acetate after 12 h reaction in [Bmim][TfO], tert-

butanol and [Bmim][Cl]. ..................................................................................... 223 

Figure S 7.3. Root mean square deviation (RMSD) of CALB that was calculated for backbone 

atoms as a function of time during 100 ns in [Bmim][TfO] (Red), tert-butanol 

(Blue), [Bmim][Cl] (Green), and 0.3M NaCl solution (Black). ......................... 224 

Figure S 7.4. (a) Snapshot of CD1 atoms of ILE-189 and ILE-285, and (b-e) temporal profiles 

of the distance between CD1 atoms in ILE-189 and ILE-285 in (b) [Bmim][TfO], 

(c) tert-butanol, (d) [Bmim][Cl], and (e) 0.3M NaCl. Average profile is shown as 

black line. A black dotted line indicates the threshold distance. ........................ 225 

Figure S 7.5. Conformational changes of the alpha-10 helix region in various solvents (a) 

initial X-ray crystal structure, (b) [Bmim][TfO], (c) tert-butanol, (d) [Bmim][Cl], 

(e) 0.3M NaCl (Open), (f) 0.3M NaCl (Closed). Region with significant 

conformational changes is shown in red. ILE-189 and ILE-285 are shown as stick 

molecular model.................................................................................................. 226 

Figure S 8.1. Root mean square deviation (RMSD) of CALB solvated in [Emim][TfO] (black), 

[Bmim][TfO] (Red), [Hmim][TfO] (Dark green) and [Omim][TfO] (Blue) ..... 256 

Figure S 8.2. Radial distribution function of carbon atom in imidazolium cation. [Emim]+ 

(black), [Bmim]+ (red), [Hmim]+ (green), and [Omim]+ (blue). Second solvation 

shell (7 ἴ) is used for estimation of coordination number. ................................. 257 



 

xxix 

Figure S 9.1. (a) Model enzyme reactions used in this study. (b) Simulation box composed of 

the organic molecule mixtures: 3:1:1:1 ratio of 1-octanol (orange), 1-otanoic acid 

(blue), 2-ethylhexanoic acid (yellow), and benzoic acid (green). CALB is located 

in the middle of the box. ..................................................................................... 283 

Figure S 9.2.  Comparison between conventional computational approaches (case 1 and 2) and 

the one used in this study (case 3) with the snapshots illustrating different cavity 

conformations based on the approaches and brief descriptions about the structure 

and solvent-accessible surface area (SASA) of catalytic triad in each case. ...... 284 



 

1 

 Introduction  

*A portion of this chapter is based on two manuscripts by (1) Jessica A. Nash, Albert L. 

Kwansa, James S. Peerless, Ho Shin Kim, and Yaroslava G. Yingling and (2) Nan K. Li, Ho 

Shin Kim, Jessica A. Nash, Mina Lim, and Yaroslava G. Yingling, which were published by 

following two journals as review papers, respectively: Bioconjugated Chemistry (2017) and 

Molecular Simulations (2014). 

 

1.1 Background and Motivation 

1.1.1 Understanding Single Stranded DNA: From Structure and Dynamics to 

Physisorption on the surfaces 

Understanding the structure and dynamics of single-stranded DNA (ssDNA) is vital for 

cellular processes and various technological applications. ssDNA, an electronegative polymer 

which contains genetic information, is mainly involved in many important biochemical 

processes, such as replication, transcription, and repair processes where its conformation and 

dynamics enables/disables the interaction with other biomolecules.[1] due to their unique 

recognition properties driven by Watson-Crick base pairing, ssDNA is also used for materials 

assembly,[2] in biosensors,[3-4] and drug delivery.[5] However, the conformation of ssDNA is 

hard to predict since it has very high flexibility and sensitivity to length, salt type, and 

concentration. Moreover, unlike double stranded DNA conformations which can be accurately 

described by experiments and theoretical models, there is no general agreement between the 

existing theories and experimental observations for ssDNA.[6-7] This might be due to the fact 

that the effect of non-bonded interactions between the DNA bases such as pi-pi stacking and 

base pairing is not taken into account in the models and theories, which may be important for 
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ssDNA conformation. For these reasons, more detailed and atomistic approaches are needed 

to precisely estimate structure and dynamics of ssDNA.  

 It is also imperative to understand structure and dynamics of ssDNA functionalized 

with surfaces in various conditions such as surface polarity because, for aforementioned 

applications using ssDNA, it is integrated with the surfaces.[8] Generally, the surface polarity 

is known to be an important factor for the adsorption process,[9-10] structure, and dynamics of 

biomolecules.[11] Recently, graphene surfaces are known for their excellent mechanical 

strength,[12-13] large surface area,[14] and unique bonding networks[15-16]. Moreover, oxidation 

of graphene surfaces permits controlled modification of surface polarity and hydrophobicity. 

Due to their unique properties, pristine graphene (PG) and its oxidized surface, graphene oxide 

(GO), have been used in many applications, including water purification process,[17] 

antimicrobial treatments,[18] and bionanocomposites.[19-20] It is known that DNA adsorption on 

graphene surfaces is a complex process and depends on local sequence variations, defects, and 

surface properties.[21] However, fundamental understanding of how surface polarity affects 

ssDNA structure is unclear and remains to be explored, even though GO is considered to have 

better biocompatibility than PG due to its amphiphilic behavior.[22-23] For other biomolecules, 

such as proteins, it has been reported that there is an incomplete agreement of the relation 

between surface polarity and compatibility or stability of biomolecules on these surfaces.[24-26] 

For DNA-surface interactions, the significance of two important bonding contributors for the 

physisorption of ssDNA on graphene-based surfaces, e.g. pi-pi stacking interactions and 

hydrogen bonds, has been emphasized in previous studies.[8, 27-28]  Aforementioned studies 

clearly indicate that the density of polar groups on the graphene surface or oxidation rate should 
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have a direct implication on physisorption process and these interactions can either enhance or 

reduce biocompatibility and stability of ssDNA on graphene-based surfaces. However, a 

systematic investigation of the surface polarity that influences these important interactions has 

not been performed and the underlying processes of DNA binding to surfaces still unclear as 

the published studies are controversial. For these reasons, more detailed and atomistic 

approaches are needed to precisely estimate structure and dynamics of ssDNA on graphene 

based surfaces. 

A part of this dissertation (Chapter 2, 3, and 4) describes simulation results designed to 

address and elucidate (1) how charge, base, and length of ssDNA affect its structure and 

dynamics and (2) how surface polarity of graphene-based surface influence structure and 

dynamics of ssDNA while it is adsorbed on the surfaces. 

1.1.2  Combined computational and experimental study for understanding Graphene-

based Surfaces for their applications: Mechanical properties and physisorption with 

proteins for bionanocomposites 

 Natural nanocomposites are known for their inherent biocompatibility and unique 

tunable mechanical properties, which are often achieved with hierarchical structures. 

Specifically, silk nanocomposites have garnered much attention in recent years as a promising 

high performance, multifunctional material for nanocomposite films, bio-sensing applications, 

and controlled drug delivery, amongst others.[29-30] [31] The interest in silk stems from its 

extraordinary mechanical toughness,[32-34] exhibiting both high strength and high 

extensibility,[35-37] as well as good biocompatibility and mechanical integrity in vivo. [38-41] 

Generally, silk materials serve as a matrix for reactive and functional components with a 
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variety of inorganic or carbon components.  Carbonaceous additives such as graphene and 

carbon nanotubes provide greater mechanical strength to the composite and electrical 

properties necessary for sensing and energy storage devices while the elastomeric biomaterial 

matrix can confer flexibility and biocompatibility. However, extraordinary mechanical 

properties of silks nanocomposites depend on many factors such as silk sequence, secondary 

structure formation, local microstructure, and surface polarity. For these reasons, 

understanding of interfacial interactions between silk fibroin structure and graphene-based 

surface needs to be clear to obtain optimal mechanical properties of silk nanocomposites under 

the various conditions. 

As mentioned earlier, graphene has been spotlighted as a promising material for a 

variety of devices, including biosensors, touch screens, and flexible electronics.[42-44] For these 

applications, graphene is usually supported by a substrate because it enables the device to 

function effectively and enhances the mechanical stability of graphene. Self-assembled 

monolayers (SAMs) are used as an effective interfacial layer to modify a substrate surface to 

mitigate unwanted substrate effects. However, different SAMs will have different interactions 

with graphene. For example, the adhesion energy depends on (1) the SAM head group 

identity,[45] (2) the interfacial layer formed between graphene and the SAM during the 

preparation process, and (3) the graphene-SAM separation distance.[46] However, how SAMs, 

and especially their surface energy, affect the mechanical properties at the interface between 

graphene and a substrate is not yet known. Moreover, the out-of-plane elastic modulus of a 

layered graphene heterostructure is interrelated with grapheneôs thermal, electrical, 

tribological, and optical properties,[47] and it can be manipulated by small changes in the 
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interfacial interactions. However, to date little is known about the out-of-plane elastic modulus 

of graphene and other 2D materials, as the measurement of modulus changes due to differences 

in 1, 2 atomic or molecular layers. Hence, precise characterization of the out-of-plane elastic 

modulus is important for both fundamental research and practical applications.  

A part of this dissertation (Chapter 5 and 6) describes combined experiment (achieved 

by research collaborators) and simulation results designed to address and elucidate (1) an effect 

of surface polarity on secondary structures of silk-fibroin structure and (2) an role of interfacial 

condition between graphene and self-assembled monolayer on its mechanical properties. 

1.1.3 Increasing lipase activity through computational modeling: Structure-activity 

relation of Candida antarctica Lipase B and its mutants in various solvents. 

An enzyme is a biological catalyst that has been widely used for many industrial 

applications because it is selective for specific substrates and capable of catalyzing only desired 

chemical reactions under mild conditions. Specifically, production of ester and amide 

derivatives using enzymes is the most effective process for a plethora of high-value products 

including biofuels, cosmetics, personal care products, and pharmaceuticals. Unlike most other 

enzymes, lipase B from Candida antarctica (CALB) is distinguished by effectively catalyzing 

both hydrolysis and synthesis reactions with high enzyme activity and structural and thermal 

stability. However, despite the many advantages of using CALB as an enzyme catalyst, it has 

been reported that esterification activity of CALB can be significantly reduced when bulky or 

non-linear carboxyl acids are used as the substrates, such as acids with big alcohol moiety (e.g. 

benzyl group). For example, CALB is known to have poor esterification activity with benzoic 

acid substrates for the production of its ester forms, which have prominent features as 
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commercial products in various markets from benzoate ester plasticizers for PVC products to 

benzoate ester emollients and solubilizers in personal care products. Since these branched or 

sterically demanding substrates are required as sources for the high-value products, it is 

imperative for us to overcome these drawbacks and find a means to specifically increase the 

ability of enzymes to react with bulky acids. Also, even though CALB is a very stable enzyme 

in various solvents, the choice of solvent can be crucial for enzyme activity. For example, 

CALB can lose its activity and structural stability in ionic liquids (ILs) containing strongly 

coordinating anions, such as acetates or halides (e.g., Cl-, Br-, or I-), whereas ILs with weakly 

coordinating anions, such as [TfO]- or [Tf2N]- can enhance CALBôs activity. Overall, 

aforementioned two factors, the effect of (1) solvent and (2) specific amino acid changes in 

enzyme activity need to be elucidated in order to improve enzyme activity and stability.  

