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Abstract

DNA, apart from being the mode of genomic information storage, has found several uses in
catalysis (DNAzymes) and target detection (aptamers). Developing novel biosensors utilizing
these properties has therefore been a significant avenue for research in recent decades. Of these
avenues, interfacing fluorescent dye-labelled DNA with various nanomaterials has birthed many
sensors which have been implemented in several environments such as lake water, food, and even
within the cell. In this thesis, we provide an improved understanding of DNA adsorption on such

nanomaterials and interpretation of sensor results.

In Chapter 1, background information related to DNA, fluorescence and nanomaterials are
introduced, with associated examples of different biosensor design. The fundamental questions
arising from these sensor designs are also stated, along with thesis objectives. In Chapter 2, a
comparison is made between graphene oxide and inorganic metal oxides for aptamer-based
fluorescence sensing. It was found that, for graphene oxide, target/aptamer interactions dominate
the sensor response. This is in contrast to the metal oxide nanoparticles, where sensing is achieved
through the target simply displacing DNA from the nanomaterial surface. In Chapter 3, the
properties of carboxyfluorescein-labelled poly-C DNA are explored in detail. Through
fluorescence and circular dichroism experiments, it was seen that carboxyfluorescein stabilizes i-
motif formation in poly-C DNA, even at neutral pH. This folding was irreversible upon heating.
Unfolding of the structure led to improved adsorption on GO demonstrated through fluorescence
desorption experiments. In Chapter 4, the anomalously high affinity of poly-C adsorption was
investigated using both fluorescence experiments and simulations. It was found that the
arrangement of cytosines within the chain did not affect affinity, merely their total number.
Through simulations, it was determined that poly-C DNA spreads out on the GO surface due to its
lack of intrastrand interactions. This results in more phosphate-backbone hydrogen bond sites and
a more favourable bond. At lower pH, i-motif formation drastically reduces poly-C affinity to GO;
intrastrand interactions dominate over GO/DNA binding. In Chapter 5, fluorescence polarization
was used to characterize labelled DNA interactions with various nanomaterials. First, it was
determined that, at low labelled-DNA concentrations, polarization is artificially increased by
scattering of incident polarized light. Polarization is also increased with the addition of GO to this

DNA. Through a simple mathematical derivation, it was shown that the increase in polarization



with this kind of surface was due to low concentration of free DNA, rather than adsorption to the
GO surface. This was compared to a low-quenching surface (Y203), in which the total polarization

observed was dominated by the binding DNA rather than free DNA.

Overall, the work presented in this thesis improves the current understanding of both
fundamental DNA/nanomaterial interactions, as well as its implementation in fluorescence-based
sensor designs. Future biosensor construction can incorporate these concepts for better sensitivity,

specificity and signal interpretation.

Vi



Acknowledgements

Well — what a journey! It feels like just yesterday when I started working in Professor Liu’s group
10 years ago as a co-op student. His guidance and hands-on approach to supervision, along with
the ground-breaking research occurring in his group drew me in. This led me to pursue a Masters
degree, and now a PhD, with his group after completing my undergraduate program. | would like
to extend special thanks to Dr. Liu for his mentorship over the past 10 years; | could not ask for a
better supervisor! 1 would also like to extend my deepest thanks to Dr. Vivek Maheshwari, Dr.
Thorsten Dieckmann and Dr. Boxin Zhao for agreeing to be on my advisory committee, providing
crucial advice in evaluating my project and serving on my examining committee. | would also like
to thank Dr. Leyla Soleymani for agreeing to be my external examiner for my thesis oral

examination.

I would also like to thank the past and present members of my group who helped to make
my graduate research efforts successful: Dr. Biwu Liu, Dr. Po-Jung Jimmy Huang, Dr. Feng Wang,
Dr. Rhunjun Saran, Dr. Lingzi Ma, Dr. Zhicheng Huang, Dr. Zijie Zhang, Dr. Yuging Li, Dr. Yibo
Liu, Dr. Wenhu Zhou, Dr. Fang Zhang, Dr. Chang Lu, Mohamad Zandieh, Jennifer Moon, Yichen
Zhao, Tianmeng Yu, Yu Zhao, Sarah Labas and many other visiting scholars and students who
made the Liu Lab a great place to work. It has been a pleasure working with you all and — who
knows? — maybe we will work together again in the future. Special thanks are extended to Dr.
Biwu Liu, Dr. Po-Jung Jimmy Huang, Dr. Zhicheng Huang and Mohamad Zandieh for productive
discussions regarding my research, as well as their help with learning and using equipment.

My experience in Waterloo would not be complete without mentioning the many friends |
have made along the way — from undergraduate to graduate levels. First, | would like to thank my
undergraduate friends who have been there with me through it all since I arrived in Canada 12
years ago: Matthew Mulvale, Geoff Deignan, Rachel Pautler, Jacob Terry, Matthew Ewertowski,
Rana Ahmed, Johan Israelian, Jared Lenos, Brent McCleave, Noorin Samji, Nigel Clarke and
James MacLean. Though distance has separated some of us, that we continue to maintain a contact
is a testament to the bonds formed over the years. In graduate school, | was fortunate to form
friendships with several students in the Institute for Quantum Computing (and 1QC-adjacent) who
are very close to me: Nachiket Sherlekar, Chris Warren, Jeremy Bejanin, Claire Phelps, Manjit

Grewal, Daniel Kruger, Laura Edmonds, Kimia Mohammadi, Noura Bayat, Evan Peters, Nikhil

vii



Kotibhaskar, Irene Melgarejo Lermas, Aditya Jain, Julia Amoros Binefa, and Rahul Deshpande.
Although | never understand what your research is about, your passion when discussing your
experiments has always inspired me in my own work. Special thanks to Nachiket Sherlekar for

being a great roommate over the past 4 years.

| am also fortunate enough to be a board member of the Grand River Jazz Society, which
runs the Jazz Room in Waterloo. Through involvement with this organization, | have enjoyed great
music, met amazing people, and grew in ways that I did not expect. | would like to thank past and
present board members for their involvement in my journey: Stephen Preece, Cameron Bates, Ruth
Harris, Janet Dawson Brock, Kim Wakeford, Janine Sharpe, Colin Reed, John Lord, Sam Ogilve,

Kim Sutherland, among many others.

Though the pandemic has separated us for quite a few years, | would like to thank my high
school friends who have continued remain in contact with me while being over 2000 km away:
Sharaine Best, Mahesh Bhajan, Tonya King and Stephon Rayside. | hope one day soon we can

meet up for good times like we used to!

Finally, I would like to thank my family for their encouragement and love. Without them, I could
not envision myself being close to the person I am, as well as being in this privileged position.

viii



Dedication

| dedicate this thesis to my parents (Francis and Vyju), for their unwavering support and love.



Table of Contents

Examining Committee MemDBErSNID ........ciieiiiiicieie e ii
FN 11 1 To oIl D 1CTo] 3 =15 1o o OSSR iii
Statement Of CONTIIDULIONS ........ooiiiiiiieieiee e bbbt 1\
N 011 = Tod PRSP %
ACKNOWIEAGEMENTS ...t bbbttt nb et enes vii
D =To [ o= U4 o] o SRRSO IX
LIST OF FIQUIES ...ttt bbbttt ettt b e bbbt Xiv
I ES 0 N 1= o] [ SRR Xvii
LiSt OF ADDIEVIALIONS .....eeveeiieceiee ettt sneenre e enes Xviil
Chapter 1 - INTFOTUCTION .......c.eiiiieitisie et bbbt bbb ens 1
1.1  DNA —Versatile and RODUST.........c.cooiiiiiiii e 2
1.1.1  Chemical properties 0f DNA .........oooiiiiie et 2
1.1.2  FUNCLIONAI DINA ... .ottt sre e e s 6
I T = T 1 1=] ST £ SO SORSUUPRR 8

1.2 Fluorescence Spectroscopy and ANISOIOPY ......ccvciveereiieieeiieiiesieerie e sie e sre e 9
1.3 Aptamer and DNAzyme — based BIOSENSOIS .........c.ccveiuiiieieeiieeieseesie e 13
1.4 The DNA/Nanomaterial INterface ........cccovieiiieiieiceece e 16
1.41  Chemical Properties of Graphene OXITe ........ccoceivreiiiiniiinieeee e 17
1.4.2  Chemical Properties of Metal OXIAES.........cccveieriireriniiesieeeee e 18
1.4.3  Fundamentals of intermolecular fOrces.........ccoovvviiiiiiiiieiicc e 19
1.4.4  Mechanism of DNA adsorption 0N GO ........ccccoerireiiiiniiinieeeeee e 22
1.45  Mechanism of DNA adsorption on Metal OXIdES ............ccovvririiiiieieniieiieins 24

1.5  Fluorescence-based Biosensor development using GO/DNA conjugates ............c.cc..... 24



1.5.1  Addressing Non-Specific Displacement of DNA from GO ............cccoovevviieiiennnne 26

1.5.2  Improving Sensor Kinetics by Inhibited DNA AdSOrption ...........cccccveveveviveieenne 27
1.5.3  Diblock Sensor Designs and the “Problem” of Poly-C Adsorption ...........c.cccec..... 29
1.6 Fluorescence Biosensors Based on Metal Oxide/DNA CONjUQALES ........cccvevververieannnns 32
1.7 Thesis Goals and OULIING ........cccooiiiiiie e 34

Chapter 2 - Nanomaterial and Aptamer Based Sensing: Target Binding Versus Target Adsorption

....................................................................................................................................................... 37
2.1 INEFOUUCTION ..k b bbbttt e bbb et b e ene s 37
2.2 Materials and METhOUS ..........ooviiiiiiiee e 38
2.3 RESUILS AN DISCUSSION.....uitiieiieiiiteiteiete ettt ettt b et sb e 40

2.3.1 Sensing mechanism of adenosine and ATP on CeO; nanoparticles.............ccccoverueenee. 41
2.3.2 Detection of complementary DNA ..o 45
2.3.3 Signal based on the kinetics of aptamer adsorption ...........cccccccveveveeve e sieseece e 47
2.3.4 Detection of adenosine and ATP on other metal oxide nanoparticles...............c.......... 48
2.3.5 Detection of adenosine and ATP 0N GO. ......coeiiiiiiiineieese e 50
2.4 DISCUSSTON ...ttt sttt bbbt bbbt ettt b bbb e bt e bt e s e e e e b e b e b e s be b sneere s 52
2.5 CONCIUSIONS ...ttt bbbt b et b e bbbt neene s 56

Chapter 3 - Fluorescein-Stabilized i-motif DNA and Its Unfolding Leading to Stronger Adsorption

N 1 1312 57
L1 INEFOAUCTION ...ttt b et 57
3.2 Materials and MEtNOUS .........c.eiiiiiiii e 59
3.3 RESUILS ANU DISCUSSION.....c.uiiiiiieiieiieiet ettt bbb 61

3.3.1 FAM-labeled C15 DNA has abnormally low fluorescence at neutral pH...................... 61
3.3.2 Irreversible melting 0f FAM-C15 DNA ..o 64
3.3.3 CD spectroscopy showing FAM-stabilized i-motif.............ccccoeveiiiiiicc e, 66
3.3.4 Fluorescence lifetime indicating static fluorescence quenching .........cccccccevveeivernenn, 67

Xi



3.3.5 Heated poly-C adsorbs stronger 0n GO..........cccoviieiieie e 68
34 CONCIUSIONS ...ttt bbbttt b e b e e s e b et et e b et beenearean 71

Chapter 4 -Poly-cytosine DNA Strongly Anchoring on Graphene Oxide Due to Flexible Backbone

PhOSPNAte INTEIACTIONS ..ot r et 72
g I Lo oo [0 Tox 1 o] o I PSSR 72
4.2 Materials and MEtNOUS ........ccuoiiiieiiec e e 73
4.3 RESUILS aNd DISCUSSION........coitieiiiiieitieieeiestees e ee st e e esee st e te st e sseesbeeneesseesteentesneesreeneeanee e 77

4.3.1 Poly-C DNA has a pH-dependant affinity t0 GO..........cccceiiiiiininicienc e 77

4.3.2 The arrangement of cytosine within DNA sequence does not significantly affect affinity

4.3.3 Adding cytosine to a predominantly thymine strand significantly improves affinity to
1O I L [T o] USSR 81

4.3.4 Phosphate backbone hydrogen bonds potentially responsible for poly-C affinity to GO

............................................................................................................................................... 82
.4 DISCUSSION oottt 87
A5 CONCIUSTONS .ottt e et e ettt e e e e e e ettt e e e e e e e e e e eeeeeeeeeaaa 88

Chapter 5 - Fluorescence Polarization for Probing DNA Adsorption to Nanomaterials and

FIUOrOphOre/DINA INTEIACLIONS ......ccvviivieii et ettt et e s e e steenesneesteeeeas 90
5.1 INEOAUCTION ...kttt b bbb 90
5.2 Materials and IMEtNOUS ...........oiiiiiiiiee e 91
5.3 RESUIES ANU DISCUSSION.....c.uiiiiiiieiieiieieie ettt bbb ene s 92

5.3.1 Lower limit of fluorescence intensity fOr FP ... 92

5.3.2 The FP of FAM-labeled DNA is strongly pH-dependent implying FAM/DNA

1L Ut ] RSSO 94
5.3.3 FP as a function of DNA adsorption efficiency and quenching efficiency .................. 98
5.3.4 DNA adsorption by Y203: a non-quenching but strongly adsorbing surface............... 99

Xii



5.3.5 DNA adsorption by GO in high salt: a strong quenching and strong adsorbing surface

5.3.6 Effect of light scattering by nanomaterials............ccooeiieiinieiienine e 102

5.3.7 DNA adsorption by GO in low salt: a strong quenching and weak adsorbing surface.

............................................................................................................................................. 103

5.4 CONCIUSIONS ...ttt bbbttt b e bbbt 104
Chapter 6: Concluding Remarks and FUture DIreCtiONS ...........cccevveiveieiiesieeie e e see e 106
6.1 CONCIUSIONS ...ttt bttt bbb n et be e 106
6.2 FULUIE WOTK ...ttt 108
Letters of Copyright PEIMISSION ........cvoiiiiiiie ittt 110
RETEIEICES ...ttt bbbt bbbt b bt 114

Xiii



List of Figures

Figure 1.1. Physicochemical properties 0Of DNA. ..ot 4
Figure 1.2. Structures of (A) the G-quadruplex and (B) the i-motif..........ccccoveiiiiiiiniice, 6
Figure 1.3. Different types of FUNCHIONAl DNA. ........coooiiiiiiicce e 8
Figure 1.4. The process of fluorescence and its experimental implementation. .......................... 11
Figure 1.5. Fundamentals of fluorescence polarization. .............ccccccovvveieiiieiieeie s 13
Figure 1.6. Four different strategies for DNA fluorescence biosensor design ............c.ccocvvenene 15
Figure 1.7. Structural properties of GO and metal OXIdeS. .........cccoeieiiririiiiiieee e 17

Figure 1.8. Overview of the main intermolecular forces observed in DNA/nanomaterial

TNEEIACTIONS. ...ttt bbb bbbt bbbt bbbt bbb et b et 21
Figure 1.9. Mechanism of DNA adsorption on GO and metal oxide nanoparticles..................... 23
Figure 1.10. Biosensor designs for GO/DNA SYSIEMS. .......ccucirieriririnesiseseeeeee e 25
Figure 1.11. Strategies to overcome non-specific displacement of DNA............ccccooveviiiieiienns 27
Figure 1.12. DNA biosensor designs based on inhibited adsorption on GO. ...........ccccccevvevieennens 28
Figure 1.13. A diblock anchoring design for DNA detection. ...........ccocevvvriiinicienenesc e 30
Figure 1.14. The high affinity of poly-C DNA to various nanomaterials............ccccceocerirvnennnn 32
Figure 1.15. A biosensor utilizing metal oxide nanoparticles..........cccooveviiiiiiiic i, 34
Figure 2.1. Detection schemes: aptamer binding versus target displacement. ..............c.cccoue... 42
Figure 2.2. Response of DNA-loaded CeO2 to adenosing and ATP .........ccocevvieneineneniecnnenes 43

Xiv



Figure 2.3. Comparison of pH and ionic strength in DNA desorption from CeOa..........cccueenee. 45
Figure 2.4. DNA desorption from CeO; at different ionic strength in response to DNA targets. 47

Figure 2.5. Kinetics of adsorption of 50 nM (A) FAM-aptamer and (B) FAM-A1s on CeO- in the
presence of ATP, adenoSing OF NEITNET. ........ccviiiiiiie e 48

Figure 2.6. Structural characterization and DNA adsorption capacity for various MONPs........ 49

Figure 2.7. The effect of 0.8 mM ATP and adenosine on the desorption of (A) FAM-labeled
adenosine aptamer, and (B) FAM-A1s DNA from various MONPS..........cccccooeviveieniinnieeneseeee 50

Figure 2.8. Charging DNA-loaded GO with different targets and non-targets............c.ccccceenee 52

Figure 2.9. Classifying different nanomaterial/DNA conjugates in terms of DNA adsorption
SEPENGEN. .. et e et e be e te e are e reenee e 55

Figure 3.1. A general structure and constituents of an i-motif DNA..........cccccoveiiieneniiinene 58
Figure 3.2. Fluorescence of different 15-mer DNA at different pH before and after heating. .... 62
Figure 3.3. The effect of pH and heating on other DNA Strands. ............ccceevveveiieiieiecie e 63
Figure 3.4. Melting CUINVES OF FAM-C15. ...ociiiiiiieiie sttt 65

Figure 3.5. (A) Fluorescence and (B) derivative of fluorescence as a function of temperature for
Various FAM-1abelled DINAL. .. ...ttt ettt et esreenneenee e 66