A part of this thesis (Chapter 7, 8, and 9) describes combined computational and 

experimental results designed to address and elucidate the effect of the choice of (1) ionic 

solvents (2) amino acids for point mutations on enzyme activity of CALB resulting from their 

structural changes. 

1.2 Methods 

Computational modeling can provide rules for rational system design and be used as 

powerful tools for fundamental investigations of systems in detail not accessible by 

experimental methods. Depending on the computational method utilized, researchers can study 

optical properties, electronic structure, time-dependent biomolecule - surface binding, or 

equilibrium conformations of functionalized surfaces and biomolecules. Robust and well-
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tested methods and force fields exist to study various biomolecules including protein, enzymes, 

and nucleic acids, and recent advances in computing algorithms and architecture, such as the 

use of graphics processing units (GPUs), allow for the simulation of increasingly large and 

complex systems. For instance, a single GPU-accelerated server can provide a comparable 

computational throughput to ~50 CPU-only servers at a markedly reduced cost and power 

utilization.[48] Consequently, simulation methods show tremendous potential for providing 

important details of bio-molecules under various conditions.  

A variety of computational methods have been developed to model the electronic 

structure and/or time-dependent behavior of molecular systems at different time scales and 

system resolutions (Figure 1.1). Each modeling technique has strengths and weaknesses; for 

example, methods which are able to capture the electronic behavior of molecules are applicable 

to only equilibrium structures or short time scales, while larger-scale methods lose electronic 

or atomic resolution. Thus, the phenomena of interest determine the choice of a computational 

method. Figure 1.1 shows summarized methods relevant to the biomolecule simulations with 

their various size scales and performance limits based on recently reported benchmarks.[49-54]  

In this dissertation, all-atom molecular dynamics (MD) simulation technique is mainly 

used because (1) phenomena that need to be elucidated require large size scales and time-

dependent binding behaviors and (2) All -atom MD simulations are able to describe the 

behavior of biomolecular systems which are up to hundreds of millions of atoms in size[51, 55] 

or for maximum time scales on the order of microseconds.[56-57] 
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1.2.1 All -atom Molecular Dynamics Simulations 

All -atom MD simulations can provide a complete microscopic description of the 

structure and dynamics of biomolecules under different environmental conditions, from 

detailed information on atom-to-atom interactions via hydrogen bonding or pi-pi stacking to 

atom interactions with ions, small molecules, and proteins to global functionally important 

motions and conformational changes which control the processes of self-assembly. As 

aforementioned, using an accurate force field and efficient algorithm detailed all-atom 

investigation can shed the light on structure and dynamics of biomolecules under the various 

conditions.[58-59] 

All -atom MD simulations neglect the electronic nature of molecules and instead model 

atoms as spheres connected by spring-like bonds, which move according to Newtonôs 

equations of motion (Please note that all subsequent use of ñtraditional MDò or ñall-atom MDò 

refers specifically to all-atom non-reactive MD).[60] For a system composed of N particles, 

classical Newtonôs equations of motion are: 

 ,   

In this equation, Fi represents the force acting on the ith particle, mi is the mass of the 

particle, and ai is the acceleration, U is potential energy and r i is a position of ith particle. The 

potential energy U can be classified into two groups:  

   

Where Unon-bonded is the contributions total energy from non-bonded interactions among 

particles including electrostatic or van der Waals interactions and Ubonded represents the total 

i i i
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U
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µ
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bonding potentials such as changes in bonds, angles, and dihedrals. The results of the atomistic 

simulations are strongly dependent on the accuracy of the force field which is a combination 

of a mathematical formula and parameters to describe the energy as a function of their atomic 

coordinates.[61] For example, general form of the total energy in the AMBER[62-63] force fields 

which are the most frequently used in this work are written as: 

   (Bonded) 

  (Non-bonded)    

 

Where kb is a bond spring constant, r ij=|r j ï r i| gives the distance between two atoms i 

and j, req is the equilibrium bond distance, ka is an angle constant, ɗijk is angle between r ij  and 

r jk, ɗeq is the equilibrium angle, kn is the multiplicative constant, n is the integer constant, ɤ is 

the phase shift angle, ɔ is an equilibrium torsion angle, Ўij is the potential wall-depth, Q is the 

charges on the respective atom, i and j. Several different all-atom force fields have been 

developed for biomolecules, including CHARMM[64], AMBER[62-63], Bristol-Myers Squibb 

(BMS)[65], and GROMOS.[66]  

 There are several numerical methods to solve or integrate Newtonôs equation of motion, 

such as Verlet,[67] Leap-Frog, and Velocity Verlet alogorithm. For the Verlet algorithm, which 

is a foundation of other numerical methods, the solution of Newtonôs equations of motion is 

based on a Taylor series expansion. Expanding the position of ith particle r i at time t+æt and t 

2 2 1
( ) ( ) ( ) [1 cos( )]
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ï æt, adding two equations, solving r i(t+æt), and using Newtonôs equations for the acceleration, 

leads to: 

   

 However, the Verlet algorithm has issues related to the velocity: (1) the velocity does 

not explicitly appear in this algorithm and (2) it is hard to calculate the velocity at time tn until 

the position at time r i(t+æt) is obtained.[68]  In order to correct aforementioned issues related 

to the velocity, other numerical methods including Leap-Frog and Velocity Verlet algorithms 

have been developed and widely used in MD simulations. 

 When performing all-atom MD simulations of biomolecules, choosing an appropriate 

solvent model is also an important factor. Explicit solvent models, where solvent particles are 

included in the simulation, have been most widely used, and non-polarizable fixed-charge 

models have been the most prevalent.[69] Explicit solvent can afford the prediction of important 

solvent effects such as solute-solvent interactions. However, due to the increased number of 

simulated particles, considerable computational resources are required to simulate systems 

containing explicit solvent.[70] Moreover, careful parameterization is required to represent 

solvents and solute-solvent interactions accurately and the choice of the force field for solvent 

becomes imperative.[71] Even for water alone, there are many different all-atom models that 

have been developed, including the most frequently used OPC[72], SPC[73], SPC/E[74], TIP3P[75], 

TIP4P[76], and TIP5P[77], all of which are able to represent different properties of water with 

different degrees of accuracy. In explicit solvent simulations, the choice of force field 

parameters for salts is also important, since nucleic acids are charged molecules. For example, 

2
4( ) 2 ( ) ( ) ( ) ( )i i i

t
r t t r t r t t F t O t

m

D
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incorrect parameterization of monovalent ions has led to incorrect results, or conclusions in 

simulation studies based on artifacts.[78]  

Implicit solvent models for all-atom simulations, where the solvent is treated as a 

continuum dielectric with the average properties of real solvent, can significantly reduce 

computational expense due to the reduced number of simulated particles and their associated 

degrees of freedom; furthermore, the absence of viscosity increases rate at which the solute 

explores its conformational space and reduces the real-world time needed to capture such 

dynamic processes.[79-81] However, implicit solvent models cannot capture, e.g., viscosity 

effects[82] and specific solute-solvent interaction mechanisms.[83]  In this dissertation, TIP3P 

water model for most studies and generalized born implicit solvent model for some initial 

studies were used. 

1.2.2 Steered Molecular Dynamics Simulations 

 Steered MD simulations (SMD) carry out MD simulations and additionally exert a 

pulling forces to atoms or molecules. This simulation technique can not only accelerate 

simulation process accompanying structural changes by forces acting on the structure, but also 

estimate many informative structural and mechanical properties of structures, such as Youngôs 

modulus and persistence length.  

 There are two typical SMD methods: constant velocity pulling and constant force 

pulling. In this work, we mainly use a constant velocity pulling method where atoms or 

molecules of interest are attached to a dummy atom through a virtual spring and move toward 

a defined direction with a constant velocity. In this case, the force between two connected 

atoms is calculated using: 
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 Where ks is a spring constant, v is a pulling velocity, t is a time, n is a direction of 

pulling and a vector r and r0 is an actual and initial position of the atom or molecule of interest, 

respectively. 

 This method is mainly used in Chapter 5 in order to estimate the mechanical properties 

(i.e. Youngôs modulus) of a graphene surface on self -assembled monolayer with two different 

interfacial conditions. 

1.3 Publications 

Publications listed below is the review, research papers, and patent that I have 

published during my Ph.D. study or I plan to publish soon. Each chapter is based on or refers 

to the following publications:  

Chapter 1 

- N. K. Li, H. S. Kim, J. A. Nash, M. Lim, & Y. G. Yingling. "Progress in molecular 

modelling of DNA materials." Molecular Simulation, 40, (2014): 1-7 

 

- J. A. Nash, A. L. Kwansa, J. S. Peerless, H. S. Kim, & Y. G. Yingling. ñAdvances in 

molecular modeling of nanoparticle-nucleic acid interfaces, Bioconjugate Chemistry, 

28, 1 (2017): 3-10 

 

- B. Roark, A. Ivanina, J. Castaneda, H. S. Kim, S. Jawahar, M. Viard, S. Talic, Y. G. 

Yingling, M. Jones, & K. Afonin. "Fluorescence blinking as an output signal for 

programmable biosensing", ACS Sensors, 1, 11 (2016): 1295-1300 
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Chapter 2 

 

- H. S. Kim, A. Singh, & Y. G. Yingling. "Understanding the persistence length of single 

stranded DNA: atomistic molecular dynamics simulationsò In preparation for 

submission (2017)   

 

Chapter 3 

- H. S. Kim, B. L. Farmer, & Y. G. Yingling. ñEffect of graphene oxidation rate on 

adsorption of poly-thymine single stranded DNAò, Advanced Materials Interfaces, 4, 

8 (2017): 1601168 

Chapter 4 

 

- H. S. Kim, S. M. Huang, & Y. G. Yingling. ñSequence dependent interaction of single 

stranded DNA with graphitic flakes: atomistic molecular dynamics simulationsò, MRS 

Advances 1, 25 (2016): 1883 

Chapter 5 

 

- Q. Tu,# H. S. Kim,# T. J. Oweida, Z. Parlak, Y. G. Yingling, & S. Zauscher. 

ñInterfacial mechanical properties of graphene on self-assembled monolayers: 

experiments and simulationsò, ACS Applied Materials & Interfaces, 9, 11 (2017): 

10203,  #Equally contributed 

Chapter 6 

 

- A. M. Grant, H. S. Kim, T. L. Dupnock, K. Hu, Y. G. Yingling, & V. V. Tsukruk. 

ñSilk fibroinïsubstrate interactions at heterogeneous nanocomposite interfacesò, 

Advanced Functional Materials 26, 35 (2016): 6380 

Chapter 7 

 

- H. S. Kim, S. H. Ha, L. Sethaphong, Y. M. Koo, & Y. G. Yingling. "The relationship 

between enhanced enzyme activity and structural dynamics in ionic liquids: a combined 

computational and experimental study." Physical Chemistry Chemical Physics 16, 7 

(2014): 2944-2953 

Chapter 8 

 

- H. S. Kim, D. Eom, Y. M. Koo, & Y. G. Yingling. ñRole of imidazolium cation on 

structure and activity of Candida antarctica lipase B enzyme in ionic liquidsò, Physical 

Chemistry Chemical Physics 18, 32 (2016): 22062-22069 
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Chapter 9 

 

- H. S. Kim, S. K. Clendennen, & Y. G. Yingling. ñDesign rule for increasing enzyme 

activity using computational modelingò In preparation for submission (2017) 

 

- S. K. Clendennen, Y. G. Yingling, & H. S. Kim, ñCALB variantsò, U.S. Patent, 

US20170159034 (2015)  
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Figure 1.1. Performance limit (simulation time per day) vs system size scale for various 

molecular-modeling methods. The highest resolution methods in the lower left corner describe 

systems with the most detail, but these systems also have the lowest performance limit and 

system size. As size scale increases, the systems are described with less detail, and the 

performance limit increases due to the increased timesteps (ȹt) that are possible when 

describing a system with less detail. The bottom of the image shows snapshots depicting the 

application of various computational methods to the NPīnucleic acid interface. 
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 Understanding Structure and Dynamics 

of Single Stranded DNA: Role of Electrostatics, 

Length, and Bases 

Ho Shin Kim, Abhishek Singh, and Yaroslava G. Yingling 

 

*This chapter is a manuscript by Ho Shin Kim, Abhishek Singh, and Yaroslava G. Yingling in 

preparation.  

 

2.1 Introduction  

Understanding the structure and dynamics of a single stranded DNA (ssDNA) is crucial 

for cellular process and also for properties of DNA-based materials in various technological 

applications. Within cells, ssDNA is involved in many important biochemical processes, such 

as replication, transcription, and repair processes where its conformation and dynamics 

enables/disables the interaction with other biomolecules.[1] ssDNA is also used for materials 

assembly[2], in biosensors,[3-4] and drug delivery.[5] However, the flexibility of ssDNA stand 

and its sensitivity to sequence, length, salt type and concentration makes the determination of 

DNA structural properties difficult.  

Specifically,  many experimental observations of ssDNA conformations cannot be fully 

explained by the existing theories including worm-like chain model (WLC) [6-7] or freely 

rotating chain model (FRC)[6, 8] due to their high flexibility and, therefore, many structural 

properties such as persistence length (Lp), which is the basic mechanical property representing 

the stiffness of a polymeric chain,[9-10] can differ from study to study even for the same 

experimental conditions.[11] For example, experimental study using fluorescence spectroscopy 
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and TH model[12] reported the Lp of 10 - 70 bases polythymine (poly(T)) of ~25 Å  in 0.1 M 

NaCl,[13] whereas another study using single molecule FRET and BJ model [14] estimated a 

higher value for Lp of ~35 Å  for 30-50-mer poly(T) at the same salt concentration.[15] Sim et 

al. used scaling of radius of gyration (Rg) from SAXS measurements to estimate the Lp of 14 - 

22 Å  for 8-100 bases poly(T) at 0.525 M NaCl. These Lp values are more consistent with BJ 

model rather than OSF model. However, Chen et al. reported Lp of ~10 Å  for 40-mer polyT in 

0.5 M NaCl using small molecule FRET and SAXS and the derived Lp agrees well with the 

OSF model.[16] Most recently, Lp of ssDNA estimated by the combination of force-extension 

curves and OSF model was reported as 7.8 Å  and 8.7 Å  at 0.5 M and 0.1 M NaCl concentration, 

respectively, which are the shortest measurement predicted so far.[17] These values are 

approximately 2 to 40 times less than the Lp of ssDNA from aforementioned studies conducted 

at either 0.1 M or 0.5 M NaCl concentrations. Overall, it appears that estimated values of 

ssDNA persistence length are heavily dependent on experimental technique and the fitting 

formula associated with a specific polyelectrolyte theory and/or model. While the 

polyelectrolyte theories and WLC model describe well the structure or behavior of dsDNA, 

there is no general agreement between the existing theories and experimental observations for 

ssDNA structure[18-19] This might be due to the fact that the effect of non-bonded interactions 

between the DNA bases such as pi-pi stacking and base pairing is not taken into account in 

these models and theories, which may be important for ssDNA conformation and persistence 

length.  

Molecular dynamics (MD) simulations can be applied to study DNA structure and 

dynamics and were previously used to gain insights into, for example, interactions between 
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DNA and various surfaces and materials,[20-21] the effect of environment on DNA structure[22] 

and the structure and dynamics of biomolecules in various solvents.[23] However, there are only 

few MD studies that addressed the flexibility of ssDNA. For these reasons, in this study, we 

use a combination of implicit and explicit solvent atomistic MD simulations to elucidate the 

role of ssDNA constituents (e.g. bases, charge, and length) on structural changes of ssDNA. A 

combination of implicit solvent, where absence of viscosity permits rapid folding of DNA, and 

explicit solvent simulations, which accounts for specific interactions with water and ions, was 

used to obtain the structure of ssDNA. Poly(T) was chosen as a model ssDNA since there are 

a plethora of experimental observations available for the comparison and it is known that many 

thymine related interactions (i.e. thymine ï thymine stacking interactions) can heavily 

influence entire nucleic acid structures.[24] The length of ssDNA in our study, from 10-mer to 

60-mer, was chosen to complement experimental observations [16, 25]  because short poly(T) 

ssDNA are commonly used for DNA-based materials assembly.[26-28]  For example, the use of 

15-mer and 25-mer poly(T) produced the most efficient growth of DNA film[26] and 25-mer 

poly(T) formed best DNA brush on gold surface.[27]  The main advantage of MD simulations 

in this study is that one can perform a comprehensive investigation on the role of individual 

chemical components on ssDNA structures by modifying the chemical structure and physical 

parameters of DNA. To delineate the specific contributions of charge and bases on ssDNAôs 

structure and dynamics, two different types of simulations were performed in our study: (1) 

regular poly(T)n ssDNA (Figure 2.1a); (2) uncharged or neutral polyT ssDNA (poly(nT)n) 

(Figure 2.1b).  
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2.2 Materials and Methods 

2.2.1 DNA structures 

In this study, poly(T) with length of 10, 15, 20, 25, 30, 40, and 60 bases were used. All 

initial ssDNA structures were built using nucleic acid builder (NAB)[29] in AMBER 12[30] 

package and FF10 force field for DNA42, 43. The partial charges for Thymine in FF10 force 

field are depicted in Figure 2.S1. To represent a ñneutralò DNA, poly(nT)n, the partial charge 

of oxygen atoms, annotated as OP1 and OP2, which are bonded to a phosphate atom P in 

poly(T) were reduced from -0.7761 each to -0.2761 each (Figure 2.1). Since it has been known 

that counterions tend to offset the negative charges around the phosphate group,[31-32] only 

negatively charged oxygen atoms, OP1, and OP2 were modified in order to obtain a neutral 

DNA (Figure 2.1b).  

2.2.2 MD simulations 

 The ssDNA structures were first pre-folded in implicit solvent simulations and then 

refined with explicit solvent simulations in 0.5 M NaCl.[33-34] While simulations in implicit 

solvent, where the solvent is considered as continuum dielectric, cannot capture the important 

effects of explicit interactions between water, ions and DNA, the absence of viscosity in 

implicit solvent simulations can significantly reduce the computational time required for 

structural conversions of nucleic acids[35-37] and also successfully predict their structures in 

comparison with the experimental observations.[26, 38] For implicit solvent, simulations started 

from the minimization for 10,000 steps; then the system was gradually heated up to 300 K in 

50 ps with 200 kcal/mol of constraint on DNA using Berendsen thermostat.[39] Another 10,000 

steps of minimization was carried out followed by four additional NPT MD steps with graduate 
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decrease in the restraint on DNA in the order of 2.0 kcal/mol, 1.0 kcal/mol, 0.5 kcal/mol, and 

0.1 kcal/mol. After the system was equilibrated, the production simulations were performed 

for at least 60 ns with 1 fs time step under 0.5 M of salt concentration of implicit solvent 

conditions.   

To improve the ssDNA structure and include the effect of explicit interactions with ion 

and water molecules, the pre-folded ssDNA structures were placed in explicit solvent, 

minimized, equilibrated and production simulations were performed for an additional 60 ns. In 

these simulations, each ssDNA was solvated with TIP3P water[40] with 0.5 M NaCl. The system 

was first equilibrated starting from the solvent minimization for 10,000 steps while holding the 

DNA; then, the system was gradually heated up to 300 K with 200 kcal/mol restraint on DNA 

followed by 200 ps NPT MD run. Another 10,000 steps minimization was carried out with the 

25 kcal/mol restraint on DNA. Then, a second MD run was performed for 200 ps with 25 

kcal/mol restraint on DNA. There were five additional 1,000 steps minimizations with 

decreased constraint energy in the order of 20 kcal/mol, 15 kcal/mol, 10 kcal/mol, 5 kcal/mol, 

and finally no constraint on DNA. Then, final equilibration was performed with gradually 

heating the entire system. We have previously used similar protocols for the MD simulations 

of various bio-molecules including DNA,[26] peptides[41] and proteins.[42] Production 

simulations were executed for 60 ns under NPT condition with a 2 fs time step. Particle Mesh 

Ewald (PME) summation method[43] was used to calculate the electrostatic potential under 

periodic boundary condition in all directions.  

For the reliability of folding dynamics of ssDNA in implicit solvent condition, we 

examined folding of poly(T)40 in explicit solvent at the same salt concentration of 0.5 M NaCl. 
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As shown in Figure 2.S2, folding pathway and final Lp of poly(T) agrees well between implicit 

and explicit solvent simulations. However, poly(T) strand folded within 20 ns of implicit 

solvent simulations, whereas the ssDNA structure was not yet completely equilibrated after 

400 ns of production run of explicit solvent simulations (Figure 2.S2). Considering the 

similarities of folding dynamics and the value of final persistence length between implicit and 

explicit solvents, pre-folding of ssDNA using an implicit solvent simulation can give rational 

conformation changes as well as efficient computational speed-up. 

2.2.3 Analysis 

Time average Rg, end-to-end distance (Ὑ), hydrogen bonding and their standard 

deviations for all cases have been calculated by PTRAJ[44] in AMBER 12 package. The angle 

and distance criterion for hydrogen bonding was chosen as 135Á and 3.0 ἴ respectively. The 

pi-pi stacking interactions were determined using the in-house TCL script in VMD[45] which 

is based on geometrical parameters such as the distance between two adjacent aromatic planes 

(A Ò 4.8 ¡) and angles (ɔ Ò 30 degrees) between vectors normal to an aromatic base (j) and 

next base (j+1).[46-47] All pi-pi stacking were calculated from the last 5 ns of explicit solvent 

simulations trajectory.  

2.3 Results and Discussion 

Temporal profiles of the normalized Rg (Rg divided by that of the initial structure, Rg0, 

represent the folding pathways of poly(T)25 and and their neutral strands, poly (nT)25 (Figure 

2.2). Regular poly(T) ssDNA showed a complicated folding pathway, which took about 10 ns 

for structural conversion (Figure 2.2a). Folding of poly(T) most often started from middle of a 

strand following by a formation of locally rigid regions, such as loop-like or hairpin structures, 
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which result from formation of intra-strand interactions, such as H-bonding, pi-pi stacking and 

non-Watson-Crick base pairings. Neutral ssDNA, poly(nT)25, show less complicated folding 

pathway and rapid conversion into a globular shape, where Rg of poly(nT)25 decreases rapidly 

and becomes converged within 1 ns (Figure 2.2b). The folding started from both ends 

following by folding in the middle of the strand into a globular shape. Almost identical folding 

dynamics were observed for all poly(T) and poly(nT) cases (Figure 2.3). The observed 

formation of a loop-like structures in poly(T) and poly(nT) agrees with the previous 

experimental study of short ssDNA (< 50 bases),[48] which emphasized that ssDNA can fold 

into a globular shape because of intra-strand interaction and is more sensitive to salt 

concentration than dsDNA. Very similar ssDNA structure was observed in computational 

study of poly(T)18
[24]  and poly(T)10-15

[26]
 where ssDNA formed hairpin structures via internal 

non-bonded interactions.  