Figure 3.6. CD spectra of (A) non-labelled IM, (B) non-labelled Cis, and (C) FAM-labelled Cis
D] SRR 67

Figure 3.7. Fluorescence lifetime measurements of (A) FAM-Cis and (B) FAM-T1s before and
AFEET NEALING. ...ttt bbbttt ettt b bbb ere s 68

Figure 3.8. Impact of heating and not heating on DNA adsorption and desorption from GO. ... 69

Figure 3.9. Accounting for FAM-C3s unfolding upon desorption from GO..........c.ccceeceviiiennns 70

XV



Figure 4.1. Confirming the high adsorption affinity of poly-C DNA on GO............ccccceevvevivenene 79
Figure 4.2. Varying the arrangement of C to study adsorption affinity.............ccccceevevviiiinenns 80

Figure 4.3. Addition of 15-mer DNA with increasing C/T ratios to GO saturated with (A) Alexa-
Tis and (B) Alexa-12mer at pH 4 (acetate, 10 mM) and pH 7.6 (HEPES, 10 mM).........c........... 82

Figure 4.4. MD simulations calculating various parameters of adsorption of DNA 10-mers and

15-MEIS ON GO ...t 83
Figure 4.5. pH-dependent MD simulations of C1o0 and Cis adsorption on GO. ..........cccccevveennene 85
Figure 4.6. MD simulations of Cio, C15 and A1s adsorbed on GO and pristine graphene. .......... 86
Figure 4.7. General schemes for applying C-rich DNA in various applications. ................c....... 88
Figure 5.1. Concentration effects on FP for Ass, T1s and free fluorescein. ...........ccocccevvviiine, 93
Figure 5.2, pH effECtS 0N FP. .....oiiiiiiieee e 95
Figure 5.3. Polarization of FAM-C15 and FAM-G15 DNA at different pH. .........cccccoociinnneee. 96

Figure 5.4. Exploring the FP of TYE665-T1s and FAM-labelled non-DNA systems at different

DH. oottt ettt ettt ettt ettt ettt ettt 97
Figure 5.5. Testing the model on a low-quenching surface: Y203. ......ccccovvvviviiieicieninciene 100
Figure 5.6. Testing the model on strongly quenching surfaces: GO and CeOx. .........ccccevvveenee. 102
Figure 5.7. Effects of light scattering and low-salt DNA adsorption on GO...........ccccccceveenenee. 103

XVi



List of Tables

Table 2.1 List of DNA sequences used in Chapter 2. ..o e 39

Table 3.1. List of the DNA sequences and modifications used in Chapter 3. FAM:
CANDOXYTIUOIESCRIN. ...ttt sttt e b e beeneesreenbe e e e eneenns 59

Table 4.1. List of DNA Sequences Used in Chapter 4...........ccooeieiiiininenisieeeee s 74

Table 5.1. Determining adsorbed DNA contributions to polarization from the experimentally

determined adsorption efficiency: 6 and fluorescence quenching efficiency: o..........ccccceevvenie 101

xvii



List of Abbreviations

ATP: Adenosine triphosphate

AuUNPs: Gold nanoparticles

BSA: Bovine serum albumin

CD: Circular Dichroism

cDNA: Complementary DNA

CNTs: Carbon nanotubes

CSA: Contact surface area

Cy3: Cyanine 3

DLVO: Derjaguin Landau Verwey Overbeek
DNA: Deoxyribonucleic acid

DNAzymes: DNA enzymes

FAM: Carboxyfluorescein

FITC: Fluorescein isocyanate

FP: Fluorescence polarization

FRET: Forster resonant energy transfer

GO: Graphene Oxide

GTP: Guanosine triphosphate

HBs: Hydrogen bonds

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IM: Telomeric i-motif DNA

Xviii



ITC: Isothermal calorimetry

Kd: Dissociation constant

L-J: Lennard Jones

MD: Molecular dynamics

MES: 2-(N-morpholino) ethanesulfonic acid
MONPs: Metal oxide nanoparticles

MRNA: Messenger RNA

NTPs: Nucleotide triphosphates

PEG: Polyethylene glycol

PME: Particle-mesh Ewald

RNA: Ribonucleic acid

sSDNA: single-stranded DNA

TEM: Transmission electron microscopy

Tm: DNA melting temperature

Tris: tris(hydroxymethyl) aminomethanesodium
USEPA: United States Environmental Protection Agency
UV: Ultraviolet

WHO: World Health Organization

XiX



Chapter 1 - Introduction

As industrialization powers on, its toxic by-products have leeched into rivers, oceans and
agricultural lands which supply our food and water. For example, 10 heavy metals have worldwide
concentrations higher than the World Health Organization (WHO) or United States Environmental
Protection Agency (USEPA) thresholds in the 2010s, compared to just 2 in the 1970s.% In many
cases, sensitive detection of these toxic ions requires expensive equipment (e.g., mass
spectrometry) which does not lend itself to portability and ease-of-access. Apart from
environmental concerns, new developments in disease research and pharmacology have found
biological targets (e.g., antibiotics, viral polynucleotides, proteins associated with cancer) which
are clinically relevant.>* Monitoring of these targets can also be difficult without sophisticated
equipment, which is not desirable in scenarios or geographic locations where action is needed

quickly.

To address these issues, sensors and biosensors have been developed which rely on
chemical and biochemical reactions that provide a simple signal (e.g., fluorescence, absorbance or
electric) describing the presence or absence of the target analyte.>® Of these, deoxyribonucleic
acid (DNA)-based sensors have showed extensive promise due to DNA’s relative stability

(compared to proteins), decreasing manufacturing cost and customizability in design.”®

Simultaneously, research in nanotechnology in the last few decades have yielded materials
(called “nanomaterials™) that exhibit unique electrical and optical properties.® ! Researchers have
developed DNA/nanomaterial hybrid sensors which have the benefits of both systems. Initial
research in the late 1990s to early 2000s focused on gold nanoparticles (with their unique optical
properties) and DNA in colourimetric sensors.'* Later, as they became more popular and less
costly, DNA was interfaced with carbon nanotubes (CNTs),*>1¢ graphene oxide (GO) and metal
oxide nanoparticles.'”!8 These nanomaterials have been integrated with DNA mostly in the
development of fluorescent sensors for a variety of targets. However, there is a need for further
fundamental insight into how these sensors work, from DNA/nanomaterial interactions to the

signal response itself.

In this thesis, | address some of these problems which ultimately can be used to improve

sensor design. To understand the nature of these problems, as well as my explanations provided in



Chapters 2-5, the following sections will be used to introduce the chemistry of DNA, fundamentals

of fluorescence, and properties of the specific nanomaterials used in this work.

1.1 DNA - Versatile and Robust

Deoxyribonucleic acid (DNA) is a polymer that stores the genetic information of every living
organism.®-?! In this context, it is normally referred to as a “genome” and is the main constituent
of the cell nucleus. The information in the genome is decoded in two steps: transcription and
translation. The end result is the formation of proteins, which have various biological functions
either within a cell (intracellular) or outside the cell (extracellular). Outside of the storage of
genetic information, DNA was not seen as a useful or functional polymer until around three
decades ago with the development with aptamers and DNAzymes. Before discussing these

concepts, however, we need to explore the composition and chemical properties of DNA.

1.1.1 Chemical properties of DNA

The monomeric unit of DNA is referred to as a nucleoside and is composed of a deoxyribose ring
with a base on the 1' carbon (Figure 1.1A). This monomeric unit is linked to another through a
phosphodiester bond between the 3’ carbon of the previous monomer and the 5’ carbon of the
following monomer. Ribonucleic acid (RNA) is very similar to DNA, except there is a ribose ring
instead of a deoxyribose ring. Generally, DNA has two termini: the 5’ carbon of the first
deoxyribose ring, and on the 3’ carbon of the last deoxyribose ring. There is only one ionizable
proton within each phosphodiester linkage and its pKa is very low (~ 1).22 Therefore, at neutral
pH, the phosphate backbone is negatively charged.

The base at the 1’ carbon can be either adenine, guanine, thymine (uracil in the case of
RNA) or cytosine (Figure 1.1B). Each base has their own pKa (or in the case of guanine, two pKass).
For adenine, cytosine and guanine, there is an acidic pKa where the N1, N3 and N7 (respectively)
are protonated, and the base has a positive charge.?® For thymine and guanine, there is also a basic
pKa where deprotonation occurs at the N3 and N1 position (respectively), and the base has a
negative charge. Despite all this nuance, at neutral pH, all bases are uncharged. When the charge
of the phosphate backbone is considered, all DNA strands are negatively charged at neutral pH.

Hydrogen bonding between two bases gives rise to an interaction known as a “base pair”.?

The canonical Watson-Crick interactions occur between adenine and thymine (the A —T base pair)



and guanine and cytosine (the G — C base pair). One can therefore imagine that, for a given single-
stranded DNA, there exists another strand that can perfectly base pair with it. This strand is called
the “complementary strand” and the process of base pairing is called “hybridization”. The result
of hybridization is the formation of the DNA duplex (Figure 1.1C). While hydrogen bonding is a
key factor in the formation of the DNA duplex, favourable stacking interactions between
neighbouring bases also confer stability to the structure.?*?° Furthermore, the stability of duplexes
increases with strand length (more hydrogen bonds, stacking interactions) and G-C content (3
hydrogen bonds vs. 2 in A-T base pairs).2®2" In nature, there are 3 major forms of the duplex: A-
DNA, B-DNA and Z-DNA. Of these, B-DNA is believed to be the predominant form of DNA in

cells.?



Deoxyribose
Ring

— Phosphodiester
Linkage

HsN

BASE

Phosphodiester
Linkage

Single Strand

Figure 1.1. Physicochemical properties of DNA.(A) The structural unit of DNA including the
phosphate backbone, deoxyribose ring and the base. (B) Chemical structures of the DNA/RNA
bases and their associated pKa values. (C) The process of DNA hybridization by Watson-Crick

Complementary
Strand

r

H
\NfH--—————N..o %\I
N‘)ﬁy/i [ \j{ 6‘
4:/' """""""" H—N 4 p)
N2

N <
\Rl?//&i]/

R Adenine
pK.= 3.5 (N1)

N2

5 3 ‘
‘ 6 2 6

NH,
A
A‘\X S

(o]

N-— ‘/H

7 5 IN
éc) 4 j\
.\" 37 N
R
Guanine
pKa=2.1 (N7)
pK,=9.2 (N1)

- 1

LY N N

1|a R R
Cytosine Thymine Uracil (RNA)
pK,=4.2 (N3) pKa=9.9 (N3) pKa=9.7 (N3)

(R=H or deoxyribose ring)

R
[

A-T Base Pairing

ﬁ/.,N L HoN
9 576 Z}
N 5
7/ 4/ LNE --emmemmnees Nz/ }
R 32
N== P W
NHy --oommomme oo & \

Stacking Interactions

base pairing and stacking interactions.

The DNA duplex has several interesting features that are consistent despite sequence

variations. For example, there are two unequally spaced regions between the two strands called
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the major and minor grooves.?®? The groove spacings are different depending on the DNA form
(A — DNA, B — DNA, etc.) and can provide binding sites for several chemical moieties, such as
drugs, dyes or proteins. Indeed, such a mechanism is used in clinical therapeutics, especially in
chemotherapy. The DNA duplex is typically modelled as a “rigid rod”” which may be accurate for
shorter strands (< ~150 base pairs but is dependent on base composition).3%-32 However, longer
strands have a “persistence length” — the number of bases (or distance) where the orientation is
correlated — which can be used as a measure of DNA stiffness. In general, a longer persistence
length means a more rigid duplex with less bends.

To end this section, we will outline two non-traditional secondary DNA structures that are
also found in nature. Both structures require specific conditions (pH or salt) and do not form any
Watson-Crick base pairs. Firstly, there is the G-quadruplex (Figure 1.2A) which (as the name
implies) is composed of a series of G—quartets: 4 guanine (G) bases forming hydrogen bonds with
each other.3* More specifically, one G binds two other G bases and the resulting structure is square-
like. The G-quadruplex is stabilized by either potassium, magnesium or other divalent metals
(though potassium is most commonly utilized). These structures are found in the telomeric regions
of genomic DNA and are their exact function is still a topic of research.3*3® Finally, another
structure formed in the telomeric regions are the cytosine (C) analogue of the G-quadruplex: the i-
motif. It is not a quadruplex; the hydrogen bonds are between two C bases instead of four with the
G-quadruplex (Figure 1.2B). More specifically, the base pair occurs between a protonated and
unprotonated C, which can occur at under slightly acidic conditions (pH < 5).3-% Stabilization at
higher pH can also be achieved with metal ions,***2 intercalating ligands,** molecular crowding,**
or non-canonical modifications of the DNA.*># In most cases, this enhanced stability is attributed
to an up-shift of the cytosine pKa value. This structure will be explored in more detail in Chapter
3, where we explore the effect of conjugated dyes on i-motif formation and their effect on
nanomaterial adsorption, as well as Chapter 4, where we investigate the high affinity of poly-C

DNA to nanomaterials.
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Figure 1.2. Structures of (A) the G-quadruplex and (B) the i-motif. Image (A) reproduced from
ref.4’. Creative Commons Attribution License. Image (B) reproduced from ref.*® with

permission. Copyright © 2017 Royal Society of Chemistry.

1.1.2 Functional DNA

In this thesis, we do not explore the genomic role of DNA but, instead, utilize it in a functional
way (i.e., sensing). In 1990, Szostak and Ellington wondered whether polynucleotides can bind to
a ligand with very high affinity (in a similar way to how protein antibodies can bind antigens).*®
In principle, such a method would rely on specific interactions between the nucleobases and the
target ligand (analogous to amino acid sequences in proteins). They designed a process by which
an RNA containing small region of randomized bases flanked by two primer regions (Nrandom = 20
— 30 bases, called a “RNA library”) is incubated with a target ligand (in their case, thrombin).
Binding RNA were isolated, purified and amplified (i.e., concentrated) using the polymerase chain
reaction. This process was repeated several times (called “rounds”), lowering the target
concentration to isolate only the most tightly bound RNA strand (or strands). The RNA was then
sequenced, and the resulting strand called an “aptamer” for thrombin — a term coined by Szostak
himself. Two years later, the same group isolated the first DNA aptamer using a similar process
except the targets were DNA-binding dyes.*® Since the development of the thrombin aptamer,
researchers have evolved several DNA and RNA aptamers for a variety of different target ligands
(and even different aptamers for the same target). A representative example is shown in Figure
1.3A — the adenosine aptamer.>! This aptamer has two loops, and it is generally accepted that each

strand binds two adenosine molecules. The dissociation constant (Kq — the ratio of the rate of



aptamer-target dissociation to association) for this aptamer was determined to be ~10 uM from
isothermal calorimetry (ITC) measurements in our group.>® We use the adenosine aptamer in
Chapter 2, where we look at the influence of non-specific displacement vs. aptamer binding DNA-

nanomaterial biosensors.

DNA can also catalyze chemical reactions, and this development shares some of its history
with DNA aptamers. In the early 1980s, the groups of Sidney Altman and Thomas Cech found that
natural RNA structures can catalyze biological reactions: ribozymes, a discovery that won them
the Nobel prize in 1989. The quintessential example is the hammerhead ribozyme, which was
discovered in 1986.%* This ribozyme catalyzes both the cleavage and ligation of RNA at a specific
site and typically uses a metal ion cofactor (e.g., Mg?*), which would be in equilibrium with its
hydroxide in solution. This metal hydroxide, in turn, could act as a general base or acid in the
cleavage and/or ligation.> During the 10 years after this discovery, there was extensive research
into whether any natural DNA enzymes (or “DNAzymes”) existed. Alas, this search was
unsuccessful (and remains so to this day) even though many more natural ribozymes were
discovered.®® This was surprising as, apart from the 2’ carbon (hydroxyl vs. no hydroxyl) and one
of the pyrimidine bases (thymine vs. uracil), DNA and RNA are chemically very similar to each
other. Researchers were not discouraged, however, and sought to investigate whether it would be
possible to synthesize a DNAzyme artificially. About 12 years after the discovery of the ribozyme,
the first artificial DNAzyme (a ribonuclease — an enzyme that cleaves a ribonucleotide site) was
developed using a modified version of the in-vitro selection process described above.>” Most
DNAzymes are ribonucleases though ligases,®®®° and even DNA-cleaving DNAzymes,®* have
also been developed. In the context of analytical chemistry, the most important feature is not the
reaction itself but the metal co-factor, which is the target analyte in the in-vitro selection. The
general idea is that unique DNAzymes (mostly ribonucleases) would require different metal co-
factors to function and can therefore be used to sense that metal ion. For example, our group
recently developed a Ag* -specific DNAzyme (Figure 1.3B).%? It is composed of an enzyme strand
which has a region known as a “catalytic loop”, where Ag" can bind and catalyze the cleavage of

a single ribonucleotide site on the partially hybridized strand (the substrate strand).

Even more recently, DNA has been used to create nanostructures and one of the most

sophisticated examples is known as “DNA origami”. The general concept of DNA origami is



shown in Figure 1.3C. A large circular viral DNA is hybridized with several smaller strands (called
“staple strands”) designed to form the desired shape. The initial report showcased several unique
and complex structures formed by this simple combination of DNA (stars, triangles and even
smileys).®® These days, computer programs can help one to design such structures, which reduces
potential human error.%4 DNA origami has been used in applications such as drug delivery,%®

biosensors,® and nanopore technologies.®’
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Figure 1.3. Different types of Functional DNA. (A) General structure of the adenosine aptamer
including the two binding sites. Image reproduced from ref.>2. Creative Commons Attribution
License. (B) The silver-dependent DNAzyme which binds two Ag+ ions within its catalytic loop.
Image reproduced from ref.®2 with permission. Copyright © 2017 American Chemical Society. (C)
Scheme of DNA origami formation using a circular viral DNA strand along with smaller staple
strands. Image reproduced from ref.%8 with permission. Copyright © 2010 Royal Society of
Chemistry.