In polymer physics, radius of gyration (Rg), which is a measure of the compactness of 

a chain, can be calculated directly from MD simulations using the following equation: 

  (1) 

where,  is the coordination of the center of mass of a DNA strand,  is the position of mass 

of residue i, and N is the number of residues. The value of Rg and the number of bases (N) are 

correlated with a general scaling law form, Rg = A0N
v where A0 is scaling factor, N is number 

of bases, and v is flexibility factor.[49] The magnitude v is a measure of the flexibility of the 

chain, i.e. the more flexible the chain the lower v is obtained. As shown in Figure 2.4, Rg of 
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both poly(T) and poly(nT) increases as number of bases increases and their trends show a 

general scaling law: 

Rg = A0N
0.6451 for poly(T), where A0=1.847    (2) 

Rg = A0N
0.4236 for poly(nT), where A0=2.724 

The v of poly(T) obtained in this study agrees well with previously reported values from both 

experiments (v = ~0.6 for poly(T)8-100 at 0.5 M NaCl)[25] and computational approach (v = ~0.7 

and ~0.5 for poly(T)10-100 at 0.01 M and 1.0 M NaCl, respectively).[50] Considering that 1.0 M 

NaCl can be treated as high salt concentration, the decrease in v observed at 1.0M NaCl is in a 

good agreement with v of poly(nT).  

Many studies[25, 51-52]  have used the following equation (Eq. 8) to calculate Rg using WLC 

model:[53] 

   (3) 

This formula is generally used for estimation of Lp from SAXS measurements. MD 

simulations permit us to calculate Rg directly from the trajectory using Eq. 1 (ñtrueò Rg) and to 

estimate Rg using Eq. 3 (Rg,WLC,). Thus, we compared the true Rg and Rg,WLC where the values 

of Lp and l are taken from FRC model measurements (Figure 2.4). We show that the true Rg is 

much lower than the estimated Rg,WLC using Eq. 3. However, this large differences is not 

surprising since the equations for Rg,WLC (Eq. 3) is derived from WLC model and, therefore, 

typically used for estimation of stiff molecules such as dsDNA.  
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End-to-end distance (Ὑ) refers to the length of a straight line between two free ends of 

a strand and can be directly calculated from MD simulation trajectory and measured by FRET 

experiments. In WLC model, the relation between <Ὑ>  and persistence length is expressed via 

following equation:[54] 

  (4) 

We then compared end-to-end distance calculated directly from MD (Ὑ) with <RWLC>  

using Eq. 4 where contour lengths (Nl) were taken from MD simulations (Figure 2.4). While 

trends of end-to-end distance versus N is almost identical to that of Rg; RWLC is much larger 

than Ὑ from MD.   

In polymer physics, the average end-to-end distance of a simple polymer scale as <R(Nl)> ~ 

(Nl)x, where exponent x equal to 0.588 in 3-dimensional system.[55] In our simulations we 

observed the following scaling behavior: 

Ὑὔὰ  ~ (Nl)0.7695 for ssDNA               (5) 

There are large differences between x of Ὑ from MD and theoretical exponent (Figure 

2.4). However, when end-to-end distance is estimated by WLC model (Eq. 4), exponent, x, 

becomes approximately 0.524 for ssDNA.  

There have been several studies showing a good agreement between two dimensional 

(2-D) structural properties of DNA (e.g. DNA on the surface) and theoretical values for an 

ideal chain model based equations.[8, 19, 55] For example, Rechendorff et al. reported that the 

critical exponent for end-to-end distance is within proximity of the theoretical exponent in 2-
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D when ssDNA is absorbed on the modified graphite surface.[19] Perhaps this agreement can 

be explained by strong surfaceïDNA interactions that disrupt DNA internal interactions and 

facilitate extended or stretched conformation on the surface, thus leading to an ideal chain like 

behavior.[56] However, unlike 2-D where surface ï DNA interactions can be a dominant factor 

for structural changes of ssDNA, ssDNA in 3-D does not behave as an ideal chain and shows 

different folding dynamics due to formation of internal non-bonded interactions. Therefore, 

the differences between direct calculations of DNA properties, such as Rg and Ὑ, and WLC-

derived properties for ssDNA could serve as evidence that base-base interactions are 

detrimental for structure and dynamics of ssDNA.  

In order to evaluate what dominant interactions between nucleobases can govern 

ssDNA stiffness and why mathematical model shows large differences from MD simulation 

results, we calculated length-dependent formation of various non-bonded interactions within 

the ssDNA chain, such as hydrogen bonds and pi-pi stacking (Figure 2.5). As shown in Figure 

2.5a, the overall number of hydrogen bonds increases linearly with length for neutral 

(poly(nT)) and charged ssDNA (poly(T)). Moreover, ssDNA has a significantly higher number 

of formed H-bonds as compared to neutral chain. For poly(T) 40% to 75% of all hydrogen 

bonds participated in non-Watson-Crick ThymineïThymine (TïT) base pairing interactions, 

as compared to less than 30% for poly(nT) (Figure 2.5b). It is known that the rigidity of 

dsDNA, whose persistence length is much larger (~500 Å )[57-58] than that of ssDNA, is largely 

attributed to the contributions of Watson-Crick base pairings and base-stacking interactions. 

Adenine (A) forms the most favorable base pairing with thymine; however, DFT simulations 

reported that various possibilities of non-bonded interactions between TïT exist with 
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energetically favorable states, where hydrogen bonding energy between TïT is slightly smaller 

than that between AïT[59-60]. Also, Keniry et al. found that TïT interactions can contribute to 

the conformational stability of a loop structure for short DNA fragment.[61] Recent studies 

shown that TïT base pairing were a key interaction in self-assembled structure of thymine 

molecules on gold [62] and silicon/gold surfaces.[63] We observe that TïT interactions also 

contribute to a loop like formation which increased the stiffness of poly(T). Moreover, by 

comparing poly(T) and poly(nT) we observe that charged backbone or salt concentration is 

crucial for the formation of the baseïbase interactions. 

The pi-pi stacking interactions also contribute to chain stiffness. ssDNA has a 

significant amount of pi-pi stacking interactions and backbone charge or salt concentration 

play a significant role in a number of pi-pi interactions. In the poly(T) case, 25 % to 55 %  of 

all bases are stacked as compared to 20ï30 % of that in poly(nT) case (Figure 2.5c). Moreover, 

less consecutive stacks are observed in the case of poly(nT) as compare to poly(T) (Figure 

2.5d). Generally, pyrimidines should have less pi-pi stacking preferences than purines, since 

their base is composed of a single six-membered ring, whereas purine base is composed of two 

rings (one six- and one five-membered ring). Because of a lack of conjugated ring structures, 

poly-pyrimidines, poly(T) and poly(C), are believed to behave as an ideal polyelectrolyte[25] 

with negligible stacking interactions at certain environment (i.e. high salt concentration).[64] 

However, recent studies showed an opposite trends. Experiment using force-extension of 

ssDNA at 0.5 M, found that Lp of poly(C) is greater than that of poly(A) because of more 

stacking effect.[65] Recent DFT[66] and Monte Carlo[67] studies showed that pi-pi stacks between 

thymines are energetically more favorable than pi-pi interaction between Adenines. Also, 
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recent MD simulation study  addressed that poly-pyrimidine whose base size is smaller than 

poly-purine is structurally more efficient for the stacking interactions.[68]   

Overall, we observed that the formation of non-bonded interactions between bases, 

such as T ï T pairing and base stacking (Figure 2.5b-d) are highly dependent on the charges 

of the backbone, which can explain the structural changes of ssDNA associated with the 

increase in the salt concentration. Negatively charged backbone in poly(T) give rise to the 

limited flexibility of chains and facilitate the formation of thymine related interactions such as, 

T ï T base parings, pi-pi stacking. These interactions result in the loop-like structure with a 

higher stiffness. Moreover, the increase in non-bonded motif formations between bases at 

shorter length (Figure 2.5b, c, d), show that the length-dependent trend is largely attributed to 

the interactions between bases. Thus, the formation of non-bonded interactions between bases: 

base ï base pairing and stacking play a significant role in understanding the complex behaviors 

of ssDNA in aqueous solutions which cannot be fully described by any simple polyelectrolyte 

theories where any internal interactions are ignored.  

2.4 Conclusions 

We have shown the effect of negative charges and bases of ssDNA on its structural 

properties via all-atom MD simulation. First, we analyze folding pathway using the normalized 

Rg for overall understanding of the contributions of charges and nucleobases on ssDNA 

dynamics and conformation. The result shows that regular ssDNA tends to form loop-like 

regions due to non-bonded interactions among thymine bases, while neutral ssDNA where 

negative charges on backbone are neutralized, quickly become disordered globular structures 

as there are no repulsive interactions between negatively charged backbone monomers. The 
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folding pathway analysis showed that repulsive contributions of the negatively charged 

backbone can facilitate the non-bonded interactions among nucleobases and these base - base 

interactions can lead to loop-like structure of ssDNA. Second, comparison of Rg and R by direct 

calculation from MD trajectories, so-called true Rg and R, with estimated values from the WLC 

model based equations shows large differences between true values and estimated values of 

ssDNA. Last, by analyzing non-bonded interactions among nucleobases, we found two 

important interactions that affect ssDNA dynamics and conformations: (1) pi-pi interactions 

and (2) T ï T hydrogen bonds. These two contributions are dominant interactions to form loop-

like structure of ssDNA in solution and make ssDNA more rigid than simple polyelectrolyte 

chain or neutral polymeric chain.  

  In the light of aforementioned observations, we conclude that ssDNA does not behave 

as a flexible simple polyelectrolyte chain and also its structural properties cannot be precisely 

described by conventional polyelectrolyte theories or model based equations. Our findings can 

assist to more fundamentally understand the role of bases, backbone and negative charges on 

the structure and dynamics of ssDNA and its flexibility. However other important factors that 

can potentially influence the stiffness of ssDNA, such as sequence, temperature and different 

salt concentrations have to be investigated to (1) precisely estimate persistence length using 

MD simulations and (2) create a perfect picture of understanding structure and dynamics of 

ssDNA. 
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Figure 2.1. Representative initial and last simulation snapshots in this study. Total charge on 

the phosphate group (left), snapshot of the initial (center) and a final (right) structures of (a) 

regular poly(T)20, (b) neutral polyT, poly(nT)20 
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Figure 2.2. (a) Representative folding pathway of 25-mer ssDNA in implicit solvent for the 

first 15 ns. Simulation snapshots illustrating a typical folding where backbone represented as 

a purple ribbon and backbone atoms are orange and base atoms are green. (b) Temporal profile 

of normalized radius of gyration for poly(T)25 (top) and poly(nT)25 (bottom) 
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Figure 2.3. Simulation snapshots of (a) poly(T)n and (b) poly(nT)n representing equilibrated 

conformations after structure refinement in 0.5 M NaCl solution. Backbone is colored as 

orange licorice model with purple ribbon bands; and bases are colored as green licorice model. 
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Figure 2.4. Radius of gyration (Rg) and end-to-end distance (R) of poly(T) and poly(nT). True 

Rg, and R calculated from MD simulations are colored by black circles. Estimated Rg,WLC and 

RWLC for poly(T) and poly(nT) are navy diamonds.  
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Figure 2.5. Formation of specific non-bonded interactions in poly(T) (orange or blue bars) and 

poly(nT) (grey bars). (a) Total number of hydrogen bonds; (b) percentage of non-Watson-Crick 

T-T base-pairing; (c) percentage of pi-pi stacks; and (d) number of consecutive pi-pi stacks. 

Snapshots of (e) poly(T)15 and (f) poly(nT)15. Blue thick lines represent formation of pi-pi 

stacks, and red dotted lines indicate the TïT base pairings.  
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Figure S 2.1. Partial charge of thymine monomer of (a) regular ssDNA, poly(T), (b) neutral 

ssDNA, poly(nT), Neutralized oxygen atoms for poly(nT), OP1 and OP2 are colored as red 

and reference atoms for the vector calculation, O3ô are illustrated as blue 
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Figure S 2.2. Comparison between folding pathway and persistence length (Å ) of poly(T)40 

via (a) implicit solvent simulations (60 ns) and (b) explicit solvent simulations (400 ns). Each 

snapshot represents folding dynamics of poly (T)40 at both 0.5 M implicit and explicit solvent. 
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*This chapter is a manuscript by (1) Ho Shin Kim, Barry Farmer, and Yaroslava G. Yingling, 

which was published by Advanced Materials Interfaces in 2017 

 

3.1 Introduction  
 

Generally, surface polarity is known to be an important factor for the adsorption process,[1-2] 

structure, and dynamics of biomolecules.[3] Graphene surfaces are known for their excellent 

mechanical strength (~1.0 TPa),[4-5] large surface area (up to 2,630 m2 / g),[6] and unique 

bonding networks[7-8]. Moreover, oxidation of graphene surfaces permits controlled 

modification of surface polarity and hydrophobicity. Due to their unique properties, pristine 

graphene (PG) and its oxidized surface, graphene oxide (GO), have been used in many 

applications, including water purification process,[9] antimicrobial treatments,[10] and 

bionanocomposites.[11-12] Specifically, integration of single-stranded DNA (ssDNA), an 

electronegative polymer with unique recognition properties, with graphene-based surfaces has 

been widely used in many applications,[13] such as bio-sensors,[14-17] or drug-delivery 

system.[18] It is known that DNA adsorption on graphene surfaces is a complex process and 

depends on local sequence variations, defects, and surface properties.[19] However, 

fundamental understanding of how surface polarity affects ssDNA structure is unclear and 

remains to be explored, even though GO is considered to have better biocompatibility than PG 

due to its amphiphilic behavior.[20-21]  
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For other biomolecules, such as proteins, it has been reported that there is an incomplete 

agreement of the relation between surface polarity and compatibility or stability of 

biomolecules on these surfaces. For example, previous studies reported that the secondary 

structure of small protein fragments can be retained on GO but disrupted on PG due to strong 

non-bonded interactions between the protein and graphene surface.[22-23] In contrast, a recent 

study showed an opposite trend: enzyme function was maintained well on PG, whereas GO 

acted as an enzyme inhibitor by disrupting the active site.[24] For DNA-surface interactions, the 

significance of two important bonding contributors for the physisorption of ssDNA on 

graphene-based surfaces, e.g. pi-pi stacking interactions and hydrogen bonds, has been 

emphasized in previous studies.[13, 25-26]  For instance, one experimental study demonstrated 

that formation of interfacial hydrogen bonds between DNA and GO is crucial for the 

attachment of ssDNA and the detachment of hybridized double stranded DNA (dsDNA) during 

the sensing process.[25] Aforementioned studies clearly indicate that the density of polar groups 

on the graphene surface or oxidation rate should have a direct implication on physisorption 

process and these interactions can either enhance or reduce biocompatibility and stability of 

ssDNA on graphene-based surfaces. However, a systematic investigation of the surface 

polarity that influences these important interactions has not been performed. 

Molecular dynamics (MD) simulations can provide a detailed atomistic description of 

processes occurring during physisorption of ssDNA on the graphene-based surfaces.[27-28] 

Previous computational studies reported that DNA-surface pi-pi stacking interactions can be a 

driving force for physisorption of ssDNA on PG,[26, 29] while hydrogen bonds are the main 

contributor for DNA ï GO interactions.[3, 30] However, all of these studies started from an 
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extended conformation of ssDNA prior to adsorption onto the surface. Yet, the structure of 

ssDNA in solution, which is essential for its biological functions, is usually composed of 

stacked domains interspaced with coiled or unstructured domains.[31-32] Such complicated 

structure results from a combination of intra-strand electrostatic, base pairing, and stacking 

interactions. It is possible that stacked and coiled regions of ssDNA play different roles in the 

process and mechanism of physisorption. Here, we performed all-atom MD simulations to first 

obtain a model structure of ssDNA: poly(T)20 in solutions and then investigate the mechanisms 

of its physisorption on PG and GO surfaces with variable oxygen coverages (from 5% to 60%) 

to address the following issues: (1) relationship between ssDNA structure and surface polarity, 

and (2) key interactions that govern conformational changes of ssDNA on graphene-based 

surfaces. 

3.2 Simulation Details  

3.2.1 Structure of ssDNA and graphene-based surfaces 

In this study, poly-thymine ssDNA with a length of 20 bases, poly(T)20, was used. The initial 

poly(T)20 structure was built using nucleic acid builder (NAB) in AMBER 14
[33] package with 

FF12SB bsc0 force field for ssDNA.[34] For the graphene-based surfaces, first a PG sheet (10 

nm Ĭ 5 nm) was created via inorganic builder[35] in VMD 1.9.1 package;[36] then hydroxyl and 

epoxy groups were grafted on both sides of the surface in a random manner. Hydroxyl to epoxy 

groups ratio was 2:1 on all GO surfaces since it is known as suitable ïOH : ïO ratio for many 

reactions between water and the graphene surfaces.[37-38] To investigate the surface polarity, 

PG (0%) and GO with 5%, 10%, 15%, 20%, 25%, 30%, 40%, and 60% oxygen coverage were 
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prepared as surfaces for DNA physisorption. Representative snapshots of the surfaces used in 

this study are shown in Figure 3.S1. Partial charges that are associated with the hydroxyl and 

epoxy group were taken from a previous computational study (Figure 3.S2-c).[39] This study 

did not account for the presence of other defects on the surface, such as Stone-Wales defect, 

vacancies, and dislocations[40] to fully focus on DNA ï surface polarity relationships. Also, in 

order to elucidate the effect of surface roughness by functional groups on poly(T)20 

conformation, we chose GO with 20% oxygen coverage and removed all partial charges of 

functional groups, leaving only steric hindrances. This artificially neutralized GO 20%, so-

called (nGO 20% or 20n), was electrostatically neutral. The force field parameters for the 

surface atoms, including partial charges of functional groups, were taken from Stauffer et al.[39] 

and general amber force field (GAFF).[41] 

3.2.2 MD simulations 

 To refine the structural behavior of poly(T)20 in aqueous solution, we first performed MD 

simulations of poly(T)20 alone in implicit solvent where the solvent is considered as continuum 

dielectric.[42] Even though the implicit solvent model cannot capture the important effects of 

explicit interactions between water, ions, and DNA, the absence of viscosity in implicit solvent 

simulations can significantly reduce the computational time required for structural conversions 

of nucleic acids[43-44] and also successfully predict their structures in comparison with the 

experimental observations.[45-46] For the implicit solvent, simulations started with minimization 

for 10,000 steps; then the system was gradually heated up to 300 K in 50 ps with 200 kcal/mol 

of harmonic constraint on poly(T)20 structure using Berendsen thermostat.
[47] Another 10,000 

steps of minimization were carried out followed by four additional NPT MD steps with a 
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gradual decrease in the restraint energy on DNA in the order of 2.0 kcal/mol, 1.0 kcal/mol, 0.5 

kcal/mol, and 0.1 kcal/mol. After the system was equilibrated, the production simulations were 

performed for at least 60 ns with 2 fs time step, which was enough to obtain structurally an 

equilibrated poly(T)20 structure (Figure 3.S2-d).  

To include the effect of explicit interactions with water and ions, the poly(T)20 structure from 

the last frame of the MD simulation in the implicit solvent was extracted and solvated into the 

solution composed of TIP3P water molecules[48]. Minimization, equilibration, and production 

simulations were performed for an additional 60 ns. In these simulations, the system was first 

equilibrated starting from the solvent minimization for 10,000 steps while holding the DNA 

fixed; then, the system was gradually heated up to 300 K with 200 kcal/mol restraint on DNA 

followed by 200 ps NPT MD run. Another 10,000 steps minimization was carried out with a 

25 kcal/mol restraint on DNA. Then, a second MD run was performed for 200 ps with 25 

kcal/mol restraint on DNA. There were five additional 1,000 steps minimizations with 

decreased constraint energy in the order of 20 kcal/mol, 15 kcal/mol, 10 kcal/mol, 5 kcal/mol, 

and finally no constraint on the poly(T)20. Then, the entire system was gradually heated up to 

300 K. We have previously used similar protocols for the MD simulations of various 

biomolecules including DNA,[45-46] and proteins[49]. Production simulations were executed for 

60 ns under NPT condition with a 2 fs time step. Particle Mesh Ewald (PME) summation 

method[50] was used to calculate the electrostatic potential under periodic boundary condition 

in all directions. After combined implicit and explicit simulation, we obtained a folded poly 

(T) structure that has internal interactions, such as pi-pi stacking and hydrogen bonds (Figure 

3.1-c, and d).  
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For MD simulations of poly(T)20 interactions with graphene-based surfaces, the previously 

folded poly(T)20 was placed onto the center of the surface (Figure 3.S2) such that no unintended 

interactions or overlaps between two atoms occur. The DNA ï surface system was then 

solvated in a TIP3P water box and the same minimization, equilibration, and production run 

protocols for MD simulation of explicit solvent conditions as described above were employed 

for 100 ns. The box dimensions and initial structure of the poly(T)20 ï surface complex are 

shown in Figure 3.S2. To validate the results, second set of the simulations were performed on 

GO surfaces with different distribution of oxidation groups (Figure 3.S9). In the second 

simulation set, PG, GO 20%, and GO 60% surfaces were selected as an example of the case 

with low, moderate, and high surface oxidation rate, respectively. The protocols for system set 

up, minimization, equilibrations, and production runs were the same, as described above. As 

illustrated in Figure 3.S9, the results between first and second simulation set are similar: GO 

20% is shown as the best surface for poly(T) structure retention; regimes with low and high 

oxidation rate are not ideal for ssDNA structure retention. 