1.1.3 Biosensors

Many aptamers and DNAzymes have been used to make biosensors. A biosensor is classically
defined as having two parts: i) a biorecognition element — a chemical molecule or entity that can
bind to the target analyte and ii) a signal transduction element — a probe molecule or device that
can translate the binding to measurable signal.®® More recently, this definition has grown to
encompass both the electronics (converting the signal to a current or another electronic parameter)
and display (where the electronic parameter is visualized on a plot or graph).”® Aptamer— and
DNAzyme— binding would fall into the category of “biorecognition element”. Intrinsically,
however, there is no property of DNA (currently) that could reliably correlate this binding event

with a signal. Therefore, DNA is typically covalently labelled with a reporter molecule, which is

8



dependent on the method of signal detection. In this thesis, we will be using fluorescent labels
almost exclusively in this regard. Therefore, in the next section, we explore the nature of

fluorescence — from theory to experimental implementation.

1.2 Fluorescence Spectroscopy and Anisotropy

Fluorescence is the process by which a molecule (called a “fluorophore”) emits radiation after
excitation from their ground state.”* This emission of radiation returns the fluorophore to its ground
state. A simplified view of this process can be represented by a Jablonski diagram (Figure 1.4A).
The timescale of the emission is longer (typically nanoseconds) than that of intramolecular
vibrations (picoseconds). Therefore, energy is constantly being dissipated in this way (called non-
radiative processes) as the molecule decays to its lowest energy excited state, before returning to
the ground state with radiative emission. Consequently, the emitted radiation is always (except in

very specific circumstances) of lower energy than the radiation used in excitation.

One can define several parameters that are characteristic of a fluorophore. Firstly, the
guantum vyield — a ratio of the intensity of emitted photons to excitation photons — can be
considered a measure of the efficiency of the intramolecular transitions and is unique to each
fluorophore. Secondly, each fluorophore has at least one characteristic excitation (Aexc) and
emission (Aem) Wavelength maxima. The difference between these two values is known as the
Stokes’ Shift. Finally, the fluorescence lifetime (t) describes how long a fluorophore takes to emit
a photon after excitation. This value varies depending on the fluorophore but, for typical labelled
reporter probes, is typically in the range of 1-20 ns. The most common fluorophore used in DNA
biosensing (as well as in this thesis) is carboxyfluorescein (also known as FAM — structure shown
in Figure 1.4B), which has an Aexc Of ~ 490 nm and a Aem Of ~ 515 nm with a high quantum yield
(> 0.80).7273 This fluorescence is notably pH dependent — with a significant reduction in quantum
yield in acidic environments due to protonation. Other fluorescent dyes, such as cyanines,’ are

also used to label DNA but are less common.

The fluorescence emitted by a biosensor can be detected using fluorescence spectroscopy.
The typical scheme is shown in Figure 1.4C." The process starts with the generation and selection
of excitation radiation. A Xe lamp is normally used for this purpose, as it emits radiation with near
constant intensity from the near-UV to infrared regions.” The desired wavelength is selected using

a monochromator — composed of a prism (to disperse white light into its constituent wavelengths)



and slits (to select the desired wavelength). After interaction with the sample, the emitted light
(collected at a 90° angle to the sample to prevent transmitted excitation light) passes through
another monochromator and amplified using a photomultiplier tube before detection. There are
two types of measurements: emission and excitation scans.”* An emission scan is the typical
experiment performed when the peak excitation wavelength is known. The excitation wavelength
is kept constant and the emission at different wavelengths is collected. However, if this peak
excitation wavelength is not known, an excitation scan can be performed. Here, the emission
wavelength is kept constant, and the excitation wavelengths are varied (as long as it is lower than
the emission wavelength). In our experiments, we only use emission scans as the reporter

molecules attached to our DNA probes have a known excitation wavelength.
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Figure 1.4. The process of fluorescence and its experimental implementation. (A) Simplified
Jablonski diagram showing the electronic transitions responsible for fluorescence. (B) Chemical
structure of the common DNA label, carboxyfluorescein. (C) Scheme of fluorescence spectroscopy

from sample excitation to computer readout.

Finally, we will discuss one more aspect of fluorescence: anisotropy (or polarization). As
mentioned earlier, fluorescence involves the absorption and emission of energy due to electronic
transitions. However, there is a bit more nuance to this process. Excitation will only occur if the
polarity of the incoming radiation is parallel (or has some parallel component) to the absorption
vector (or dipole) of the fluorophore.”” This process is known as photoselection and is illustrated

in Figure 1.5A. At first glance, such a stringent rule may appear to be detrimental to fluorescence.
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However, in typical fluorescence spectroscopy, the excitation radiation is unpolarized, which
makes the emission also unpolarized. If one were to polarize the excitation radiation to a specific
plane, then photoselection becomes much more important. Only fluorophores with absorption
vectors aligned with the polarized light will be excited. Since fluorescence occurs at a longer
timescale than molecular rotation,’® the emitted light is randomly polarized if the fluorophore is
free in solution (Figure 1.5B, top)). However, if the fluorophore is bound to a larger entity, these
rotations are hindered (now on the same timescale as fluorescence),”” and the emitted light is also
relatively polarized (Figure 1.5B, bottom). The instrumental setup is similar to fluorescence
spectroscopy, except polarizers are added before and after the sample chamber. The emitted light
that is parallel (Ij) and perpendicular (11) to the excitation plane is measured and the anisotropy (r)
is calculated according to the following formula:
L — 1

r=—7

There is a “2 11" in the denominator as it considers both the y and z axes which are both
perpendicular to the excitation light polarization (assuming it is in the x direction). A related
parameter is called polarization (P) and has a similar formula to anisotropy:

L -1

P =
L+ 1L

Both quantities have the same physical meaning, though the magnitudes are different.
Indeed, modern instruments typically produce both values upon measurement. In the context of
analytical chemistry, anisotropy is used to quantify the binding of a smaller ligand (typically
labelled with a fluorophore) to a larger moiety.”® Before binding, the free fluorophore rotates
constantly and will therefore have low anisotropy. Upon binding, this rotation is hindered (as
previously shown in Figure 1.5B) and anisotropy/polarization is increased. This is the focus of
Chapter 5, where we examine the quenching effect of nanomaterials on the fluorescence
polarization of FAM-labelled DNA.
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Figure 1.5. Fundamentals of fluorescence polarization. (A) The process of photoselection. A
fluorophore is only excited if its absorption dipole is parallel to the polarization of the excitation
radiation. (B) Emission polarization/anisotropy of free (top) and bound (bottom) fluorophore. If
the fluorophore rotates significantly in the timescale of fluorescence, then anisotropy will be low.

The opposite is true in the case of a slow rotation.

1.3 Aptamer and DNAzyme — based Biosensors

We have now looked at functional DNA and the concept of fluorescence, but how are these
implemented in biosensing? Firstly, it is important to distinguish between “signal on” and “signal
off” sensors. In the former, the fluorophore’s emission is quenched, and addition of the target will
increase fluorescence. Conversely, in a “signal off” sensor, fluorescence is initially high, and
addition of target will quench fluorescence. Quenching can be achieved by designing the sensor
so that fluorophore is close to another chemical moiety aptly known as a “quencher”. As the
fluorophore is excited by incident light, the absorbed energy is transferred non-radiatively to the
quencher and dissipated.®® Such a process can only occur if the fluorophore is sufficiently close to
the quencher (from a few angstroms up to ~10 nm). Alternatively, energy transfer can occur
between a fluorophore and another radiative fluorophore; instead of a non-radiative dissipation,

the fluorescence of the second fluorophore increases.®! This process is known as Forster resonant
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energy transfer (FRET). In this case, the fluorophore that is initially excited is known as the
“donor” and the fluorophore emitting the reabsorbed energy is called “acceptor”. Implementation
of quenchers and FRET acceptors represent the bulk of DNA fluorescence sensors, and we will

discuss a few representative examples in this section.

A typical DNA biosensor with a fluorophore — quencher pair is a molecular beacon (Figure
1.6A).828% The probe sequence consists of a hairpin DNA (base pairs near the terminal ends with
a large unpaired loop) with a fluorophore (F) and quencher (Q) at each end. In this state, the
fluorescence is quenched as the fluorophore is close to the quencher. If the target (mostly a DNA
sequence of interest) is added, the hairpin unfolds so that binding can occur. The fluorophore and
quencher would be further away from each other, and fluorescence will increase. This kind of
sensor has been particularly popular for messenger RNA (mRNA) detection, where it has seen
consistent use over the last couple of decades for in vitro and in vivo sensing.25%° Variations on
this sensor also utilize FRET for enhanced selectivity and sensitivity.® The target need not be
DNA/RNA,; some sensor designs can be used to detect metals, proteins or small molecules (Figure
1.6B). In this case, folding of the DNA upon target binding displaces the fluorophore-quencher
pair from their close interaction, increasing fluorescence. Such a design has been utilized for
protein (namely thrombin) and K* detection.®*% An interesting variation was introduced by Zhang
et. al, in which the molecular beacon contains a single ribonucleotide site within the loop of the
molecular beacon hairpin (Figure 1.6C).% This serves as a site for target dependent DNAzyme

cleavage, splitting the beacon in two and increasing fluorescence.

With DNAzymes, a molecular beacon is not necessary to design a robust biosensor. Older
implementations have utilized quencher-labeled enzyme strands which cleave fluorophore-labeled
substrate strands in the presence of the DNAzyme co-factor (Figure 1.6D). This type of sensor has
been used in several variations to detect a wide selection of metals and molecular targets.®®192 As
new DNAzymes are discovered, they are often incorporated into such sensors to prove that the

enzyme can function.
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Figure 1.6. Four different strategies for DNA fluorescence biosensor design (A) A traditional
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the target is a not DNA (e.g., protein, metal ion, small molecule). (C) A molecular beacon with
ribonucleotide cleavage site where a target-dependent DNAzyme can cleave, splitting the beacon

in half. (D) Traditional fluorescence DNAzyme sensor where a quencher labelled enzyme strand
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is hybridized with a fluorophore labelled substrate strand. Upon addition of the target, cleavage of

the ribonucleotide site occurs, releasing the fluorophore labelled strand.

Finally, fluorescence polarization/anisotropy has also been used in DNA-based
biosensors.”193104 As discussed earlier, if a fluorophore is bound to a much larger moiety, its
polarization/anisotropy is increased significantly compared to the free fluorophore. Such an
increase could be obtained by aptamer-target binding (a similar scheme to Figure 1.5B, bottom).
However, the target needs to be sufficiently large or else the aptamer would not rotate much slower
in the bound state. Therefore, this method has been restricted to directly targeting proteins or using
large particles/macromolecules as a means to measure small molecule binding.%-2%" This being
said, small changes in anisotropy have been observed with direct binding of small molecules to

aptamers, which could be analytically useful. 08109

1.4 The DNA/Nanomaterial Interface

Apart from sensors exploiting specific DNA folding interactions upon target binding, the diverse
properties of nanomaterials have also lent themselves to biosensor development. This is possible
since DNA often interacts with these nanomaterials, resulting in physical adsorption (or
physisorption). Physisorption refers to the partitioning of a solute, liquid, or gas at the interface
between two phases due to non-covalent interactions.*'® These non-covalent interactions include
electrostatic (including hydrogen bonding) forces, van der Waals forces and n-n stacking. In most
cases, the net interaction is a combination of these forces. This thesis is mainly focused on DNA
adsorption on GO and, to a lesser extent, metal oxide nanoparticles. These two nanomaterials are
chosen for several reasons: 1) They adsorb DNA through different mechanisms (which we will
discuss in a later section), 2) Metal oxide nanoparticle interactions with DNA are not as studied as
other surfaces (such as gold nanoparticles) with aptamer-based biosensors,*11? 3) They both
quench fluorescence once dye-labelled DNA is adsorbed (which may not be the case for softer
organic/polymeric nanomaterials), and 4) GO is an established carbon-based nanomaterial that has
demonstrated wide use in fluorescence-based biosensors (and can be used as a standard to
compare).!3114 First, we will discuss the physicochemical properties of each material. Then, we
will explore the theory of the fundamental non-covalent interactions before looking at the

physisorption of DNA on GO and metal oxide nanoparticles.
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1.4.1 Chemical Properties of Graphene Oxide

GO is derivative of graphene — a single layer of carbon with a lattice of honeycomb structural
units.!*>18 The carbons in a single layer of graphene are predominantly sp? hybridized. Graphene,
without modification, is very hydrophobic and will not disperse in aqueous solutions. This limits
its application in fields where water is used as a solvent. Graphene is therefore chemically modified
to facilitate this solubility. GO is one such modification where (as the name implies) graphene is
oxidized, resulting in the formation of carboxylic acid (R-COOH), hydroxyl (R-OH) and epoxy
(R-O-R) groups on its surface, as shown in Figure 1.7A.17118 The carboxylic acid groups are more
prominent at the edges, while epoxy and hydroxyl groups occur more abundantly in the basal
plane. At an industrial scale, GO is produced by treating graphite with potassium permanganate
(KMnOy) acidified with sulphuric acid (H2SO4) followed by exfoliation — a process known as
Hummer’s Method.!!® Modifications of this method are mainly focused on the type of acid used,
which may also affect surface functionality. For example, Hummer’s method uses sulphuric acid,
which would result in scattered organosulpho species on the surface. If nitric acid is used instead,
there may be the presence of amine (R-NH2) or amide (R-CONH_) groups. In any case, oxidation
occurs non-selectively which results in a very heterogenous surface; some areas will be more
oxidized (and therefore hydrophilic) than others. In this thesis, we use GO produced by Hummer’s
method, which will be negatively charged at neutral pH due to deprotonation of carboxylic acid

groups (pKa ~ 5).12°

Ce*

Figure 1.7. Structural properties of GO and metal oxides. (A) General structure of GO. Carboxyl

groups are located on the edges, with hydroxyl, epoxide and hydrophobic domains located on the
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interior. Image reproduced from ref.*?* with permission. Copyright © 2012 American Chemical
Society. (B) Face-centered cubic unit cell of CeO,, encompassing 4 Ce** ions and 8 O% ions. Image

reproduced from ref.122 with permission. Copyright © 2018 Elsevier B.V..

1.4.2 Chemical Properties of Metal Oxides

In Chapters 2 and 5, we compare GO to different metal oxide nanoparticles. These include (but
are not limited to) CeO», Fe304, TiO2, Y203, NiO and ZnO. Each of these materials have their own
physicochemical properties that lend themselves to different applications. For example, CeO-
adopts a face-centered cubic unit cell structure with 4 cerium atoms and 8 oxygen atoms (Figure
1.7B).12 Furthermore, CeO, nanoparticles can be made quite small, with individual particles
comprising only a few (~8) unit cells. The surface of CeO; has a mixture of Ce** and Ce**, oxygen-
containing groups (hydroxyl, water, etc.) and vacancies that change the electronic properties of the
nanoparticle.'?41?5 They allow the surface Ce to easily cycle between Ce** and Ce**, which gives
rise to weak oxidase activity. This can be enhanced by the addition of peroxide (i.e., as a
peroxidase) or fluoride.'?® FesO4 has a similar catalytic activity, but uniquely exhibits size-
dependent magnetic properties.'?128 We will only explore DNA adsorption on these metal oxide

nanoparticles without exploring their specific properties.

Most metal oxide nanoparticles are produced using precipitation, where a base (such as
ammonium hydroxide) is added dropwise to a solution of the metal ions in the presence of a
stabilizer.*?® If completely amorphous particle growth is observed, then the particle will be
spherical to minimize surface energy. Often, however, crystallization takes place and there are
preferred planes of particle growth, resulting in nanoparticles of irregular shape with areas of
amorphous and crystalline regions.3® Some research groups have exploited this anisotropy to
produce nanoscale rods or stars (which normally involves treatment at elevated
temperatures).'®%132 In this thesis, we will primarily be using particles of irregular shape as they
are produced cheaply at a large scale. As an aside, at neutral pH, the surface of most metal oxides
is dominated by their hydroxide. This results in them having a weak negative charge at neutral pH
which changes to positive in slightly acidic (~pH 4-5) conditions.!®® The surface metal ions have
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a high affinity to oxygen-based ligands, and thus many metal oxides adsorb DNA via the phosphate
backbone of DNA.

1.4.3 Fundamentals of intermolecular forces

Before exploring the modes of physisorption of DNA on these nanomaterials, we need to introduce
the characteristics of the responsible non-covalent interactions. Therefore, in this section, the
fundamentals of electrostatic, van der Waals, hydrogen bonding and n-7 stacking interactions are

outlined. Some of these can be attractive or repulsive, while others are strictly attractive.

Electrostatic (or double layer) interactions describe the attraction (or repulsion) of charged
species in solution.!3* If the two species are similarly charged, then they will repel each other.
Conversely, two oppositely charged species will attract each other. Since DNA is negatively
charged (from the phosphate backbone), it will adsorb to positively charged surfaces. While one
may be tempted to say the opposite for negatively charged surfaces, there is an important caveat
to account for: ionic strength. Consider two negatively charged surfaces in an aqueous solution
(Figure 1.8A). Both surfaces will attract counterions which strongly adsorb to its surface (called
the Stern layer). Beyond the Stern layer, the counterion concentration decreases until the bulk
concentration is reached (called the diffuse layer). In a low ionic strength environment, the diffuse
layer is thick and the repulsive electrostatic force between the two surfaces is strong.**®> However,
at high ionic strength, more counterions diffuse to the surface and the diffuse layer thickness
decreases. This effectively reduces the magnitude of the repulsive force between the two surfaces
(called electrostatic screening).’*® As a result, the two negatively charged surfaces may still
approach each other. It should be noted that repulsion can only be screened to a certain extent, but
not enough to cause attraction; the interaction will still be repulsive. Why then, would the two
surfaces still approach each other? The answer lies in the (almost) universal attractive force — the

van der Waals interaction.