3.2.3 Analyses 

Non-bonded interactions, the number of hydrogen bonds, and water-bridging interactions 

were calculated with the CPPTRAJ version 15 module in AMBER 14 package.[51] For 

hydrogen bonding analyses, the angle and distance criterion was chosen as 135Á and 3.0 ἴ 

respectively. The pi-pi stacking interactions were determined using an in-house TCL script in 

VMD version 1.9.1 which is based on two geometrical criteria: the distance between two 

adjacent aromatic planes (A Ò 4.8 ¡) and the angles between axes normal to the two adjacent 

planes (ɔ Ò 30 degrees).[52-53] Hydrophobic contacts were calculated via BINANA version 1.2.0 
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software.[54] This analysis counted the number of carbon atoms in poly(T)20 within 4.0 ¡ of 

carbon atoms of graphene-based surfaces. Linear density profiles of poly(T)20 atoms along the 

axis perpendicular to the surface were analyzed using density profile tool 1.1.[55] Binding free 

energy differences were estimated by molecular mechanics energies combined with the 

generalized Born and surface area continuum solvation (MM-GBSA) in the AMBER package. 

3.3 Results and Discussion 

3.3.1 Results 

  The ssDNA in solution forms a complicated structure with stacked and coiled regions 

which result from intra-strand electrostatic, base pairing, and stacking interactions. Our 

simulations showed that the initially extended conformation of poly(T)20 ssDNA rapidly 

(within 10 ns) converges into a partially folded and looped structure (Figure 3.1 and S2), which 

is held together by internal hydrogen bonds and pi-pi stacking interactions between nucleosides 

(Figure 3.1). Final folded structure also contains nucleosides which are free from non-bonded 

intra-strand interactions (residue 7 and 8, red residues in Figure 3.1), have no internal hydrogen 

bonds (residue 15, 16, and 17, green residues in Figure 3.1), or do not participate in pi-pi 

stacking interactions (residue 4, 5, and 18, blue residues in Figure 3.1). We used this folded 

poly(T)20 as a starting structure for the physisorption study as this complex structure with 

stacked and coiled regions (Figure 3.1) agrees with previous experimental observations in 

aqueous solutions.[31-32]  

To investigate how surface polarity affects the structure and dynamics of folded 

poly(T)20 , we analyzed non-bonded interactions energy between poly(T)20 and graphene-based 
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surfaces (Figure 3.2). Our simulation results indicated that there are three different adsorption 

regimes which are heavily dependent on (1) the oxygen coverages of graphene-based surfaces 

and (2) residues that are not involved in internal non-bonded interactions of poly(T)20, so-

called free residues.  

In the first regime, which is applicable to PG or GO 5% surfaces, the physisorption 

process was completely attributed to van der Waals (VDW) interactions (Figure 3.2). Initially, 

free and flexible residues in poly(T)20 form non-bonded interactions with the surface: such as 

residue 8 and residues at both ends (residue 1 and 20) which are considered as flexible residues 

due to ends of poly(T)20 strand in this study is capped with ïOH. This capped end makes 

poly(T)20 ends more flexible, hydrophobic and, therefore, more favorable for the interaction 

with the hydrophobic surface as compared to the non-capped DNA structure which ends with 

a phosphate group. Interfacial interactions with these residues became stronger as the process 

of physisorption continues (Figure 3.2a). This increased number of nucleobases interacting 

with the surface caused the ssDNA to unfold and unravel on the surface (Figure 3.2b). Overall, 

for PG and GO 5% cases where poly(T)20 interacts with the surfaces with no or low oxygen 

coverage, it is clear that interfacial VDW interactions are key for the physisorption process and 

are strong enough to unfold the poly(T)20 structure.  

In the second regime, which is applicable to the surfaces with moderate oxidation rate 

(e.g. GO 10% to GO 25%), poly(T)20 was absorbed but its folded structure was maintained. As 

shown in Figure 3.2, VDW interactions were no longer a dominant contributor to the 

adsorption process: only free residues, such as residue 8 (GO 10%, 15%, 20%, and 25% case),  

17 (GO 15%), and 20 (GO 10%), were involved in strong VDW interactions with the surface. 
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At the same time, Electrostatic interactions (ELEC) and hydrogen bonds became important for 

the physisorption process (Figure 3.S6 and S7). These interactions were only formed near the 

residues already participating in VDW interactions with the surface such as residue 8, 9, and 

10 or near the residues at the ends. In this regime, poly(T)20 remains mobile, as only few DNA 

regions formed strong interactions with the surface via a combination of VDW and hydrogen 

bonds and most of the DNA bases were not involved in the interaction with the surfaces. For 

example, DNA could lift up from the surface, rotate approximately 90 degrees, and land on the 

surface again (GO 20%) or could form an inverse U shape (GO 15% or 25%) where only two 

residues interact with the surface (Figure 3.S3). Overall, a combination of electrostatic driven 

hydrogen bonds(Figure 3.S6 and S7) and VDW contributions between the surface and 

nucleobases is a key factor for the physisorption process of poly(T)20 on GO with moderate 

oxidation rate.  

In the third regime, which is applicable to GO surfaces with high oxidation rate (e.g. 

GO 30% to 60%), poly(T)20 also maintained its initial folded structure. However, electrostatic 

interactions mainly contributed to the physisorption process due to the formation of hydrogen 

bonds (Figure 3.2a, Figure 3.S6 and 3.S7). Since a greater number of nucleobases formed non-

bonded interactions with the surface (as compared to the case of GO 10% - 25 %), poly(T)20 

was not mobile on the surface (Figure 3.2b, and Figure 3.S3).  

To assess structural differences of adsorbed poly(T)20, density profiles of ssDNA atoms 

along the axis perpendicular to the surface are shown in Figure 3.3. Such density measurements 

can be compared to AFM characterization. Specifically, the height of poly(T)20 on PG from 

our MD simulations (~16 ¡) agrees with experimentally measured height of long ssDNA on 
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multi-layered graphene substrates (~12 ¡, AFM height image).[13] On the PG surface, poly(T)20 

unfolded and spread, which attributes to the highest atomic density peak location at around 6 

¡. For GO 5%, even though atomic density was shifted up to a greater distance from the surface 

due to the locally folded region of the poly(T)20 structure (Figure 3.S3), more than 300 DNA 

atoms were still found near the surface due to the unfolding dynamics of the DNA structure. 

On GO surfaces with higher oxidation rate (>10%), the poly(T)20 structures tended to be 

maintained and density profiles of ssDNA differed from those on PG or GO 5%: DNA atoms 

were more evenly distributed along the axis normal to the surface. In these cases, since poly(T) 

retained its folded structure, the trends were dependent on the structural motions and rotations. 

(Figure 3.S3).  The average height of poly(T)20 on graphene-based surfaces from simulations 

(~22.56 ¡) showed similar value as compared with experimental value (~18 ¡) for short 

ssDNA strands on GO measured by AFM height images using tapping mode.[56] 

Our simulation results also demonstrated that hydrophobic interactions have a 

significant effect on the physisorption process, especially during the unfolding process of the 

poly(T)20 structure on PG and GO 5%. As shown in Figure 3.4a and Figure 3.S3, more than 

10% of DNA atoms (70 out of 639 DNA atoms) were involved in hydrophobic contacts with 

PG and GO 5 % surfaces. This number dropped to less than 3% once oxygen coverage of the 

GO surface exceeded 10 %. This drastic change clearly indicates the hydrophobic contacts are 

the key contributors for the unfolding dynamics of poly(T)20. Furthermore, among many 

hydrophobic interactions, we revealed that stacking interactions between hydrophobic six-

membered rings of the carbon surface and those of thymine bases, so-called pi-pi stacking 

interactions, are heavily related to structural changes of poly(T)20 (Figure 3.4b). Initially, 
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folded poly(T)20 has 12 internal base ï base stacking interactions (Figure 3.1c and Figure 3.4b). 

However, these internal interactions were lost on PG and GO 5% with only two (PG case) or 

six (GO 5% case) stacking internal interactions (Figure 3.4b). On a contrary, in the case of GO 

with higher oxidation rate, more than eight internal DNA stacking interactions and less than 

three DNA ï surface stacking interactions were found, illustrating maintenance of a folded 

poly(T)20 structure. We also showed that the trend of the estimated binding free energy as a 

function of the surface oxidation rate is directly related to the interfacial hydrophobic 

interactions shown in Figure 3.4 (Figure 3.S8). This relationship can be more clearly shown in 

the probability of average pi-pi interactions over the last 10 ns of a 100 ns MD trajectory when 

poly(T)20 became structurally and energetically stable (Figure 3.5b, c). Less than 16% of 

original internal DNA stacking interactions remained on PG and GO 5%. Furthermore, on these 

surfaces, more than 40% of nucleobases interacted with the PG and GO 5% via interfacial 

stacking interactions (Figure 3.5c).  As for GO substrates with oxygen coverage higher than 

5%, internal stacking interactions were maintained relatively well due to weak (GO 10% to 

30%) or no (GO 40% and 60%) interfacial stacking interactions (Figure 3.5b, c). 

Next, we evaluated the role of electrostatic interactions, specifically hydrogen bonds 

(Figure 3.5d, e). For instance, most of the internal hydrogen bonds of poly(T)20 were lost on 

PG and GO 5% as poly(T)20 became stretched on those surfaces: however, poly(T)20 retained 

these interactions relatively well on GO 10%, 15%, 20%, and 25% surface. These internal 

hydrogen bonds weakened on GO surfaces with high oxygen content, such as 30%, 40%, and 

60%. By comparing surface ï DNA interactions (Figure 3.5c and e), we found several 

observations on the role of dominant contributions on stability of internal interactions within 
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poly(T)20:  (1) when stacking interactions are the leading contribution for physisorption (PG 

or GO 5% case), most of the poly(T)20 internal interactions are disrupted by surface ï DNA 

stacking; (2) on GO with high oxidation rate (GO 30%, 40%, and 60%) internal poly(T)20 

interactions are retained due to the lack of interfacial stacking interactions, and the highly 

oxidized surface can deteriorate internal hydrogen bonds of poly(T)20 by strong interfacial 

hydrogen bonds; and (3) poly(T)20 internal structures are preserved most on GO with moderate 

oxidation rate (e.g. GO 10% to 25%) since surface interactions are initiated and maintained by 

free residues. 

We also found that water bridging interactions, which connect surface and poly(T)20 

via hydrogen bonds, (Figure 3.5f) occurred at both ends of poly(T)20 and residues 7, 8, and 9 

which are, again, residues free from internal poly(T)20 interactions. Considering that these 

interactions were more clearly observed in the case of GO 10% to 25% as compared to GO 

5%, or GO with high oxygen coverage, it appears that water bridges stabilize DNA folded 

structures during the physisorption process.  

Oxidation of graphene not only increases the polarity of the surface but also decreases 

the probability of formation for pi-pi stacking interactions with poly(T)20. In order to separate 

the contributions of enhanced polarity and surface roughness due to surface oxidation on the 

physisorption process, we performed additional simulations with poly(T)20 onto neutral GO 

20% surface (nGO 20%). This nGO 20% surface is identical to regular GO 20%, but has no 

partial charges on functional groups, making this surface hydrophobic and rough because of 

functional groups sticking out from the graphene surface. For hydrophobic surface roughness, 

similar approach was used in previous MD simulations study exploring enhanced DNA 
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sequencing performance via edge-hydrogenated graphene nano-pore structure.[57] As 

illustrated in Figure 3.6, poly(T)20 retained its folded structure on neutral surfaces with well-

conserved internal hydrogen bonds and stacking interactions, showing similar folded 

conformation as observed on regular GO 20% surface. Moreover, in both cases, only free 

residues participated in the physisorption with the surfaces: There are no electrostatic 

interactions between residues and the neutral surface due to negligible partial charges on 

functional groups, as expected; however, strong VDW interactions were found between nGO 

20% and free residues (residue 7, 8, and 18) as also observed in the regular DNA - GO 20% 

interactions (Figure 3.6e). In fact, structural retention of poly(T)20 on nGO 20% surface, where 

electrostatic contribution is negligible and only VDW interactions exist, showed that (1) 

participation of free residues in the physisorption is crucial for structural stability and (2) 

surface roughness arising from functional groups sticking out from the carbon surface can 

sterically hinder the formation of stacking interactions with poly(T)20, thus yielding a well-

maintained poly(T)20 structure. 

3.3.2 Discussion 

Our simulation results have shown that both electrostatic and VDW contributions play 

important roles in physisorption of poly(T)20 on graphene-based surfaces. Moreover, we found 

that these two contributions can influence poly(T)20 structure and dynamics in different ways 

(Figure 3.2, 3). When VDW contributions were the leading factor in physisorption process, 

major internal interactions within poly(T)20, such as hydrogen bonds and base stacking, were 

disrupted and it was strongly adsorbed as an unfolded strand (Figure 3.5). Our study agrees 

with the earlier computational studies that demonstrated the importance of ssDNA ï 
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hydrophobic surface interactions that can heavily affect the conformational fluctuations of 

ssDNA.[27-28] In our case, the majority of VDW contributions originated from hydrophobic pi-

pi stacking interactions between nucleobases and the surface (Figure 3.2 and 4). It has been 

known that VDW and hydrophobic interactions (rather than electrostatic interactions) can 

stabilize pi-pi stacking interactions in nucleic acids.[58-59] Furthermore, many previous studies 

have emphasized the importance of stacking interactions between surface and biomolecules as 

this contribution can be strong enough to break internal non-bonded interactions,[60] thereby 

yielding conformational changes of bio-molecules including small peptides,[22] proteins,[23],[61] 

ssDNA,[13, 29] and dsDNA.[3] Experimentally, previous AFM studies showed that ssDNA 

becomes well-stretched on graphite surfaces with no functional groups,[62-63] or almost straight 

on hydrophobic Si(111) surface,[64] which is in a good agreement of this study. Overall, our 

observations in the case of PG and GO 5% are in a good agreement with those previous results 

and show that stacking interactions between surface and ssDNA can be the major contributions 

for unfolding dynamics of ssDNA on the surface. 

Our results also exhibited that poly(T)20 structure tends to be maintained well when 

adsorbed on GO 10% - 25%. In these cases, only DNA residues which are free from internal 

non-bonded interactions are involved in the physisorption process via combined hydrogen 

bonding and pi-pi stacking interactions (Figure 3.2, 5). These combined non-bonded 

interactions with only a few residues can not only restrain poly(T)20 on the surface without a 

loss of internal interactions, but also confer flexibility on poly(T)20 that allows large structural 

motions and rotations (Figure 3.5 and S3). In this regime, water-mediated hydrogen bonds 

connecting the surface and free residues enhance physisorption between poly(T)20 and the 
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surface (Figure 3.5f). Our recent combined experimental and computational study of silk 

fibroin adsorption on the graphene oxide (GO 20%) surface also reported that secondary 

structure of silk fibroin is maintained and recovered on GO surface but disrupted on graphene 

and SiO2 surfaces.[61] From additional MD simulations using neutral GO surface, we conclude 

that surface roughness can also be the key factor for ssDNAôs structural retention: functional 

groups can geometrically prevent poly(T)20 from forming stacking interactions with the 

surface, thus leading to a well folded ssDNA structure with well-maintained internal 

interactions. For these reasons, GO with  moderate oxygen coverage (GO 10% to 25%) appears 

to be the surface showing the best structural retention of poly(T)20 structure among all 

graphene-based surfaces examined in this study. 

For highly oxidized GO surfaces, electrostatic interactions become a dominant 

contribution for physisorption process (GO 30% to GO 60%), and loss of internal poly(T)20 

hydrogen bonds occurs due to the formation of strong surface ï DNA hydrogen bonds (Figure 

3.5a). Even though well-preserved internal stacking interactions can keep poly(T)20 folded 

because of surface roughness, strong interfacial hydrogen bond interactions between poly(T)20 

and the surface can disrupt or weaken the part of the internal hydrogen bonds, which leads to 

unstable DNA structure. Conformations of poly(T)20 on various GO surfaces observed through 

MD simulations are also in a good agreement with experimental values for short poly(T)20 on 

GO surfaces measured by AFM images. Given that DNA ï surface stacking interactions are 

minimal at highly polar surfaces, we conclude that loss of internal hydrogen bonds occurs due 

to (1) formation of a high number of strong hydrogen bonds between DNA and the surface, 

and (2) lack of stacking interactions between surface and free residues. Previously, it has been 
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reported that strong hydrogen bonds with surroundings, such as surface or ionic solvents can 

easily break internal hydrogen bonds of bio-molecules leading to detrimental effects on their 

structures.[24, 65] For example, a recent study reported that strong hydrogen bonds between Ŭ-

chymotrypsin and GO surface can disrupt local secondary structure near the active site of the 

enzyme, thus leading to loss of enzyme activity.[24] Judging from our observations and previous 

reports, it is plausible that GO surfaces with high oxygen coverage are not suitable for retention 

of DNA structure.  

Our results suggest that for the applications that require a destabilization of the 

adsorbed materials structure, such as antimicrobial process[10, 66] or denaturation of specific 

proteins[24, 67] either pristine graphene, sparsely (less than 10%) or densely (more than 25%) 

oxidized graphene surfaces should be used. On the other hand, GO with moderate oxidation 

rate (10-25%) should be used for the applications that requires enhanced structural stability of 

the biological materials, such as in nano-carriers for drug delivery.[68-69]  

3.4 Conclusions 

In this paper, we have performed a detailed investigation of the effect of surface 

oxidation rate of graphene surfaces on the physisorption process of poly(T)20. Simulation 

results have demonstrated that poly(T)20 forms a complex structure with stacked and coiled 

regions in aqueous solutions, which results from internal non-bonded interactions. Upon 

physisorption, the poly(T)20 structure undergoes changes associated with the surface 

properties: (1) on PG or sparsely oxidized graphene surfaces (e.g. GO 5%), VDW driven 

interactions, especially pi-pi stacking interactions, between DNA nucleobases and the surface 
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are the dominant factors for unfolding of poly(T)20 structure; (2) as oxidation rate increases, 

surface roughness due to functional groups can prevent poly(T)20 from forming stacking 

interactions with the surface, thus leading to retention of folded poly(T)20 structure on GO with 

higher oxygen coverage; (3) strong hydrogen bonds and a lack of VDW interactions can also 

debilitate structural stability of poly(T)20 on GO substrates (e.g. GO 30%, 40%, and 60%); and 

(4) balanced combination of VDW and electrostatic interactions between the surface and the 

free residues ensures good structural retention of poly(T)20 (e.g. GO 10%, 15%, 20%, and 

25%). 

Overall, atomistic understanding of the effect of oxidation rate of graphene surface on 

physisorption process of ssDNA indicates how to optimize the oxygen coverages of the 

graphene-based surfaces for novel bio-applications. However, there are many other factors that 

can also affect the physisorption of ssDNA, such as solvent conditions (e.g. type and salt 

concentrations, pH, etc.), sequence and length of ssDNA, and the presence of the defect on the 

surface.  
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Figure 3.1. (a) Representative side and top view snapshots of initial conditions of pre-folded 

poly(T)20 on the graphene-based surface. DNA is represented by orange tube with white 

colored nucleobases. Green, blue, and red colored residues highlight the regions where 

nucleobases are involved in only pi-pi stacking interaction (green), internal hydrogen bonds 

(blue), both of them (Gray), or not involved in the internal interactions (red), respectively. (b) 

Detailed information on internal non-bonded interactions of poly(T)20. 
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Figure 3.2. (a) Temporal profiles of non-bonded interactions between ssDNA and PG, GO 

20%, and GO 60%: (left) total non-bonded interactions (NONB), (middle) van der Waals 

(VDW) interactions, and (right) number of surface ï ssDNA hydrogen bonds (H-bonds). (b) 

Representative snapshots of ssDNA on PG, GO 20%, and GO 60% as an example of the case 

with no, moderate, and high oxygen coverage, respectively. Please refer to Figure 3.S3, S4, S5, 

and S6 for other cases. 
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Figure 3.3. (a) Representative snapshot of the initial structure of poly(T)20 on graphene-based 

surfaces with an axis normal to the surface (z-axis). (b) Atomic density profile (solid red line) 

of poly(T)20 atoms along z-axis over last 10 ns of 100 ns-simulation trajectories with red shaded 

regions representing standard deviation. Gray dotted lines represent density pro-file of the 

initial structure prior to adsorption depicted in (a). 
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Figure 3.4. (a) Number of poly(T)20 atoms participating in hydrophobic contacts with the 

surface. (b) An average number of pi-pi stacking interactions between DNA bases (base 

stacking, black circles) and between DNA bases and graphene-based surfaces (base-surface 

stacking, blue squares). Red dashed line indicates the number of base stacks in initial poly(T)20 

structure. 
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Figure 3.5. (a) Schematic of various non-bonded interactions observed during physisorption 

of poly(T)20 on graphene-based sur-faces. (b-f) Probability heat map (%) of non-bonded 

interactions formed by each residue over last 10 ns: (b) stacking interactions between two 

consecutive nucleobases (y-axis shows  residue n interacting with n+1), (c) base ï surface 

stacking interactions, (d) internal hydrogen bonds, (e) interfacial hydrogen bonds between 

nucleobases and surfaces, and (f) water-mediated hydrogen bonds connecting surface and 

DNA. Gray colored bar graphs located on the top and right side of probability heat maps 

represent physisorption intensity (I(%)) of entire residues with each surface (top) and specific 

residues over each case (right). DNA residues that are initially involved in base-base stacking 

interactions and internal hydrogen bonds (Int) are also shown in (b) and (d). (g) Top view and 

side view of poly(T)20 snapshots on GO 5%, GO 15%, and GO 40% as a representation for the 

case with low, moderate, and high oxygen content, respectively. Green colored surfaces in the 

snapshot illustrate regions where close DNA ï carbon surface contacts are found. 
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Figure 3.6. (a) Representative snapshot of poly(T)20 and (b) its density profile on the regular 

GO20% (left) and on nGO20% (right). Average values (red lines) and standard deviations (red 

shaded regions) were taken from last 10 ns of 100 ns-simulations. Comparison of probability 

heat map for (c) internal hydrogen bonds, (d) base-base stacking interactions, and (e) interfacial 

hydrogen bonds (red), and pi-pi stacking interactions (cyan) among initial poly(T)20 structure 

(Int), GO 20%, and nGO 20% case. 
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Figure S3.1. (a) Snapshots of graphene-based surfaces used in this study. Blue and red colors 

on the surfaces represent partial charges of functional groups. The charged functional groups 

bond with both the top and bottom surfaces of the sheet. 
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Figure S3.2. Simulation setup. (a) The initial position of poly(T)20 structure on graphene-based 

surface in the water box. (b) Top view of initial position of poly(T)20 on graphene-based 

surface. (c) Partial charges used for hydroxyl and epoxy groups. (d) RMSD of free poly(T)20 

solvated in 0.5 M NaCl solution.  
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Figure S3.3. (a) Top view and (b) side view of representative snapshots of poly(T)20 

conformation on various graphene-based surfaces. Green color surfaces represent close contact 

regions between carbon atoms on a graphene sheet and DNA atoms. 
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Figure S3.4. Temporal profiles of non-bonded energy between poly(T)20 and various 

graphene-based surfaces.  
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Figure S3.5. Temporal profiles of VDW energy between poly(T)20 and various graphene-

based surfaces.  
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Figure S 3.6. Temporal profiles of electrostatic (ELEC) energy between poly(T)20 and 

various graphene-based surfaces. 
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Figure S3.7. Temporal profiles of the hydrogen bonds between poly(T)20 and various 

graphene-based surfaces.  
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Figure S 3.8. Estimated binding free energy differences between poly(T)20 and the surfaces. 