The van der Waals interaction describes three forces between two atoms or molecules: 1)
permanent dipole — permanent dipole (Keesom interactions), 2) permanent dipole — induced dipole
(Debye interactions) and 3) induced dipole — induced dipole (London dispersion forces).™*’
Molecules such as carbon monoxide have a permanent dipole due to the difference in
electronegativity between the atoms. Therefore, upon close approach, the two dipoles may

experience repulsion or attraction depending on their orientation — the Keesom interaction (Figure
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1.8B, top). A molecule with a permanent dipole may also approach a non-polar molecule and
induce a dipole by distorting its electron cloud — the Debye interaction (Figure 1.8B, middle). The
Debye interaction is always attractive. Finally, while two non-polar molecules do not have any
permanent dipole, their negatively charged electron cloud in an atom constantly fluctuates in size
around the positively charged atomic nucleus. Consequently, there can be the generation of
temporary dipoles where the nucleus is spatially displaced from the electron cloud. If two of these
transient dipoles approach each other, there will be a small, attractive interaction between them —
the London dispersion force (Figure 1.8B, bottom).**® All three interactions are very short-range
(<5 nm), and its magnitude increases significantly with decreasing distance between the two
dipoles. Mathematically, the three types of van der Waals interactions are considered together and

is material-dependent (described by its Hamaker constant).*®

The attractive van der Waals forces combine with repulsive electrostatic forces and are
described by Derjaguin Landau Verwey Overbeek (DLVO) theory.!®® The sum of these
interactions between two surfaces is shown in Figure 1.8C. If the surface charge is high, then the
electrostatic repulsion will be higher than the attractive van der Waals interaction, resulting in a
force barrier preventing the two surfaces from touching. However, if the surface charge is low,
then the van der Waals attraction will overcome this electrostatic repulsion and the surfaces can
approach each other (at the primary minimum). Beyond this primary minimum, electron clouds
overlap which causes significant repulsion that cannot be overcome. Higher ionic strength has the
same effect on the net interaction as decreasing surface charge. The sum of these two forces also
gives rise to a secondary minimum that is some distance away from electron cloud overlap. If the
repulsion cannot be overcome, the particles will stay in this state (called aggregation or
flocculation, depending on the context).}*! Agitation of the solution will disperse the particles
temporarily, but with time will return to this aggregated state. While DLVO theory is not
perfect, 42143 it continues to be the standard model of describing interactions at the colloidal

domain.
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Figure 1.8. Overview of the main intermolecular forces observed in DNA/nanomaterial
interactions. Increased ionic strength results in a decreased electrostatic force. If the two
nanomaterials are of the same charge, then this force will be repulsive. (B) The three types of van
der Waals interactions: Keesom, Debye and London dispersion forces. (C) The sum of the
attractive van der Waals force and repulsive electrostatic force as a function of distance, described
by DLVO theory. Image reproduced from ref.1*® with permission. Copyright © 2001 Cambridge
University Press. (D) The two most stable conformations of the © — & interaction: T — shaped and
parallel-displaced (offset). Image reproduced from ref.1** with permission. Copyright © 2015
Springer Nature Switzerland AG.
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We will also discuss two other interactions usually observed with nanomaterial/DNA
systems: hydrogen bonding and  — & stacking. Many consider hydrogen bonding a special case of
electrostatic interaction where hydrogen bridges the interaction between two atoms of high
electronegativity.!*® One of the atoms (called the “donor”) has a covalent bond with hydrogen.
Since the electronegative atom pulls electron density from hydrogen, this bond is polarized.'4
Examples of hydrogen bond donors are hydroxyl (R-OH) and amine (R-NH2) groups. The other
atom (called the “acceptor”) is simply an electronegative atom with a free lone pair. The partial
negative charge on the acceptor is attracted to the partial positive charge on the hydrogen atom,
resulting in the formation of a bond. Examples of acceptors can be oxygen (O), nitrogen (N) or
fluorine (F) atoms. Such attractive forces are important in DNA hybridization. It is therefore
understandable that they also play a part at the DNA/nanomaterial interface. Finally, = — = stacking
is an attractive interaction between aromatic rings.*#”148 Experimentally, it has been observed that
the most favourable conformations (lowest interaction energy) are either the T-shaped or parallel-
displaced (offset) arrangements (Figure 1.8D).}*° It has been suggested that the delocalized
electrons in the aromatic rings act like a negative charge. The carbon atoms on the edge of the ring
are electron donating groups and are therefore a positive charge. Therefore, these two orientations
would maximize the attraction between the two rings. Like hydrogen bonds, these interactions are

also critical to DNA hybridization and are therefore useful for adsorption on nanomaterials.

1.4.4 Mechanism of DNA adsorption on GO

As mentioned earlier, DNA can adsorb on nanomaterials through a variety of non-covalent
interactions. GO and CeO- represent two classes of materials that adsorb DNA through different
mechanisms. For GO, there are two main modes of attraction: hydrogen bonding and m-n
stacking.!*1* This hydrogen bonding occurs between the hydroxyl/carboxyl/ether groups on GO
and the bases/phosphate on DNA. This type of interaction is localized to hydrophilic regions on
GO. At low pH, this binding is enhanced due to protonation of carboxyl groups on GO, as well as
protonation of some DNA bases (notably C, but also G and A to a lesser extent).?! Since the DNA
bases are conjugated systems, they can also favourably stack with aromatic regions on GO.*? For
this reason, purine-rich strands tend to adsorb more strongly to GO than pyrimidine-rich strands
(with the exception of poly-C, which will be discussed below).*%31%* Simulations utilizing random
DNA strands have showed that DNA spreads out on the GO surface to maximize attractive
interactions in hydrophilic regions, but is more compacted in hydrophobic regions (Figure
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1.9A).1% More recent insight has shown that DNA localization on the GO surface is also
temperature-dependent; heating drives the GO towards more hydrophobic regions, freezing drives
it to hydrophilic regions.’® For heating, the driving force is entropy due to increasing
hydrophobicity of the DNA strand with temperature. In the cooling case, there is elongation of the
DNA strands resulting in more hydrogen bond contact points in the oxidized regions. It should be
mentioned that, due to both DNA and GO being negatively charged at neutral pH, a moderate ionic
strength (> 0.1 M) is needed for both the hydrogen bonding and © — & stacking interactions to
overcome the repulsive electrostatic forces. Furthermore, since the bases are very important for
DNA adsorption on GO, single-stranded DNA has a much higher affinity than double-stranded
DNA.®?
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Figure 1.9. Mechanism of DNA adsorption on GO and metal oxide nanoparticles. (A) Simulations
of single-stranded DNA adsorption on GO as a function of time on hydrophilic (left) and
hydrophobic (right) regions. Image reproduced from ref.1> with permission. Copyright © 2017
John Wiley and Sons Inc.. (B) Adsorption of single or double stranded DNA on nanoceria,
emphasizing the attractive electrostatic interactions between the phosphate backbone and the
nanoparticle surface. Image reproduced from ref.*>8 with permission. Copyright © 2013 American

Chemical Society.
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1.4.5 Mechanism of DNA adsorption on Metal Oxides

Unlike GO, DNA adsorbs to metal oxide nanoparticles predominantly through attractive
electrostatic and Lewis acid/base interactions between surface metal ions and the negatively
charged phosphate backbone of DNA (shown with CeO; in Figure 1.9B).1*2 While these metal
oxides have an overall weak negative surface charge (as mentioned above) at neutral pH, this can
be overcome with a relatively low ionic strength (simply 10-50 mM buffer without additional salt)
environment which gives DNA access to the nanoparticle surface. An excess of free
orthophosphate or other negatively charged species can easily displace DNA from these surfaces.
159 0On the other hand, an excess of individual nucleobases (adenine, guanine, etc.) cannot displace
DNA, indicating the lack of involvement of the DNA bases on adsorption. For this reason, there
is a much smaller variation in the strength of adsorption by base type (unlike GO), as well as
hybridization state (single-stranded vs double-stranded).

1.5 Fluorescence-based Biosensor development using GO/DNA conjugates

Biosensors utilizing both GO and DNA have been implemented using several methods. Some
exploit its unique electronic properties in current- or impedance-based designs. However, GO can
also quench the fluorescence of organic fluorophores once they are in proximity to each other (in
a similar way to organic quenchers described in section 1.3). Therefore, fluorescence-based sensor
designs have been quite popular in the last decade.®® The basic implementation is shown in Figure
1.10A, where a fluorophore labeled probe DNA is adsorbed on the surface of the GO resulting in
quenched fluorescence. Addition of target/heat/competing ligands causes desorption of the probe
DNA, formation of the probe DNA/target complex and recovery of the fluorescence.*®! Early
research using this method was confined to cDNA detection. However, this was later expanded for
non-DNA targets. For example, in 2014 our group utilized a FAM-labelled adenosine aptamer/GO
system for the detection of adenosine.**? The sensor displayed a region of linear response, with a
limit of detection of 0.028 mM. This recovery was selective for adenosine and adenosine
phosphates; other nucleobases or nucleotide phosphates could not induce this desorption. Similar
biosensors have been designed using different aptamers for the detection of different types of
cells,*62183 human chorionic gonadotropin,'®* adenosine triphosphate (ATP),*65-167 alfatoxin

B1,'°8 the prostate specific antigen,'®® and bisphenol A.}"
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A more complicated version of this technique utilized several labelled DNA sequences
with different affinities to various proteins (Figure 1.10B). Since each DNA was labelled with a
unique fluorophore, the addition of a target protein elicited a unique combination of fluorescence
signals. Through statistical analysis (Figure 1.10C), many proteins were tested and selectively
distinguished from one another. Sensing capabilities were retained even in environments of high

interference (i.e., human serum), showing the robustness of the method.

A Fluorescent probe DNA @ cONA~—
Fluorescence

quenched

ot Sk
@rrotein QPP

heat, OH-, urea, "
eorganic solvent

GO or rGO . Fluorescence
Desorption recovered
B @ C = ] . , .
j‘f;i %\% J y » 20 Myo -
L4 on ¥ o
,-P :/iw: Protein1 5 Lt.,ﬂ § 15 - 7
,,go §®' 2 S 10} 4
% B
&1 & o g P Gal 7]
Fluorophore-modified Quenching P " ’ o8 % 8 0 ﬁ Lys pay Gat
ssDNAs e v{} @ > - ; X N
L BSA A
Protein 2 QL’ % 5 - ;%9 Chy &g;, Cyt —
-10 1 1 ok 1 1
Differential multi-fluorescences -20 -10 0 10 20 30

in a single well of a microplate

Score (1), 75.6%

Figure 1.10. Biosensor designs for GO/DNA systems. (A) General scheme for the target detection
using fluorescent probe DNA and GO. Upon mixture, the probe DNA adsorbs on GO, quenching
fluorescence. Addition of the target or changing the solution conditions causes desorption of DNA
and recovery of the fluorescence. Image reproduced from ref.!!3 with permission. Copyright ©
2016 Elsevier B.V.. (B) Scheme of detection of various proteins using various labelled DNA
probes. Upon adsorption, the probe DNA are quenched. After the addition of a protein, strands
with varying affinities to the protein will desorb to different degrees, yielding a unique
combination of signals. (C) Linear canonical discriminant plot showing statistical groupings of
different proteins using the method in (B). Image reproduced from ref.}’, Creative Common CC
BY License.

25



1.5.1 Addressing Non-Specific Displacement of DNA from GO

Apart from the protein example shown above, the detection scheme outlined in Figure 1.10A can
only work well in clean, controlled buffer conditions. The picture becomes more complicated for
specific targets (e.g., adenosine or metals) in complex media (such as human serum or lake water).
While DNA indeed has a high affinity for GO, proteins and other macromolecules also have similar
affinities and can displace DNA from its surface.'* This significantly decreases biosensor
specificity. To address this, two strategies (to date) have been implemented. First, a labelled non-
binding strand (an internal standard) can be adsorbed simultaneously with the labelled binding
probe strand (Figure 1.11A). Then, after addition of target, the fluorescence of desorbed probe and
standard strands can be measured separately. The difference between these two intensities in the
absence or presence of target is less sensitive to competing targets, improving specificity. This
method has been used to detect ATP in cells with and without production enhancement by the
addition of Ca?* or etoposide.’’? The second method is to co-adsorb a non-labeled, non-binding
blocking strand along with the labeled binding strand (Figure 1.11B).1"® The amount of the
blocking strand is added in large excess compared to the binding strand. Therefore, non-specific
displacement would more likely affect the blocking strand rather than the binding strand. Addition
of target will more selectively interact with labelled probe DNA. This blocking strand need not be

DNA,; effective blocking has been achieved using various polymers and proteins.’
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Figure 1.11. Strategies to overcome non-specific displacement of DNA. (A) Co-adsorption of a
labelled internal standard that probes non-specific adsorption, as well as a labelled test strand that
probes target binding. The difference between the two intensities can provide enhanced specificity
to the target. (B) Co-adsorption of an excess of non-labelled blocking strands with the labelled
probe strand. The blocking strand would be more likely to be displaced by non-specific

interactions, leaving the probe strand more susceptible to target interactions.

1.5.2 Improving Sensor Kinetics by Inhibited DNA Adsorption

The kinetics of adsorption is typically fast (a few minutes) for DNA on GO under optimal reaction
conditions.*'* However, the desorption step is much longer (~30 minutes). Due to this, sensors
have been designed that utilize adsorption instead of desorption as the key step. Such a sensor
would pre-mix the target and the probe DNA, followed by the addition of GO. If the target was
present, adsorption would be inhibited, and the fluorescence would remain high. In the absence of
target, the single stranded probe DNA would easily adsorb on GO, quenching fluorescence. Early
work by He et al. utilized this adsorption-based sensor to great effect,'”® affording a limit of
detection for cDNA of 0.1 nM, which was even lower than conventional probe/GO pre-mixing.
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An interesting development of this method was shown to simultaneously detect 3 metals: Cu?*,
Mg?* and Pb?* (Figure 1.12A). The DNA probe consisted of an amalgamation of three DNAzymes,
each selective to one of the three metals. Upon metal binding, a cleavage reaction occurs, releasing
a unique fluorophore labelled single strand that can adsorb on GO, quenching its fluorescence. If
the metal was not present, The DNAzyme superstructure would remain intact, and fluorescence

would stay high. A detection limit of 1 nM, 200 nM and 0.3 nM for Cu?*, Mg?* and Pb?*,

respectively, was obtained with very good selectivity (Figure 1.12B).
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Figure 1.12. DNA biosensor designs based on inhibited adsorption on GO. (A) Scheme of a triple
DNAzyme junction for the simultaneous detection of three metals. In the presence of one (or all)
of the targets, the DNAzyme cleaves a fluorophore labelled substrate from the superstructure,
allowing it to adsorb on GO, quenching fluorescence. In the absence of the targets, the hybridized
structure limits its adsorption on GO and fluorescence remains high. (B) Selectivity of the sensor
to different metals at the different emission wavelengths (for each fluorophore). Image reproduced
from ref.1’® with permission. Copyright © 2017 Elsevier B.V.. (C) Scheme of a K* sensor utilizing
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the staining properties of acridine orange in a fluorescence anisotropy assay. In the presence of K*,
a G-quadruplex forms, and acridine orange intercalates, preventing adsorption on GO. The
anisotropy remains low. However, in the absence of K*, both the DNA and acridine orange adsorbs
on GO, increasing fluorescence anisotropy. (D) Linear range of K* detection using this anisotropy
sensor. Image reproduced from ref.!’” with permission. Copyright © 2015 Royal Society of

Chemistry.

Anisotropy-based sensors have also been developed using this type of method. Such
sensors typically utilize DNA-binding dyes (such as SYBR Green or acridine orange). An example
of this is shown in a K* sensor in Figure 1.12C using acridine orange.’” If K* was present, DNA
folded to form a G-quadruplex and acridine orange (AQ) preferentially partitions within the
structure. Since the DNA is folded, adsorption on GO is hindered and anisotropy is low. In the
absence of K*, both DNA and the dye adsorb on GO and the anisotropy is high. A detection limit
of 1 uM was obtained for K* (Figure 1.12D). Other implementations of a similar method have been

used to detect C-reactive protein, Hg?*, and tropomyosin, 17818

1.5.3 Diblock Sensor Designs and the “Problem” of Poly-C Adsorption

Sometimes, researchers wish to minimize the interaction of the probe DNA with GO. Therefore,
biosensors have been developed with diblock DNA. In such cases, one block is anchored to the
GO surface, while the other block (typically an aptamer or cDNA) participates in target binding.
Early examples of such sensors utilized transmittance®! and electrochemiluminescence!® rather
than fluorescence for DNA detection. However, implementations of fluorescence sensors using
diblock DNA have found a niche with anisotropy-based measurements. Anisotropy can be
rendered as an unreliable indicator of probe DNA adsorption in quenching environments (a
concept explored in Chapter 5 of this thesis). Therefore, if the fluorophore is kept a sufficient
distance from GO, fluorescence would not be quenched significantly. This was explored by Xiao
et al. for the detection of ricin B-chain (Figure 1.13A).18 To begin with, a magnetic bead was
conjugated with the ricin B-chain aptamer, which is partially hybridized with a small blocking
strand. Upon addition of ricin B-chain, it displaced the blocking strand. Simultaneously, a diblock
DNA with a poly-A anchoring block was partially hybridized with a dye-labelled probe strand

(complementary to the blocking strand) and adsorbed on GO. The now-liberated blocking strand
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fully hybridizes with the dye-labelled probe strand, which is released from the GO surface. Upon
digestion with exonuclease 11, the result is a free fluorophore with low anisotropy. On the other
hand, if target was not present, then the probe DNA remains partially hybridized to the diblock
DNA, and anisotropy was high. A detection limit of 400 ng/mL was obtained for ricin B-chain

184

(Figure 1.13B). This same group used a simpler method to detect adenosine,*** while developing

a more complicated method to detect microRNA.*8°
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Figure 1.13. A diblock anchoring design for DNA detection. (A) General scheme of ricin B-chain
detection using anchored DNA. The ricin B-chain aptamer is conjugated to magnetic beads and
partially hybridized with a blocking strand. In a separate solution, the labeled probe DNA is
partially hybridized with the anchored capture DNA (high anisotropy). In the presence of ricin B-
chain, the blocking strand is displaced from the aptamer. This blocking strand fully hybridizes
with the probe DNA, removing it from the GO surface. Exonuclease 111 degrades the probe strand,
yielding a fluorophore of low anisotropy. The blocking strand can then react with another anchored
probe DNA. (B) Linear response of this anchored DNA system to ricin B-chain concentration.