A yellow circle at GO 20% case illustrates binding free energy of poly(T)20 on neutral GO 20% 

surface (nGO 20%). 
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Figure S3.9. Comparisons of multiple simulations: simulation 1 is the case with poly(T)20 on 

the graphene-based surface, which are introduced in the manuscript; simulation 2 is additional 

MD simulation with poly(T)20 on the surface with different distribution of oxidation groups (a) 

Side and top view of representative simulation snapshots, (b) atomic density profile of 

poly(T)20 atoms along the axis perpendicular to the surfaces, (c) stacking and hydrogen 

bonding interactions observed in the cased of PG, GO20%, and 60% (Gray bars) and their flip 

sides of the surfaces (Red bars). 
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single stranded DNA with graphitic flakes: atomistic 

molecular dynamics simulations  

Ho Shin Kim, Sabrina M. Huang, and Yaroslava G. Yingling 

*This chapter is a manuscript by (1) Ho Shin Kim, Sabrina M. Huang, and Yaroslava G. 

Yingling, which was published by MRS Advances in 2016 

 

4.1 Introduction  

Single stranded DNA (ssDNA) is an electronegative bio-polymer which can detect and 

bind to a complementary counter strand.[1] Due to this unique recognition ability, ssDNA has 

been used in biosensors[2] and drug delivery system.[3-4] Integration of ssDNA with various 

surfaces can introduce new properties to inert surface materials and, therefore, improve bio-

compatibility, solubility and selectivity of the surfaces. [5-7] Graphene-based surfaces have been 

used for bio-functionalization because it has outstanding mechanical, thermal and electrical 

properties.[8] Previous studies have emphasized the importance of surface polarity or 

hydrophilicity on bio-molecular structures binding to graphene or GO. However, the results 

are not in complete agreement. For example, recent studies showed that secondary structures 

of small protein[9] and peptide[10] can be stabilized on graphene oxide and get disrupted due to 

interactions with pristine graphene surfaces. In contrast, another study reported that active site 

structure of Ŭ-chymotrypsin can be maintained on graphene but lost its structure on graphene 

oxide surface.[11] Thus, it is imperative to understand how surface polarity or hydrophilicity 

affects structural changes of ssDNA. In an attempt to address this issue, we performed all-atom 
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molecular dynamics (MD) simulations of ssDNA on free-standing graphene flakes varying 

oxygen coverages.  

4.2 Computational Methods 

In this study, 20 nucleotides long poly thymine (poly(T)), poly adenine (poly(A)), and 

poly(AT) ssDNA strands were used. All ssDNA structures were built via nucleic acid builder 

(NAB)[12] in AMBER 12 package.[13] FF10 force field was used for DNA.[14-15] For the 

graphene-based surfaces, a pristine graphene sheet (10 nm  5nm) was created by inorganic 

builder in VMD 1.9.1 package;[16] then 2:1 ratio of hydroxyl and epoxide group were grafted 

on the surface in a random manner to make GO surface. Oxygen coverages of GO surfaces 

were calculated by total number of oxygen atoms divided by total number of carbon atoms. 

All fo rce field parameters and geometric factors of graphene and GO referred to GAFF force 

field[17] and partial charge information of epoxy and hydroxyl groups were taken from Stauffer 

et al.[18]  

All ssDNA and graphitic fakes structures were subjected to minimization for 10,000 

steps; then the system was gradually heated up to 300 K in 100 ps using Berendsen 

thermostat.[19] After system was heated and equilibrated, production MD runs were employed 

for 20 ns with 1 fs time step at 0.5 M NaCl salt concentration in implicit solvent conditions.[20-

21] The trajectories were saved every 1 ps. Root mean square deviation (RMSD) of ssDNA 

over time showed that all systems were structurally equilibrated within 20 ns (Figure 4.1). 

Moreover, similar dynamics were observed when comparing to previous MD simulation study 

with 12-mer ssDNA on a pristine graphene surface.[22] 

 

³
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Non-bonded energy and hydrogen bonding analyses were calculated using a 

combination of in-house scripts that we have used in MD simulations of protein or sugar 

molecules[23-24] and CPPTRAJ module[25]. Calculation of pi-pi stacking interactions were 

determined using in-house script based on geometrical criteria from previous studies.[26] [27] 

Persistence length (Lp) of ssDNA was estimated using freely rotating chain model:[28] 

 

where, l represents bond length and ɗ illustrates angles between two adjacent bond 

vectors. These two parameters required for persistence length estimations were directly 

obtained from MD simulations. 

4.3 Results and Discussion 

Our simulations show that all ssDNA strands are adsorbed on the graphene-based 

flakes independent of sequence or surface hydrophilicity (Figure 4.1a-c). However, dominant 

contributions which govern conformational changes of ssDNA vary with different surface 

hydrophilicity rather than DNA sequence. For instance, ssDNA tends to be stretched or curved 

on non-polar or less-polar surfaces, such as pristine graphene or GO 5 %. In these cases, more 

than 16 out of 20 bases interact with the surface via pi-pi stacking interactions on average 

(Figure 4.2d) and Van der Waals (VdW) interactions mainly contributes to the formation of 

this surface ï nucleobases interactions (Figure 4.1e). On the other hand, some locally folded 

regions are found when ssDNA is adsorbed on the polar surfaces, such as GO 15 % or 20 %. 

In these surfaces, increased functional groups reduce VdW contributions and, at the same time, 

electrostatic contributions come into play for DNA- surface interactions (Figure 4.2f). As a 

1 cos
p

l
L

q
=
-
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result, less than 7 nucleobases can form pi-pi stacking interactions with the GO 15 % and 20 

% sheets due to increased electrostatic and decreased VdW interactions (Figure 4.2d, e, f). 

Considering that values and trends of surface ï DNA non-bonded interactions of three different 

DNA sequence are almost the same, it can be concluded that role of DNA sequence on the 

physisorption is marginal. 

  In order to understand how surface hydrophilicity affects ssDNA structure, we 

analyzed persistence length and internal non-bonded interactions of ssDNA as a function of 

surface oxygen coverage. We found that, upon adsorption of ssDNA to largely non-polar 

surfaces, the persistence length of the ssDNA is higher than in solution (Figure 4.3). As 

aforementioned, pi-pi stacking interactions are mainly involved in physisorption (Figure 4.2) 

and zero or a few internal DNA interactions are observed (Figure 4.4) in these cases. These 

two contributions (1) strong adsorption of ssDNA to the surfaces and (2) negligible internal 

interactions between nucleobases, make ssDNA more stretched with higher persistence length 

and behave as an ideal chain. This result agrees well with previous MD simulation study 

showing that pi-pi stacking interactions between nucleobases and pristine graphene are the key 

for physisorption process of short ssDNA in explicit water solvent.[22] However, as the 

hydrophilicity of the surface increases, the persistence length approaches the value exhibited 

in solution indicating the retention of a well-folded ssDNA structure (Figure 4.3). Interestingly 

internal interactions of ssDNA, such as base-base stacking and pairing, are observed when 

ssDNA is interacting with GO with higher oxygen coverages. Also, increasing trends of these 

internal interactions generally follow the decreasing trends of persistence length as a function 

of oxygen coverage. It is expected that non-bonded interactions between nucleobases become 
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more favorable as compared to DNA ï surface interactions because increased functional 

groups can reduce VdW contributions and DNA ï surface stacking interactions. Even though 

it is too early to state that internal non-bonded interactions illustrated in Figure 4.4 have 

obvious trends due to overlapped standard deviations in many instances, overall tendencies 

show that internal non-bonded interactions can facilitate the formation of locally folded regions 

in ssDNA strand and decrease in the persistence length. Our observations of interactions of 

ssDNA with GO surfaces are in a good agreement with previous computational studies where 

oxidation of graphene surfaces enhanced non-bonded interactions within small peptide and 

proteins, which resulted in a secondary structure retention.[9-10] Since the sequence of ssDNA 

does not play a major role in changes in persistence length (most of values are within the range 

of their standard deviations and show the identical trends); thus, surface hydrophilicity is a 

more critical factor for structural changes of ssDNA rather than sequence.  

However, we used an implicit solvent model in this study, where the solvent is 

considered as continuum dielectric and cannot capture the important factors of explicit 

interactions between water or ions and ssDNA. Moreover, surface oxidation affects the 

graphitic surface structures, where the surface becomes more curved and bent as oxygen 

coverage increases (Figure 4.2). However, since solvent viscosity is negligible in implicit 

solvent model, we cannot precisely investigate the effect of surface curvature on structural 

changes of ssDNA. In a future study, addressing these issues is needed for understanding of 

the complete picture of physisorption of ssDNA on graphene-based surfaces. 

 



 

87 

4.4 Conclusions 

We have shown the effect of surface hydrophilicity on structural changes of ssDNA on 

graphene-based surfaces. From our observations, we conclude that pi-pi stacking interactions 

between nucleobases and the non-polar surface play an important role in strong adsorption of 

ssDNA and lead to higher Lp. However, in the case of polar surfaces, such as GO surfaces with 

higher oxygen coverage, ssDNA tends to form locally folded regions with low persistence 

length since increased electrostatic contributions reduce associated interfacial interactions.  
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Figure 4.1. Root mean square deviations of poly(T) (black), poly(A) (red), and poly(AT) 

(blue) on (a) pristine graphene, (b) GO 5 %, (c) GO 10 %, (d) GO 15 % and (e) GO 20% as a 

function of time.   
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Figure 4.2. Simulation snapshots of (a) poly(T)20, (b) poly(A)20, and (c) poly(AT)10 adsorbed 

on the graphene, GO surface with 5%, 10%, 15%, and 20% oxygen coverages. ssDNA 

structures are illustrated as purple backbone with blue bases. Red spheres represent oxygen 

atoms in functional groups of the surfaces. (d) Number of pi-pi stacking interactions between 

nucleobases and the surfaces (e) van der Waals contributions and (f) electrostatic contributions 

of DNA ï surface interactions. Numbers inside plots indicate the oxygen coverages of the 

surfaces (%) 
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Figure 4.3. Persistence length of poly(T)20 (black squares), poly(A)20 (red circles) and 

poly(AT)10 (blue triangles) as a function of oxygen coverage of the surface. Black, red, and 

blue dashed lines represent a regression line of poly(T)20, poly(A)20, and poly(AT)10, 

respectively. Gray dotted line means persistence length of poly(T)20 in 0.5 M NaCl solution. 
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Figure 4.4. Internal non-bonded interactions of ssDNA: (a) the number of hydrogen bonds 

between nucleobases, (b) the number of base-base stacking interactions. Numbers inside plots 

represent oxygen coverages of the surface (%)  
 

 

 

 

  












































































































































































































































































































































































