Image reproduced from ref.8 with permission. Copyright © 2016 Elsevier B.V..

The anchoring DNA used in the above reports were purine (poly-A or poly-G)-rich,
supported by theoretical studies that such nucleotides adsorb more strongly on GO. However, in
2017, our group performed a comprehensive screen of DNA adsorption on 2D nanomaterials
(included GO) and inorganic metal oxides using fluorescence spectroscopy.*®® For almost all

nanomaterials, poly-C (in this case, Cis) displayed the highest affinity for adsorption. If Ass, Tis
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or Gis was adsorbed (using GO as an example), Cis displaced the most DNA from the surface
(Figure 1.14A, B and D, respectively). If Cis was adsorbed, then only excess Cis could
significantly displace it from GO (Figure 1.14C). This was more generally observed with most
other nanomaterials (Figure 1.14E). Such an observation is difficult to explain, as cytosine is not
significantly different from thymine in chemical structure, yet the former adsorbs much more
strongly than the latter on GO (if incorporated into DNA). Some preliminary experiments with
carbon-based materials (GO and carbon nanotubes) suggested the unique ability of poly-C to form

the i-motif played some part in this observation.

A later study from our group explored the properties of poly-C anchoring groups on GO.#’
It was seen that the length of this anchoring block did not reduce the density of adsorbed blocks
on GO. Poly-C anchoring blocks also showed significant resistance to various species that disrupt
adsorption (such as urea, bovine serum albumin, polyethylene glycol, etc.) compared to poly-A

blocks. However, an explanation for this was not provided here either.
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Figure 1.14. The high affinity of poly-C DNA to various nanomaterials. Addition of 15-mer DNA
to (A) FAM-Ass, (B) FAM-T1s, (C) FAM-C1s, and (D) FAM-Gy5s adsorbed on GO. In all cases,
Cys induced the most desorption. (E) Response of adsorbed FAM-T 15 on different nanoparticles to
the four DNA homopolymers. For all nanoparticles, C1s was able to induce the most desorption.

Image reproduced from ref.28 with permission. Copyright © 2017 John Wiley and Sons Inc..

1.6 Fluorescence Biosensors Based on Metal Oxide/DNA conjugates

Similar biosensor designs to GO/DNA have also been utilized for metal oxide nanoparticles (since
they are mostly quenching surfaces — with some exceptions), but reports are more limited. Our
group showed that adsorbing labeled DNA on multiple metal oxide nanoparticles can be used to
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detect target complementary DNA with good selectivity and sensitivity.'® Certain metal oxides,
such as NiO, adsorbed DNA more strongly (due to their positive charge at neutral pH) and
performed slightly better than others. The limit of detection for cDNA was in the range of 0.3 nM,
similar to that of GO. Sensor performance was not significantly compromised in complex
environments, with cDNA being detected sensitively even in human serum (detection limit of 0.25
nM for NiO).

Metal oxide nanoparticles have been utilized for non-DNA targets as well. Our group used
FAM-labelled DNA homo-oligomers on CeO2, CePO4 and FezO4 to probe desorption by arsenate
(Figure 1.15A). Sensitive detection was obtained with CeO, (Figure 1.15B), with a calculated limit
of detection of 29 nM. Despite this, it was not particularly selective; both phosphate and arsenite
also showed fluorescence recovery upon addition to these conjugates (Figure 1.15C). The reason
for this non-selectivity lies with the adsorption mechanism; any ligand that can effectively compete
with DNA for adsorption can displace it if its concentration is high enough.'® For this reason,
metal oxide nanoparticles are not as useful as GO in aptamer-based biosensor development.
Instead, DNA can probe inorganic ligand affinity with these metal oxides, which has been utilized
significantly by our group in recent years,1”15%188189 Gtj|| they serve as a good comparison to GO

due to this difference in this adsorption mechanism (as we will see in Chapter 2).
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Figure 1.15. A biosensor utilizing metal oxide nanoparticles. (A) General scheme of arsenate
detection using inorganic nanoparticles. FAM-labelled single-stranded DNA was adsorbed on the
nanoparticle, quenching fluorescence. The addition of arsenate displaces DNA, increasing
fluorescence. (B) Response of sensor to increasing arsenate concentration. (C) Selectivity of sensor
response. Only arsenate and phosphate cause any fluorescence recovery. Image reproduced from
ref.1% with permission. Copyright © 2017 Elsevier B.V..

1.7 Thesis Goals and Outline

In this Chapter, we have examined the fundamental concepts, sensor design and current state of
the art of DNA/nanomaterial fluorescent biosensors. While this field has experienced tremendous
growth in recent years, there is still a need to understand underlying mechanisms and behaviours
that make these sensors possible. Therefore, we aimed to solve some of these problems during
work | undertook over the past 4 years. The body of this thesis is divided into 4 Chapters, each
contributing new insight into nanomaterial/ DNA fluorescent biosensors. It should be noted that
Chapters 3 and 4 relate to each other insomuch as it focuses on poly-C DNA interactions with GO,
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whereas Chapters 2 and 5 are works concentrating on desorption mechanisms and artifacts of

polarization, respectively.

In Chapter 2, we start with comparing the desorption of the adenosine aptamer from CeO
and GO in response to differ. We find that, for GO, target/aptamer interactions dominate. Only
adenosine, adenosine phosphates and complementary DNA can induce desorption. Non-targets
have little to no effect on the adsorbed aptamer. On the other hand, for CeO>, desorption does not
occur in response to adenosine. Instead, desorption only occurs with target molecules that can
more readily displace DNA (except for cDNA). This was seen not only for CeO3, but for other
metal oxide nanoparticles like FesO4, ZnO, NiO and TiO, which adsorb DNA in a similar way.

In Chapter 3, we begin our exploration of poly-C adsorption on GO by studying the
properties of FAM-labelled Cis itself. We find that FAM-C1s as-purchased can fold into an i-motif
at neutral pH. Once heated, we see a sharp increase in fluorescence around the melting temperature,
indicating the unfolding of the i-motif. The structure does not reform upon cooling and the melting
is therefore irreversible. In addition, the unfolded FAM-C1s adsorbs even stronger on GO than
folded FAM-Cs. Finally, if folded FAM-Cys is adsorbed on GO, some of it unfolds either upon
adsorption to or desorption from GO. While this provided insight into dye-poly-C interactions, it
did not show why poly-C adsorbs stronger on GO compared to other DNA homo-oligomers.

In Chapter 4, we continue our investigations on poly-C/GO interactions by adsorbing
model pH-insensitive Alexa-labelled DNA (a random 12-mer or T15) on GO and adding varying
C-containing DNA to desorb it. While poly-C adsorbs strongest of the 4 bases at neutral pH, it is
among the weakest at pH 4 (where the i-motif is stabilized naturally). This agrees with findings in
Chapter 3 that the i-motif actually adsorbs weaker than unfolded C1s. Using molecular dynamics
simulations, we determine that the reason for strong poly-C/GO adsorption is the lack of
intrastrand interactions within poly-C (maximizing interactions with GO), rather than any

secondary structure (which would minimize interactions with GO).

In Chapter 5, we explore a relatively new technique for studying DNA/GO interactions:
fluorescence polarization. We see that polarization is artificially increased when the fluorescence
intensity is near the detection limit of the instrument. This was achieved by lowering FAM-DNA
concentrations or by lowering the pH of the solution (as FAM has a pH-dependent fluorescence).

Therefore, for a quenching surface like GO, an increase in polarization upon mixing with DNA is
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likely due to the low concentration of free FAM-DNA, rather than adsorption. For a non or weakly
quenching material (such as Y203), increase in polarization can be more correlated to adsorption.
We then derive an equation that can describes how the fluorescence polarization can depend on

the both the quenching and adsorption efficiency of a specific nanomaterial.
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Chapter 2 - Nanomaterial and Aptamer Based Sensing:
Target Binding Versus Target Adsorption

The results presented in this Chapter have been published as:

Anand Lopez and Juewen Liu. “Nanomaterial and Aptamer-Based Sensing: Target Binding versus
Target Adsorption lllustrated by the Detection of Adenosine and ATP on Metal Oxides and
Graphene Oxide”. Analytical Chemistry 2021, 93, 5, 3018-302.

2.1 Introduction

Pre-adsorption of fluorescently-labelled DNA oligonucleotides on nanomaterials is a popular
method of sensing.”113191192 Sych DNA oligonucleotides are typically used for the detection of
complementary DNA (cDNA), and they can also be aptamers to detect metal ions, small molecules
and proteins.821% Most of the work utilizing fluorescence take advantage of the fluorescence
quenching property of nanomaterials upon DNA adsorption.***1%7 The assumption is that target
molecules can bind with the DNA probe to desorb it from the nanomaterial, resulting in

fluorescence enhancement, %8201

For this sensing mechanism to happen, the probe DNA cannot be adsorbed too strongly.
Otherwise, aptamer binding interactions cannot compete with the aptamer adsorption, leading to
poor sensitivity. For example, DNA absorbs on gold nanoparticles (AuNPs) via coordination with
the DNA bases, which is quite strong; often only ~1% of pre-adsorbed DNA probe can be desorbed
in the presence of target DNA or target molecules.!'22 Another example is carbon nanotubes,
where DNA can wrap around nanotubes via hydrophobic and n-r stacking interactions. In one
case, it took more than 10 h for the adsorbed probe DNA to desorb, which is not viable for a
biosensor.2% In this regard, graphene oxide (GO) is a better choice since it interacts with DNA less
strongly, and DNA can be quickly desorbed by its target molecules,113.204-206

Recently, metal oxide nanoparticles (MONPs) with interesting magnetic, catalytic and
fluorescence quenching properties have also been used for designing DNA-based
biosensors,18:133.159.176,189,190,207-209 The phosphate backbone of DNA is responsible for interacting
with the metal ions on MONPs.**® Many MONPs have enzyme-like catalytic activities, making
them analytically attractive.?!%2!2 For example, FesO4 has peroxidase-like activity, while CeO

has oxidase-like activity. DNA adsorption was used to modulate their catalytic activities, which in
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turn was used for detection.?%®?!3 Target-induced aptamer desorption from MONPs has been
assumed to be due to aptamer binding, while the potential of target molecule interaction with
MONPs has not been considered. We recently observed that the adsorption of many target
molecules on AuNPs governed this sensing mechanism.!! If a target molecule can bind strongly
to a nanomaterial, then it may compete with or even supersede probe DNA/target interactions.

While this has been shown for AuNPs, no studies have focused on MONPs to date.

Herein, we investigated competitive target/aptamer and target/nanomaterial interactions on
various MONPs. We employed a 27-mer DNA aptamer that can bind adenosine and adenosine
triphosphate (ATP), since we can systematically test different target molecules.®*?* ATP has a
triphosphate and it can strongly adsorb on many MONPs, while adenosine does not have
phosphate-based adsorption. For all the tested MONPs, we found that ATP can produce a signal,
but adenosine cannot, suggesting the dominating effect of target adsorption instead of aptamer

binding.

2.2 Materials and Methods

NaCl, MgCl: and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were purchased
from VWR Canada. These were dissolved in Milli-Q water to make buffer A with a strong ionic
strength (1 mM MgClz, 100 mM NaCl and 20 mM HEPES, pH 7.6). Buffer B (moderate ionic
strength) contained 100 MM NaCl and 20 mM HEPES (pH 7.6), while buffer C (low ionic strength)
contained only 20 mM HEPES (pH 7.6). For GO-related studies, buffer D was prepared using 20
mM HEPES (pH 7.6), 300 mM NaCl and 2 mM MgCl. (the MgCl. concentration was varied in
some experiments). All DNA sequences (Table 2.1) were purchased from Integrated DNA
Technologies (Coralville, IA) and dissolved in water at a concentration of 100 uM. FAM-labelled
strands were further diluted to 1 uM stock in water. Adenosine and other nucleosides were
purchased from Mandel Scientific (Guelph, ON, Canada). Adenosine triphosphate, guanosine
triphosphate, cerium dioxide (CeO2, 20 wt% dispersion), titanium dioxide (TiO2), zinc oxide
(Zn0O) and iron (I1,111) oxide (Fe3O4) were purchased from Sigma-Aldrich. GO and nickel oxide
(NiO) were purchased from ACS Materials LLC. All nanomaterials were dispersed/diluted to a

stock concentration of 1 mg/mL in water.
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Table 2.1 List of DNA sequences used in Chapter 2.

DNA names Sequences (5'— 3)

FAM-Aptamer FAM-ACC TGG GGG AGT ATT GCG GAG GAA GGT
FAM-Ais FAM-AAA AAA AAA AAA AAA

Aptamer ACC TGG GGG AGT ATT GCG GAG GAA GGT
CAptamer ACC TTC CTC CGC AAT ACT CCC CCA GGT

UV/Vis absorption spectroscopy. To determine the concentration of the nucleotides and
nucleotide triphosphates, the absorbance of the stock solutions was measured using an Agilent
8453 spectrometer. The stock was diluted by 500x so that the peak absorbance was below 0.8.
This peak absorbance for ATP and adenosine (Amax = 259 nm, € = 15.9 mM*cm™) and GTP and
guanosine (Amax = 243 nm, & = 10.4 mM1cm™) was then used with the Beer-Lambert law to

calculate concentration.

Nanomaterial adsorption capacity. To determine the DNA adsorption capacity (either FAM-
aptamer or FAM-A1s), varying concentrations of nanomaterials (CeO», TiO», Fe304, NiO, ZnO
and GO) were respectively added to 50 nM DNA (10 nM for GO) in buffer A (buffer D for GO).
The total volume of the sample was 100 pL. After a 30 min incubation, the samples were
transferred to a 96-well plate and the fluorescence was measured using a microplate reader (Tecan,
Spark). The optimal nanomaterial concentration was determined to be when the fluorescence
decrease plateaued. FAM fluorescence was monitored by exciting at 485 nm and detecting

emission at 530 nm.

DNA desorption. In a typical experiment (using CeO> as an example), 1 uL of 1 mg/mL CeO>
(final concentration: 10 pg/mL) was added to 94 pL of buffer A. Then, 5 uL of 1 uM FAM-
aptamer was added (final concentration: 50 nM) and the sample was incubated for 30 min. After
incubation, various concentrations of adenosine or ATP were added to induce desorption. The
sample was incubated further for 1 h before measurement using the Tecan plate reader. This was
repeated using different MONPs/GO or replacing the DNA sequence with FAM-Ais. For
selectivity experiments, 0.8 mM target (adenosine, ATP, guanosine, GTP, cytidine or thymidine)

was added to induce DNA desorption. For DNA detection experiments using CeO, the final
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concentration of FAM-aptamer was 10 nM and the CeO> concentration was 1 pg/mL. For GO, the
FAM-aptamer concentration was 10 nM, the GO concentration was 3 pg/mL and the experiments

were conducted in buffer D.

DNA desorption calculation. Once the target induced DNA desorption, the following equation

was used to calculate %DNA desorption:

%DNA Desorbed = ———2— x 100%
free — FO

where F is the measured signal after target is incubated with probe/MONP (or probe/GO)
conjugate, Fo is the signal of the probe/MONP or probe/GO conjugate only and Free is the signal
of free FAM-aptamer or FAM-Ass. Error bars seen in all experiments represent 1 standard

deviation away from the mean of three identical experiments.

Adsorption/desorption kinetics. For adsorption kinetics, ATP or adenosine (final concentration
0.8 mM) was pre-mixed with FAM-aptamer (final concentration = 50 nM) in buffer A. The
fluorescence was measured for 5 min before the addition of 1 puL of 1 mg/mL CeO: (final
concentration = 10 pg/mL). Fluorescence was further monitored for 55 min before terminating the
experiment. For desorption kinetics, the overall process was similar except that FAM-aptamer and
CeO2 were incubated for 30 minutes in buffer A, followed by the addition of adenosine or ATP

(final concentration = 0.8 mM).

Dynamic light scattering. All MONPs were dispersed in 1 mL buffer A and the particle size was
measured using a Zetasizer Nano (Malvern). The concentrations of CeO. was 10 pg/mL, TiOa,
NiO and FezO4 were 100 pg/mL, and ZnO was 50 pg/mL. All measurements were conducted at

25°C using a scattering angle of 90°.

Transmission electron microscopy. CeO; and FesO4 were dispersed in water at 10 pg/mL and
10 pL was transferred dropwise to a holey-carbon TEM grid. After overnight drying, imaging was
conducted in a Phillips CM-10 microscope at 100 kV.

2.3 Results and Discussion
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2.3.1 Sensing mechanism of adenosine and ATP on CeO2 nanoparticles

The secondary structure of the adenosine/ATP aptamer is shown in Figure 2.1A, and it has the
strongest binding affinity for adenosine (Kq ~10 pM), while the affinity for ATP (Figure 2.1B) is
slightly weaker.>*?!* The aptamer was labeled with a FAM fluorophore and mixed with CeO;
nanoparticles to achieve quenched fluorescence. The CeO2 nanoparticles had an average size of
~5 nm and they were extensively characterized in previous works.?*> We first optimized the CeO:
concentration needed to achieve fluorescence quenching. For 50 nM FAM-aptamer, 10 pg/mL
CeO. was sufficient to achieve 95% fluorescence quenching (Figure 2.2A), which was used for
this study. We then added target molecules to induce aptamer desorption and subsequent recovery
of the fluorescence signal. If aptamer binding is the main driving force for its desorption, we would
expect a similar signal from both adenosine and ATP (Figure 2.1C). Since ATP has a triphosphate
group, it can strongly adsorb on CeO- via phosphate/Ce interactions and compete with the DNA
aptamer, which may also lead to aptamer desorption (Figure 2.1D). In this case, adenosine may

not produce much signal.
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Figure 2.1. Detection schemes: aptamer binding versus target displacement. (A) The secondary
structure of the adenosine aptamer, and the two red A letters represent the two target binding sites.
(B) Molecular structure of ATP. (C) FAM-labeled aptamer adsorption on CeO> and subsequent
desorption due to an aptamer binding mechanism, where the addition of ATP and adenosine should
both generate the fluorescence signal. (D) FAM-aptamer adsorption on CeO2 and subsequent
desorption due to competitive adsorption from ATP, whereas adenosine does not have strong

affinity to CeO. and does not generate signal.

In our experiment, we respectively added various concentrations of ATP and adenosine to
the FAM-aptamer/CeO> conjugate (Figure 2.2B). While a strong fluorescence enhancement was
observed with the ATP sample, no increase occurred for the adenosine sample. Even a
concentration of 8 UM ATP was enough to desorb ~25% of the aptamer from the CeO: surface,
and 0.3 mM ATP reached saturated aptamer desorption. Since the Ky of the aptamer is ~10 uM
adenosine,®*? the total adenosine added would have already saturated aptamer/target binding.
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Therefore, the increase of fluorescence by ATP was attributed to the competition between ATP
and the DNA on the CeO: surface (Figure 2.1D) instead of aptamer binding (Figure 2.1C). This
conclusion was confirmed with the addition of GTP and guanosine, where only GTP yielded
fluorescence increase (Figure 2.2C). Since this aptamer cannot bind either guanosine or GTP, our

results supported the surface-competition mechanism.
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Figure 2.2. Response of DNA-loaded CeO; to adenosine and ATP Determination of the optimal
CeO; nanoparticle concentration to adsorb 50 nM (A) FAM-aptamer and (D) FAM-A1s DNA from
fluorescence quenching. Based on this data, 10 pg/mL CeO2 was chosen for both DNA. Addition
of various concentrations of ATP and adenosine to CeO> (10 pg/mL) adsorbed with 50 nM (B)
FAM-aptamer or (D) FAM-Ass in buffer A. Response of (C) FAM-aptamer and (F) FAM-As to
various nucleotide-based desorbents. All measurements were performed in buffer A (1 mM MgCly,
100 mM NaCl and 20 mM HEPES, pH 7.6).

Furthermore, when a non-aptamer sequence was used (FAM-Azs, capacity on CeO, shown
in Figure 2.2D), the trend was the same, with only ATP showing a significant fluorescence increase
(Figure 2.2E). In fact, the sensitivity of this response was higher than that of FAM-aptamer. Since
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FAM-Azs is a shorter strand than FAM-aptamer (27-mer), it is reasonable to expect that the binding
with CeO, would be weaker (less phosphate groups) resulting in easier displacement by ATP.
Similarly, GTP also induced significant desorption of FAM-Ais (Figure 2.2F). All these
experiments confirmed that the produced signal had little to do with aptamer binding but was due
to target/CeO> interactions. This is consistent with previous reports of ATP detection using non-
aptamer strands adsorbed on CeO> nanoparticles.?!® Our data implied that the adsorption of the

aptamer on CeO; was so tight that aptamer binding could not compete with the adsorption.

We then studied the effect of pH. All our previous experiments were conducted under close
to neutral pH (7.6) conditions, where the adenine base (pKa ~4.2) would be uncharged. We also
performed a similar displacement experiment under acidic (pH 4.0) and basic (pH 11.0) conditions
(Figure 2.3A). Regardless of pH, the displacement mechanism was dominant as reflected in the

higher desorption by ATP compared to adenosine.

Finally, we studied the effect of salt concentration. In general, a high ionic strength favors
aptamer/target binding.?'* At the same time, ionic strength may also affect DNA/CeO; interactions.
The above experiments were performed in the high ionic strength buffer A (20 mM pH 7.6 HEPES,
100 mM NaCl and 2 mM MgCl.). Herein, we tested two additional buffers: buffer B (moderate
ionic strength, 20 mM pH 7.6 HEPES and 100 mM NaCl) and buffer C (low ionic strength, only
20 mM pH 7.6 HEPES). In all these samples, ATP desorbed the aptamer, but adenosine did not.
When the ionic strength was lowered, ATP effectively displaced all adsorbed aptamers compared
to ~60% in the high ionic strength buffer (Figure 2.3B). Since low ionic strength disfavored
aptamer binding to target molecules, this again indicated that the desorption was not due to aptamer
binding. Interestingly, dynamic light scattering (DLS) showed that CeO2 was aggregated in buffer
C to a similar extent as buffer A (Figure 2.3C), with the average particle size being ~350 nm
compared to ~10 nm in water. This was further supported by TEM, which showed that the particle
sizes were 5-10 nm (Figure 2.3D), corresponding to the DLS data obtained in water. Therefore,
the lower desorption seen at higher ionic strength (buffer A) likely reflected a stronger FAM-

aptamer/CeO; conjugate, rather than protection from target access due to aggregation.
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Figure 2.3. Comparison of pH and ionic strength in DNA desorption from CeO,. (A) Addition of
0.8 mM ATP and adenosine to the FAM-aptamer/CeO- at different pH. The NaCl and MgCl»
concentrations were the same as that of buffer A. (B) Addition of ATP and adenosine to the FAM-
aptamer/CeO- in buffers of high (buffer A), moderate (buffer B), low (buffer C) ionic strength. (C)
Dynamic light scattering (DLS) data for the CeO2 nanoparticles dispersed in water, buffer C (low
ionic strength) and buffer A (high ionic strength). (B) TEM image of the CeO nanoparticles.

2.3.2 Detection of complementary DNA

The lack of aptamer binding to adenosine above was attributed to the stronger aptamer
adsorption by CeO». To increase target binding strength, we used the complementary DNA of the
aptamer as the target (cAptamer). In addition, we also added the same aptamer sequence as a
competitor (non-labelled, named Aptamer). We tested the effect of ionic strength since a high ionic
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strength favors DNA hybridization. Essentially, the non-labelled aptamer strand served to test the
displacement mechanism, while the cAptamer was for testing the hybridization mechanism
although nonspecific displacement by cAptamer cannot be ruled out either (Figure 2.4A).1%! We
found that probe desorption was non-discriminate at the lowest ionic strength (Figure 2.4B), with
both 50 nM cAptamer and aptamer strands desorbing 20-30% of the adsorbed DNA. We reason
that the desorption under this low salt condition was mainly due to non-specific displacement
instead of specific hybridization due to the unfavorable hybridization condition. At high ionic
strength (Figure 2.4C), both cAptamer and Aptamer desorbed less than 10% of the adsorbed DNA,
with cAptamer desorbing slightly more than the aptamer strand. This difference was higher at
moderate ionic strength (almost 2-fold, Figure 2.4D). The overall conclusion is that low ionic
strength favors the displacement mechanism, and an intermediate ionic strength may allow
selective desorption by the cAptamer, which could be analytically useful for the detection of target
DNA. By increasing target binding affinity (using cDNA instead of aptamer targets) and by
modulating DNA adsorption affinity (varying ionic strength), selective target DNA detection can
be achieved. Since adenosine is just one base, and its binding affinity to the aptamer is much
weaker than the 27-base cAptamer, this experiment indicated the importance of the relative

binding strength.

Under an appropriate salt condition, the strength of DNA adsorption to CeO> was
comparable to DNA hybridization. For comparison, when AuNPs were used, even DNA
hybridization could not compete with DNA adsorption.*'?!” This is due to the extremely high
adsorption affinity of DNA on gold. Therefore, the relative adsorption strength is critical for

developing related biosensors. Not all nanomaterials can be used for this sensing purpose.
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Figure 2.4. DNA desorption from CeO: at different ionic strength in response to DNA targets.
(A) Schemes showing DNA displacement and hybridization upon the addition of target DNA.
Desorption of FAM-Aptamer (10 nM) from CeO2 (1 pg/mL) induced by various concentrations
non-labelled cAptamer (CApt) or aptamer (Apt) in buffers of (B) low, (C) high and (D) moderate
ionic strength.

2.3.3 Signal based on the kinetics of aptamer adsorption

In the experiments above, nanomaterials affected adenosine binding to the aptamer. To have a fair
comparison, we then pre-mixed adenosine or ATP and the FAM-aptamer before adding CeO-, and
the Kkinetics of the fluorescence change was monitored (Figure 2.5A). A control was performed
with only CeO> (no adenosine or ATP). When ATP and FAM-aptamer were pre-incubated, the
fluorescence remained high upon addition of CeO>, indicating a lack of aptamer adsorption.
However, when adenosine and FAM-aptamer were pre-incubated, the signal decreased (Figure
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2.5A, red trace) in a comparable fashion to that of simply mixing the FAM-aptamer and CeO-
(Figure 2.5A, blue trace). Therefore, the binding of aptamer and adenosine was outcompeted by
the adsorption of the aptamer by CeO, to the extent that the aptamer/adenosine binding could not
prevent aptamer adsorption at all. On the other hand, the lack of aptamer adsorption in the
aptamer/ATP mixture can only be attributed to ATP capping CeO2 and preventing aptamer

adsorption.

To confirm our hypothesis, FAM-A1s was substituted for the FAM-aptamer (Figure 2.5B)
in the Kkinetics measurement. A similar trend was observed: only ATP prevented FAM-Ass
adsorption on CeO». Therefore, in this case, aptamer/target binding was irrelevant for signal
generation. The weakly adsorbing adenosine cannot affect aptamer adsorption, while the strongly

adsorbing ATP inhibits aptamer adsorption by CeO», regardless of the order of sample addition.
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Figure 2.5. Kinetics of adsorption of 50 nM (A) FAM-aptamer and (B) FAM-A1s on CeO: in the
presence of ATP, adenosine or neither.All experiments were conducted in buffer A (1 mM MgCly,
100 mM NaCl and 20 mM pH 7.6 HEPES) and 10 pg/mL CeO.. [ATP] = [adenosine] = 0.8 mM.

2.3.4 Detection of adenosine and ATP on other metal oxide nanoparticles

The above study indicated that CeO> cannot be used to signal aptamer binding of adenosine or
ATP. To understand the generality of this observation, we then tested a few other MONPs
including ZnO, NiO, Fe3Os and TiO2, which have been characterized in our previous

publications.’®** Under our experimental conditions (buffer A), these particles were more
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aggregated (Figure 2.6A) compared to the measured particle size in water. For example, Fe3O4 in
buffer A formed aggregates of ~400 nm in diameter, despite having individual particles of 30-70
nm under TEM (Figure 2.6B). These MONPs were chosen as they were previously shown to
adsorb DNA, quench fluorescence, and some were susceptible to phosphate-induced desorption. 133
The optimal nanoparticle concentration was also individually determined to reach saturated

quenching (Figure 2.6C).
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Figure 2.6. Structural characterization and DNA adsorption capacity for various MONPs. (A)
Dynamic light scattering (DLS) data for the studied MONPs (apart from CeO3) in water and buffer
A (high ionic strength). (B) TEM image of the FesO4 nanoparticles showing aggregation. (C)
Determination of the optimal MONP concentrations to adsorb 50 nM FAM-aptamer. Based on the
fluorescence quenching, the following concentrations were used: 100 pg/mL TiO2, NiO, and Fes.
Os. For ZnO, the fluorescence cannot be fully quenched, and thus we chose 50 pg/mL ZnO for

future experiments. All measurements performed in buffer A.

We respectively adsorbed the FAM-aptamer on the nanoparticles, followed by the addition
of ATP or adenosine to induce aptamer desorption (Figure 2.7A). All the four MONPs showed a
similar trend as CeO2, with ATP desorbing more aptamer compared to adenosine. For adenosine,
its response was in the background level, similar to that from the non-target molecule, guanosine.
Therefore, the observed aptamer desorption was due to target/MONP interactions rather than
target/aptamer binding. These experiments were repeated using FAM-Ass as a probe DNA (Figure
2.7B), and a similar profile was seen to FAM-aptamer.
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Figure 2.7. The effect of 0.8 mM ATP and adenosine on the desorption of (A) FAM-labeled
adenosine aptamer, and (B) FAM-Ais DNA from various MONPs. All experiments were
conducted in buffer A. TiO2, NiO and Fe3O4 =100 pg/mL; ZnO = 50 pg/mL.

2.3.5 Detection of adenosine and ATP on GO.

In the previous sections, we studied MONPs where the aptamer interacted primarily through its
phosphate backbone with the metal ions on the surface. This was why ATP, with a triphosphate
group, could compete with adsorbed DNA. As a further comparison, we also studied graphene
oxide (GO), which is a metal free material extensively used for aptamer-based biosensors not just
in fluorescence, but also electrochemical detection.’2218-220 |nteractions between DNA and GO
are primarily due to a combination of hydrogen bonding (either through the DNA bases or
phosphate backbone) and - stacking.!1418187 Electrostatic forces are repellant in this system as

both GO and DNA are negatively charged at neutral pH.

We first determined the concentration of GO to quench 10 nM FAM-aptamer to be 3 pg/mL
in buffer D (Figure 2.8A). We then prepared GO/FAM-aptamer conjugates and added various
concentrations of ATP or adenosine to induce desorption of the aptamer (Figure 2.8B). In this case,
interestingly, adenosine was slightly more effective than ATP, which was the opposite to case with
the MONPs. Apart from electrostatic repulsion between ATP and GO, it is known that ATP binds
weaker to the adenosine aptamer than adenosine. These two factors likely contributed to the
weaker ATP-induced aptamer desorption. We also compared the selectivity to other nucleotides

and GTP (Figure 2.8C). Guanosine and GTP induced some desorption of FAM-aptamer from GO.
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Since the aptamer does not bind them, desorption was likely due to non-specific displacement. The
two pyrimidine nucleosides, thymidine and cytidine, did not induce any aptamer desorption, which
can be explained by their weaker affinity to GO than the purines. Therefore, even for
adenosine/ATP, it is reasonable to expect that displacement still contributed non-trivially to probe
desorption (e.g. similar to guanosine and GTP). However, probe/target binding increased the

sensitivity greatly.

The majority of the previous GO/aptamer work used ATP as the target molecule and its
selectivity was demonstrated by comparing with other NTPs.*22'8 In our current work, we
compared ATP with adenosine to gain more mechanistic insights. The repulsion between ATP and
GO can be tuned by varying the ionic strength, which was then studied. Since GO requires a
moderate ionic strength to adsorb DNA in the first place, we started with 20 mM pH 7.6 HEPES,
300 mM NaCl and subsequently varied the Mg?* concentration (Figure 2.8D). Adenosine induced
more desorption from GO than ATP at most Mg?* concentrations. At the highest concentration of
Mg?* (5 mM), desorption by adenosine and ATP became comparable. With sufficient Mg?*, the
charge disadvantages (i.e. electrostatic repulsion) of ATP for aptamer binding and GO adsorption

were Compensated.
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Figure 2.8. Charging DNA-loaded GO with different targets and non-targets. (A) Determination
of the optimal GO concentrations to adsorb 10 nM FAM-aptamer. Based on the data, 3 pg/mL GO
was used. (B) Response of FAM-aptamer (10 nM) loaded GO (3 pg/mL) to various concentrations
of ATP and adenosine in buffer D. (C) Response of the GO/FAM-aptamer conjugate to various
targets (0.8 mM) in buffer D. (D) The effect of increasing Mg?* concentration on adenosine- and
ATP-induced FAM-aptamer desorption from GO. Apart from Mg?* variation experiments, the

other compositions of buffer D were kept the same.

2.4 Discussion
Target molecule induced aptamer desorption from nanomaterials has always been attributed to

aptamer binding."?21222 |n this work, we tested this hypothesis by comparing two targets of the

52



same aptamer: adenosine and ATP. We started with some MONPs with a focus on CeO2. ATP

188 \while adenosine does not have such

with a triphosphate group has a high affinity to CeO,,
interactions. On the other hand, adenosine has a slightly stronger affinity to the aptamer than
ATP.2%! Based on our work, the triphosphate affinity to CeO- trumped target (adenosine or ATP)
affinity to the aptamer. Although higher ionic strength favors aptamer/target binding, we found
that this was not enough to achieve adenosine-induced aptamer desorption. The displacement

mechanism was dominant in other tested MONPSs as well.

On the flip side, target/surface interactions, when strong and specific enough, can also be
used to detect target molecules. We previously used DNA adsorbed FesO4 nanoparticles to detect
arsenate,'®® and DNA adsorbed CeO- nanoparticles to detect H202.2%" In both cases, the DNA was
only used to produce fluorescence signal, while target recognition relied on the nanoparticle

surfaces.

Based on this study and previous work, we can divide nanomaterials into a few types based
on their interaction strength with DNA. First, for very strongly adsorbing materials such as AuNPs,
the adsorbed DNA cannot be desorbed even by the cDNA (Figure 2.9A). Desorption may occur
by some small molecules or ions such as As (I11), Br  and thiol-containing molecules due to their
strong affinity with gold surface and competitive adsorption.

Second, for MONPs, they can generally be used for detecting cDNA.'® However, none of
the tested MONPs allowed specific detection of adenosine (Figure 2.9B), and this can be attributed
to the weaker interaction between adenosine and the aptamer compared to DNA binding to its
cDNA. At the same time, since cDNA can also be adsorbed on metal oxides, displacement effects
may also contribute. In this study, we chose adenosine/ATP as targets since they have drastically
different affinities to MONPSs, yet they both can bind to the same aptamer. Its Kq is typical for
small molecule binding aptamers. The length of this aptamer (27 nucleotides) is on the short side,
while many other small molecule binding aptamers are around 30-50 nucleotides. Based on this
analysis, we do not believe that other adsorbed aptamers can be desorbed from MONPs solely due
to aptamer binding to their target molecules. Since each target molecule is different, we cannot
discuss their adsorption on MONPSs in general. In addition, we cannot rule out that aptamers with

very strong affinities to the target (Kg << 1 pM, comparable to DNA hybridization) may be
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desorbed from MONPs through target/aptamer binding. To understand the mechanism of aptamer

desorption, it is important to use non-aptamer sequences as controls to validate the observed signal.

Finally, nanomaterials such as GO have a moderate affinity for DNA (Figure 2.9C). For
GO, the range of adsorption affinity is broad due to its surface heterogeneity with the highly
oxidized regions being lower affinity and the pristine graphene regions being high affinity, 0%
In the low affinity regions, aptamer binding can be comparable with DNA adsorption. If aptamer
targets can be detected, it is not surprising that cDNA can also be detected. Detection of cDNA
using GO has been extensively demonstrated, although target-induced probe displacement also

played key roles in the observed signals.t6!

Since there are so many different types of materials that have been used for similar sensing
purposes, it is impossible to discuss each one individually. The three types shown in Figure 2.9
can be interpreted as representative examples for very strong, strong and moderate interactions
with DNA. To ensure aptamer-based detection, aptamer binding needs to be the dominating
mechanism of signal production. Nonspecific displacement needs to be avoided, which can be

measured by using non-aptamer probes as controls.
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Figure 2.9. Classifying different nanomaterial/DNA conjugates in terms of DNA adsorption
strength. (A) DNA adsorbs on AuNPs very strongly, and neither cDNA nor aptamer targets can
induce desorption. (B) MONPs represent a relatively strong adsorption strength, where cDNA can
induce desorption, but aptamer targets cannot. (C) Both cDNA and aptamer targets can desorb
probe DNA from GO. These cartoons do not consider desorption of the probes due to competition

from target molecules or cDNA (e.g. nonspecific displacement).
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2.5 Conclusions

In this work, we sought to investigate the adsorption of target molecules and its effect on aptamer-
based biosensors using the adenosine/ATP aptamer as a model system. We first focused on CeOo,
where we found that displacement dominated over target/aptamer interactions. Only ATP was able
to desorb the aptamer from CeO> due to competitive adsorption, while adenosine resulted in no
aptamer desorption at all. This was also observed with four other MONPs. Desorption of the same
aptamer probe from GO, on the other hand, occurred with both adenosine and ATP. Adenosine
was slightly more effective under most conditions. Since adenosine, compared to ATP, has
stronger interactions with GO, target adsorption also contributed to the detection of adenosine in
this case. In the end, we used the binding affinities cDNA and typical aptamer targets as two
thresholds and divided materials into three types. Only when the aptamer binding to its target is
stronger than the adsorption of the aptamer, can specific aptamer-based detection be achieved.
Otherwise, the signal might be mainly from nonspecific desorption. This study indicates that
careful control experiments are needed to ensure the signal production mechanism of this type of

biosensors.
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Chapter 3 - Fluorescein-Stabilized i-motif DNA and Its
Unfolding Leading to Stronger Adsorption Affinity

The results presented in this Chapter have been published as:

Anand Lopez, Biwu Liu, Zhicheng Huang, Fang Zhang, and Juewen Liu. “Fluorescein-Stabilized
i-Motif DNA and Its Unfolding Leading to a Stronger Adsorption Affinity”. Langmuir 2019, 35,
36, 11932-11939.

3.1 Introduction

Interfacing DNA with nanomaterials has attracted significant interest in recent years with
applications in biosensing,%¢223-22" gene delivery,??2-2% drug delivery,%2%! and directed assembly
of nanomaterials.?*2%3 To achieve the full potential of these applications, it is critical to understand
and control DNA adsorption to produce high quality DNA/nano conjugates. In many systems, a
fluorescently labeled DNA oligonucleotide is adsorbed, and its fluorescence is quenched by the
surface. Stimuli-responsive desorption of the DNA is then accompanied with fluorescence

enhancement, which is commonly used for biosensor development, 18192234235

DNA interacts with different nanomaterials differently.?®® For example, DNA uses its
phosphate backbone to adsorb onto many metal oxides.*®?*” For carbon-based nanomaterials,
attraction is due to the formation of hydrogen bonds with the DNA bases, as well as n-n
stacking.60290.238 Einally, DNA adsorbs quite strongly on gold nanoparticles (AuNPs) through

coordination of the nucleobases.?

The interaction strength typically varies with DNA sequence. For AuUNPs, poly-
deoxyadenosine (poly-A) DNA has the strongest affinity,?3%242 whereas for metal oxides, the
sequence-dependency is weaker.?133243 Interestingly, for carbon-based materials, coordination
nanoparticles,?** polydopamine nanoparticles,'®® and calcium phosphate,?*® poly-deoxycytidine
(poly-C) DNA has the strongest affinity.'®¢18” As an example, we adsorbed various dye-labelled
15-mer DNA (Ass, C1s, T1s, Gis) on graphene oxide (GO), and C1s had the strongest resistance to

desorption. 18

C-rich DNA can fold into a structure known as an “i-motif” composed of C-C* base pairs
(Figure 3.1).38246 However, as the pKa of the N3 in cytosine is 4.2,2472%8 j-motif DNA should be
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largely unfolded at neutral pH. Some solution conditions (e.g. molecular crowding or the presence
of Ag*) have been reported to stabilize the i-motif at neutral pH.*1:24%-252 A few nanosized carbon
materials were also able to achieve this stabilization effect, including carbon nanotubes,?32%
fullerene,?® and graphene quantum dots.*82%® Intuitively, a folded DNA should adsorb less
strongly on a surface. Therefore, even if an i-motif is formed, it still cannot explain the tighter
adsorption affinity. The pH-responsiveness of i-motif DNA has often been used for pH sensing,
and its nanoconjugates can facilitate cellular uptake and signaling.?®” In addition, the high stability
adsorption of C-rich DNA is important for bioconjugation.'8 Therefore, understanding adsorption

of such C-rich DNA is critical for biosensor development.

In most of our experiments, a carboxyfluorescein (FAM) is labeled on the 5’-end of the
DNA sequence. An interesting question is whether this dye affects the folding of poly-C DNA? If
so, how does this influence the stability of adsorption? To answer these questions, we herein
systematically studied FAM-labeled DNAs. Quite surprisingly, we found that the FAM label
played a critical role in stabilizing the i-motif structure. After unfolding DNA (by heating),

adsorption of poly-C DNA became even stronger on GO.

Cytosine (C) Protonated Cytosine (C*)
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N—H--= o\ |
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Figure 3.1. A general structure and constituents of an i-motif DNA. Base pairing occurs between

C and C* nucleobases resulting in the formation of the folded structure.
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3.2 Materials and Methods

All of the DNA sequences (Table 3.1) were purchased from Integrated DNA Technologies
(Coralville, 1A, USA). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), sodium
phosphate monobasic, sodium acetate, sodium citrate, and sodium bicarbonate were purchased
from VWR Canada. 2-(N-morpholino) ethanesulfonic acid (MES) and sodium chloride (NaCl)
were purchased from Bio Basic Canada. Fluorescein, and acetic acid were purchased from Sigma-
Aldrich. Graphene oxide was purchased from ACS Materials LLC. The as-purchased DNA
samples were received in a dried powder form. This was dispersed in water to a concentration of
0.1 mM, and a portion of it was further diluted to a stock concentration 1 uM. Both solutions were

stored in a freezer (-20°C) before use.

Table 3.1. List of the DNA sequences and modifications used in Chapter 3. FAM:

carboxyfluorescein.

DNA names Sequence (5> 3)

FAM-Cs FAM-CCC CC

FAM-Cyo FAM-CCC CCCCCCC

FAM-Cys FAM-CCC CCC CCC Cccc cccC
FAM-C2 FAM-CCC CCC CCC ccccececceeeccece
Cis CCC cccceececeececece

Tis ITrTrrTrrTrinr il

FAM-T15 FAM-TTTTTTTTT  TTT TTT

FAM-Ts FAM-TTTTT

Ais AAA AAA AAA AAA AAA

FAM-A1s FAM-AAA AAA AAA AAA AAA

IM CCCTAACCCTAACCCTAACCCT
FAM-IM FAM-CCC TAACCC TAACCCTAACCCT

Fluorescence measurements. Fluorescence was measured as a function of pH using a Tecan
(Spark) spectrometer. The dye-labeled DNA or free fluorescein was dispersed in various buffers
(10 mM) at a final concentration of 20 nM. These buffers were phosphate (pH 3.4), acetate (pH
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4.0), citrate (pH 5.0), MES (pH 6.0), HEPES (pH 7.6), Tris (pH 8.5), carbonate (pH 9.5), and
phosphate (pH 11.2). The excitation and emission wavelengths were 485 nm and 535 nm
respectively for FAM. For the cy3 experiment, the excitation and emission wavelengths were 532
nm and 577 nm, respectively and the measurements were performed in 10 mM HEPES buffer (pH
7.6). These experiments were repeated using heated DNA (95°C for 10 min and cool to room

temperature).

Melting analysis. All DNA studied were dispersed in 10 mM HEPES buffer (pH 7.6) at a
concentration of 1 uM. 50 pL of this solution was transferred to a microtube and placed in a CFX-
90 Real Time System coupled with a C-1000 thermal cycler (BioRad). The samples were then
heated at a rate of 1°C/min from 4°C to 95°C, measuring fluorescence after incubating at each

temperature for 60 sec.

Circular dichroism. CD measurements were conducted with a Jasco J-715 spectrophotometer.
DNA samples were prepared in 25 mM buffer solution (citrate for pH 5; HEPES for pH 7.6). For
the heated samples, heating was performed as described above. The final concentration of DNA
was 10 uM. Each sample was measured in a continuous scanning mode (from 320 to 220 nm) for

5 cycles.

Fluorescence lifetime. FAM-C1s and FAM-T1s were dispersed in 10 mM HEPES buffer (pH 7.6)
at a concentration of 2.5 uM and 500 nM respectively. FAM-C1s was significantly quenched in its
folded state and thus was used at a high concentration. 200 pL of each sample was transferred to
a cuvette before measuring the fluorescence lifetime using a FluoroMax-4 spectrofluorometer
(Horiba Scientific). The excitation was achieved using a 450 nm laser, detecting the emission at
505 nm and a band-pass of 10 nm (FAM-T1s) or 5 nm (FAM-Cs) and a detector voltage of 700

V. Each sample was compared before and after heating (95°C for 10 min).

FAM Cis adsorption on GO. To determine the capacity of GO for FAM-Cis DNA, different
concentrations of GO were titrated against 20 nM FAM Cis DNA in 10 mM HEPES buffer (pH
7.6) containing 300 mM NaCl. The samples were incubated for 1 h, centrifuged and the
fluorescence of the supernatant was measured on the Tecan plate reader. This was compared with
a calibration curve to determine the concentration of GO necessary to adsorb all DNA. This was

performed for both heated and unheated Cjs.
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DNA desorption from GO. FAM-C15, FAM-T1s, and FAM Ass (20 nM each) were respectively
adsorbed on 10 pg/mL GO in 10 mM HEPES buffer (pH 7.6) containing 300 mM NacCl. The
samples were incubated for 1 h before transferring to a 96 well plate. The fluorescence was then
measured every 30 sec (excitation: 485 nm; emission: 535 nm). After 5 min, desorption was

induced using 2 UM non-labelled DNA.

3.3 Results and Discussion

3.3.1 FAM-labeled Cis DNA has abnormally low fluorescence at neutral pH

Since the stability of i-motif is strongly pH-dependent and folded and unfold DNA might quench
fluorescence to different extents, we wondered if we could use fluorescence to follow DNA
folding/unfolding. FAM-labeled DNA is often used due to its cost-effectiveness and high
fluorescence yield, but the fluorescence intensity of FAM is also strongly affected by pH.
Therefore, we designed careful controls to separate fluorescence change due to pH and due to
DNA folding. We measured the fluorescence of the four types of 15-mer DNA homopolymers as
a function of pH and a control was performed with the free fluorescein (Figure 3.2A). The general
trend is that the higher the pH, the higher the fluorescence. For the free fluorescein dye, we can fit
an apparent pK, of 6.8, which is consistent with its reported value of 6.7.2% While most of the
fluorescence changes can be attributed to the effect of pH on FAM, a careful examination still

reveals interesting differences.

The fluorescence intensity of FAM-Cis was the lowest at pH 7.6 among the four types of
15-mer DNA homopolymers. Compared to that at pH 9.5, the FAM-C3s fluorescence at pH 7.6
was only 6.0%, while FAM-labeled A1s, T1s and G5 reached 31%, 30% and 23% of that at pH 9.5,
respectively (Figure 3.2B). The free fluorescein reached ~70%. Therefore, all the DNAs quenched
the FAM emission, and the extent of quenching was the highest for FAM-Cgs at pH 7.6. Poly-G
DNA is known to be a strong quencher,?®® but at pH 7.6, the fluorescence intensity of FAM-Gis
was even higher than that of FAM-C1s. Quenching of fluorescence by other bases has also been
reported recently.?®® The mechanism of such quenching was attributed to photo-induced electron
transfer, with guanine being the best quencher in the studied conditions. However, previous studies
only varied the bases next to FAM, while secondary structures of DNA and their effects on

fluorescence quenching were not considered. In our case, the FAM label in the Cis DNA must
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experience a strongly quenching local environment either by static or dynamic mechanisms. This
strong quenching cannot be explained by the typical adjacent base effects, and likely relates to the

secondary structure of FAM-Cis.

We also studied a FAM-labeled i-motif forming DNA (named FAM-IM) and compared its
fluorescence trend with FAM-C1s (Figure 3.2C). This IM was from the human telomeric sequence
known to form an i-motif in acidic conditions.*® The trend for both sequences is quite similar, with
a large jump in fluorescence intensity after pH 7.6. This provided some evidence that the folding
of the DNA (likely an i-motif) was responsible for the strongly quenched fluorescence at neutral
pH for FAM-C1s. Note that the change of fluorescence between pH 7.6 and 9.5 was due to two
factors. One was from the pH-dependent fluorescence intensity of FAM, and this factor produces
only about 50% fluorescence increase (the last bar in Figure 3.2B). The rest was due to disrupted
FAM/nucleobase interactions. The large increase of these i-motif DNASs indicated strong

FAM/DNA interactions and the strong quenching ability of the i-motif structures.
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Figure 3.2. Fluorescence of different 15-mer DNA at different pH before and after heating. (A)
Fluorescence at 535 nm of four FAM-labeled 15-mer DNA, as well as free fluorescein at different
pH. (B) Ratio of the fluorescence intensity at pH 7.6 over that at pH 9.5 for the samples in (A). (C)
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Comparing the fluorescence of FAM-labeled Cis to FAM-labeled i-motif (IM) DNA at different
pH. (D) Fluorescence of the four DNAs after heating and cooling to room temperature as a function
of pH. All measurements were performed using 10 mM buffer with a DNA final concentration of
20 nM.

We then heated all the DNA samples to 95°C for 10 min followed by cooling them to room
temperature. At this moment, we performed the pH-dependent measurement again (Figure 3.2D),
and the fluorescence of FAM-Cys at pH 7.6 became much higher and similar to the other DNAs.
Therefore, some structure in the FAM-C1s might be disrupted by heating and such a structure

unfolding was irreversible.

To further understand this, we also studied the effect of pH on the shorter FAM-Cs and
FAM-Ts (Figure 3.3A). In both cases, the increase in fluorescence was more gradual between pH
7.6 and 9.5. Therefore, shorter FAM-Cs was unable to fold into the quenching structure, and thus
a minimal length is required. We also changed the fluorophore to Cy3 (Figure 3.3B). In this case,
no significant change in the fluorescence intensity was observed upon heating. Therefore, this
strong quenching by Cis is not general but unique to FAM. FAM is a negatively charged
fluorophore, while Cy3 is cationic. They also have quite different structures, which can influence

their interactions with DNA.
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Figure 3.3. The effect of pH and heating on other DNA strands. (A) A comparison of FAM-Cs

and FAM-Ts5 fluorescence with pH. All measurements were performed with 10 mM of the desired
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buffer with a final DNA concentration of 20 nM. (B) Fluorescence of 20 nM Cy3-Cys before and
after heating in 10 mM pH 7.6.

3.3.2 Irreversible melting of FAM-C15s DNA

Since the fluorescence of FAM-Cgs significantly increased upon heating (e.g. comparing
Figure 3.2A and 3.2D), we can follow its unfolding (or melting) by measuring temperature-
dependent fluorescence changes. When FAM-Cis was heated gradually at pH 7.6, an interesting
melting transition was observed with a melting temperature (Tm) of 69°C (Figure 3.4A and 3.4B
for its first derivatives). This Tm value was independent of DNA concentration, indicating that
melting occurred for an intramolecular conformational change. We then cooled the samples back
down to 4°C, and then raised the temperature again, but the fluorescence did not increase this time
(Figure 3.4C, 3.4D). Therefore, melting occurred only for the first cycle and simple cooling could
not restore the original DNA structure responsible for the quenched fluorescence. For comparison,
the melting of FAM-IM with a sequence of (C3TAA)3CsT was also measured. It also showed a
melting transition in the first cycle but not the second one (Figure 3.4E, 3.4F). Therefore, its also
formed a structure when freshly prepared, but the structure can be irreversibly disrupted by heating

at neutral pH.
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Figure 3.4. Melting curves of FAM-Cgs. (A) Fluorescence intensity and (B) its first derivative of
freshly prepared FAM-C;s at different concentrations at different temperatures. (C) Fluorescence
and (D) derivative of the fluorescence of FAM-Cys for the second melting cycle. (E) Fluorescence
and (F) derivative of fluorescence as a function of temperature over two cycles for the FAM-IM
DNA. All measurements performed in 10 mM HEPES pH 7.6. The final concentration of DNA
was 1 uM.

We also performed melting analysis of longer and shorter FAM-labeled poly-C DNA, and
FAM-A1s, T1s and Gis (Figure 3.5A, 3.5B). Apart from FAM-Cxo, all the other sequences did not
exhibit a noticeable melting transition. Quite likely, C2o also formed an i-motif structure like C15.
Formation of i-motif for poly-C DNA has a requirement of 4n-1 (where n=4,5,6,...).3"%!

Therefore, with n=4, C15 would be a perfect “sweet-spot” in this sequence space.
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Figure 3.5. (A) Fluorescence and (B) derivative of fluorescence as a function of temperature for
various FAM-labelled DNA. All measurements were performed in 10 mM HEPES (pH 7.6) and a
final DNA concentration of 1 uM.

3.3.3 CD spectroscopy showing FAM-stabilized i-motif

To further understand the nature of these transitions, we performed CD spectroscopy for both the
IM (Figure 3.6A) and the Cys (Figure 3.6B) DNA. In this case, the DNAs were non-labeled. At pH
5, the characteristics of Cis and IM were both consistent with an i-motif (e.g. positive peak at 290
nm and negative peak at 255 nm),?®* while at pH 7.6, the i-motif features disappeared.
Interestingly, heating had almost no effect on either the Cis or the IM DNA. After heating and
cooling, both showed the same folding as the unheated. Therefore, the effect of heating was
reversible for the non-labeled DNAs, and they returned to the original conformation when cooled
to room temperature. For these non-labeled DNAS, their conformations were mainly governed by
pH as expected for typical i-motifs. This seemed to conflict with the earlier melting analysis of
both DNA sequences (e.g. irreversible by heating). Therefore, we suspected that the FAM label

might play a critical role.
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Figure 3.6. CD spectra of (A) non-labelled IM, (B) non-labelled Cs, and (C) FAM-labelled Cis
DNA. In all cases, the spectra were obtained at both pH 5 and pH 7.6 before and after heating
(final measurements all at room temperature). The buffer was 25 mM citrate (pH 5) or HEPES (pH
7.6) and the final concentration of DNA was 10 puM.

We then performed the same analysis with the FAM-labeled Cis (Figure 3.6C). Indeed,
this set of spectra showed a large difference. Before heating and cooling at pH 7.6, the obtained
spectrum was consistent with that of an i-motif. After heating and cooling, the features reverted to
a random coil, which was consistent with the melting data above. Normally, the i-motif is formed
only at slightly acidic pH since a fraction of the cytosine base needs to be protonated (pKa ~ 4.2).
However, with a FAM-label, it may fold into the i-motif even at neutral pH, but the i-motif is
disrupted at strong basic pH. This folded structure can also be irreversibly disrupted by heating.

3.3.4 Fluorescence lifetime indicating static fluorescence quenching

Based on the above results, it appears that the FAM fluorophore might facilitate a stable complex.
To further understand this, we used fluorescence lifetime to characterize the dynamics of the
fluorophore in the initial state and after heating (Figure 3.7A, 3.7B). The average lifetimes were
2.73 ns (no heating) and 2.43 ns (heated) for FAM-Cis; and 2.58 ns (no heat) and 2.69 ns (heat)
for FAM-T1s. Note that the steady-state fluorescence quenching was 94% (FAM-Cis) and 70%
(FAM T15), comparing the fluorescence at pH 7.6 to that at pH 9.5. Therefore, the lifetime can be
considered to be unchanged with regards to the large amount of steady state quenching. The fact
that these lifetimes were very close suggested that the mechanism of quenching was static in

nature. For example, stacking of the bases with FAM may result in a nonfluorescent species.
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Figure 3.7. Fluorescence lifetime measurements of (A) FAM-Cis and (B) FAM-T1s before and
after heating. All measurements performed in 10 mM pH 7.6 HEPES buffer at room temperature.
The final concentration of DNA was 2.5 uM and 500 nM for FAM-C1s and FAM-T1s respectively.

3.3.5 Heated poly-C adsorbs stronger on GO.

We started this study because we previously observed that poly-C DNA adsorbed on many
surfaces more strongly than other DNA homopolymers.'® If a FAM-labeled poly-C DNA can
initially form an i-motif structure, we suspect that the adsorption should be less effective than an
open stretched DNA. To test this, we used graphene oxide (GO) as a model surface. We first
measured adsorption of both heated and unheated FAM-Cis at various concentrations of GO by
simply following fluorescence quenching (Figure 3.8A). For 20 nM FAM-Cs, 10 pg/mL GO was
enough for full adsorption, regardless of the state of the DNA (heated or unheated). With this in
mind, we then added excess Cis to displace FAM-Cis from GO to probe the strength of adsorption
(Figure 3.8B). Since folded Cis quenched the fluorescence of FAM, in order to calculate the
percentage of desorption, two different calibration curves (Figure 3.8C) would need to be
generated. That is, one for the folded and another for the unfolded state. It was initially assumed
that the desorbed species was in the same state as before (e.g. adsorbing folded DNA on GO will
result in folded DNA being desorbed). However, using the calibration curve for unheated DNA, it
was calculated that 300% of the adsorbed DNA was desorbed in the case of unheated DNA.
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Figure 3.8. Impact of heating and not heating on DNA adsorption and desorption from GO. (A)
Adsorption of heated and unheated FAM-C15s on graphene oxide. (B) Desorption profiles of FAM-
C15 adsorbed on GO after the addition of 2 uM Cis before considering the state of the desorbed
DNA. (C) Calibration curve for the various free FAM-DNA used. In all cases (A-C), the buffer
was 10 mM pH 7.6 HEPES containing 300 mM NacCl.

We then repeated the same desorption experiments and collected the desorbed DNA. The
desorbed DNA was heated and cooled before measuring the fluorescence (Figure 3.9A). After
heating, a 33% increase was observed in the fluorescence for the unheated DNA compared to no
change for the heated DNA. This confirmed that a significant percentage (~67%) of the folded
DNA unfolded upon adsorption to or desorption from GO. After correcting for this, a more
accurate representation of FAM-Cis desorbed can be seen in Figure 3.9B. Therefore, we
hypothesized that there was a change in the conformation either during the adsorption or
desorption process that unfolded the Cis DNA, resulting in a higher fluorescence intensity. We
believe that when adsorbed, FAM-Cys likely still in the folded state. Otherwise, if fully unfolded,
the desorption should be similar to that of the heated FAM-Cys. This argument does not consider
partial unfolding, which may result in an intermediate adsorption strength. During displacement
by other DNA, some of folded FAM-Cys could be unfolded. This is illustrated in Figure 3.9D.

To obtain the plot shown in Figure 3.9B, a correction factor was applied to the desorbed
FAM-C15 based on the fluorescence after heating. More specifically, the desorbed FAM-C1s was
heated and the fluorescence was compared to the calibration curve of heated FAM-Cjs to find the

total concentration of desorbed DNA. This concentration was then matched with the original
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fluorescence intensity (before heating) to get a new calibration curve slope. This slope was found
to be 105.69 a.u./nM, which was between that of unheated and heated FAM-C1s. This unfolding

upon desorption (and corresponding increase in fluorescence) should be considered when
designing biosensors using FAM-Cs.

In comparison, we also adsorbed heated/unheated FAM-Ags, testing its desorption using
excess Ais (Figure 3.9C). For Cis, we saw that adsorption was stronger (about 2-fold) for the
heated DNA compared to the unheated DNA. This could be explained by the better stacking
interactions between the DNA bases and aromatic rings of GO for the unfolded DNA. When poly-
C DNA is folded into the i-motif structure, the bases are effectively “hidden” from the GO surface.
For FAM-A1s, heating did not appear to make much of a difference, and this is consistent with its
lack of a stable secondary structure at neutral pH.
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Figure 3.9. Accounting for FAM-C1s unfolding upon desorption from GO. (A) A comparison of
desorbed FAM-Cy5 from GO before and after heating. This kind of experiment was used to
generate a new calibration curve reflecting the unfolding of FAM-C15 upon adsorption/desorption
(B) Desorption profile of FAM-Cys after the addition of 2 uM Cis accounting for the state of the
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desorbed DNA (C) Desorption profile of FAM-Ass after the addition of 2 uM As. In all cases (A-
C), the buffer was 10 mM pH 7.6 HEPES containing 300 mM NaCl. (D) General scheme showing
the proposed behaviour of unheated and heated FAM-C1s upon adsorption and desorption from
GO.

3.4 Conclusions

In this work, we set out to investigate the properties of FAM-Cis that made it adsorb on
nanomaterials more strongly than the other DNA homopolymers. Ultimately, it was found that the
FAM label can stabilize an i-motif structure even up to neutral pH, but the structure was
irreversibly unfolded upon heating. The interaction between FAM and Cis resulted in significant
static quenching of the FAM emission. The heat-unfolded FAM-C1s adsorbed to GO twice more
strongly than when folded in the i-motif state. Interestingly, significant unfolding of folded FAM-
C1s was seen upon desorption from GO. This unfolding resulted in higher measured fluorescence
values compared to the folded structure. This study, therefore, could be useful for designing

surface anchoring DNA sequences or fluorescent sensors based on poly-C DNA.
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Chapter 4 -Poly-cytosine DNA Strongly Anchoring on
Graphene Oxide Due to Flexible Backbone Phosphate
Interactions

The results presented in this Chapter have been published as:

Anand Lopez, Yu Zhao, Zhicheng Huang, Yifan Guo, Shaokang Guan, Yu Jia and Juewen Liu
“Poly-Cytosine Deoxyribonucleic Acid Strongly Anchoring on Graphene Oxide Due to Flexible
Backbone Phosphate Interactions”. Advanced Materials Interfaces 2021, 8, 2001798.

4.1 Introduction

DNA-based biosensors have attracted significant interest due to its specific recognition of not only
complementary nucleic acids but also other types of targets by DNA aptamers and
DNAzymes.193262-2688 \While many of these biosensors have been implemented in molecular
beacons or other homogeneous systems,82269270 recent research has also interfaced DNA with
nanomaterials as a framework for biosensors.!":192271-273 The most-studied nanomaterials for this
purpose include carbon-based (such as graphene oxide (GO) and carbon nanotubes),®!* metallic

(e.g. gold, silver),??"274275 and metal oxide (e.g. CeO2, TiO,) nanoparticles.*’

The mode of adsorption of DNA varies with the type of nanomaterial. Adsorption can occur
through electrostatic interactions (from backbone phosphate groups), coordination with the
nitrogen atoms in the DNA bases, hydrogen bonding, hydrophobic and n-n stacking interactions.
For most nanomaterials, the net interaction is a combination of multiple of these forces. There are
certainly dominant ones, especially in metallic and metal oxide nanoparticles. In the former, the
coordination with the nucleobases dominates,?>??" whereas interactions through the phosphate

group are dominant in the latter.181%

Finding a strand of DNA with strong affinity to nanomaterials is critical for biosensor and
materials development.?’6280 Selecting aptamers that bind to inorganic surfaces had limited
success due to nonspecific adsorption of DNA. We reason that careful screening of DNA
sequences is a more viable approach to examine their subtle differences in adsorption.?®® A few
years ago, we reported that poly-C DNA has a generally high affinity for various nanomaterials
from GO, MoS; to metal oxides.®18" Later, calcium phosphate,?*® and upconversion

nanoparticles?’” were also reported to have strong affinity with poly-C DNA. This high affinity is

72



intriguing since the chemical reason behind it is not obvious. It was hypothesized that this high
affinity was due to the formation of the “i-motif”: a DNA secondary structure relying on C-C*
interactions.' However, we found in the previous chapter that the i-motif structure resulted in a
lower affinity to GO. Therefore, an answer to the high poly-C/GO affinity remained elusive. GO
presents an interesting case as there is electrostatic repulsion of DNA combined with at least two
modes of attractive interactions: hydrogen bonding and n-m stacking.!'3160.200281.282 Hydrogen
bonding can occur through the bases, as well as the sugar ring and phosphate backbone. In addition,

- stacking can favourably occur with the aromatic regions in GO.?%

Herein, we conducted pH-dependant experiments with various C-containing DNA strands
and GO. At low pH, poly-C DNA cannot displace pre-adsorbed DNA on GO, suggesting a weaker
affinity due to i-motif formation. To determine the reason for the high poly-C affinity at neutral
pH, we performed molecular dynamics (MD) simulations, which showed that the phosphate
backbone interacts more strongly with GO through hydrogen bonding for poly-C than other DNA
homo-oligomers. This confers increased conformational flexibility on the surface of the GO, with
more a more spread-out adsorbed state and increased adsorption affinity compared to other homo-
oligomers of the same length. This was a surprising result as the phosphate backbone was typically
not considered in GO/DNA interactions; attraction was typically attributed nucleobase/GO
hydrogen bonding and n- stacking. In the end, we were able to use this observation to generalize
the tighter adsorption of poly-C DNA to various nanomaterials.

4.2 Materials and Methods

All of the DNA sequences (Table 4.1) were purchased from Integrated DNA Technologies
(Coralville, lowa, USA) and dissolved in water to a stock concentration of 100 pM. In the case of
the dye-labelled strands, the stock concentration was 1 M. 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), tris(hydroxymethyl) aminomethanesodium (Tris),
sodium acetate, urea, sodium citrate and sodium chloride (NaCl) were purchased from VWR. 2-
(N-morpholino) ethanesulfonic acid (MES) was purchased from Bio Basic Canada. Graphene
oxide was purchased from ACS Materials LLC. All buffers were dissolved to a stock concentration
of 500 mM and adjusted to their respective pH; 4.0 for acetate, 5.0 for citrate, 6.0 for MES, 7.6 for
HEPES and 8.5 for tris. GO was dispersed in water and diluted to a stock concentration of 0.1
mg/mL. The main buffer used in this work was one of moderate ionic strength consisting of 10
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mM buffer (e.g. citrate, MES, HEPES) and 300 mM NaCl. For comparison, low ionic strength (50
mM HEPES) and high ionic strength (10 mM pH 7.6 HEPES/pH 4.0 Acetate + 300 mM NaCl + 1
mM MgCl>) buffers were also prepared.

Table 4.1. List of DNA Sequences Used in Chapter 4.

DNA Names DNA Sequences (5'— 3')

Alexa-12mer Alexa Fluor 488-TCA CAG ATG CGT
Alexa-Tis Alexa Fluor 647-TTT TTT TTTTTT TTT
Tis TTTTTTTTTTTT TTT
Ais AAA AAA AAA AAA AAA
Gis GGG GGG GGG GGG GGG
(C2T)e CCT CCT CCT CCT CCT CCT
(CsT)sCs CCCTCCCTCCCTCCC
(C4T)2Cs CCCcTCcCcceTceccce
Ci2 cccccececeeccece
Cis ccccecececeececeeccece
CaTis TTTTTTTCCTTTTTT
CaTu TTTCCTTTCCTTTTT
CsTr TTCCCTTCCTCCCTT
Ci12Ts CCCCCT TCCTCCCCC

Fluorescence Measurements. All fluorescence measurements were performed in a 96-well plate
in a Tecan Spark plate reader. For Alexa-Tis, the excitation and emission wavelengths were 634
nm and 679 nm respectively. For Alexa-12mer, the excitation and emission wavelengths were 488
nm and 535 nm, respectively. A calibration curve was generated for these two dye-labelled strands
by a serial dilution from 20 nM of DNA, and this calibration curve was used for the experiments

below.

Adsorption Capacity. To determine the adsorption capacity of DNA on GO, the concentration of
DNA (Alexa-T1s or Alexa-12mer) was kept constant and titrated with GO and allowed to incubate

for 1 h to allow full adsorption. Since adsorption quenches the fluorescence, any measured
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fluorescence would be from free DNA. Using the calibration curve, the concentration of free DNA
was calculated and further used to find the adsorbed DNA. The capacity was determined to be the

first point where adding more DNA did not change the amount of adsorbed DNA.

DNA Desorption. First, GO was diluted to a working concentration of 5 pg/mL in milli-Q water.
Then, 2 pL of 500 mM HEPES (pH 7.6) was added to a final concentration of 10 mM, followed
by 10 pL of 3 M NaCl (final concentration: 300 mM). This was followed by 2 pL of 1 uM probe
DNA (Alexa-12mer or Alexa-T1s) to a final concentration of 20 nM. The volume was adjusted 100
ML using water and the sample was incubated for 1 h to allow for full adsorption of the probe DNA
with corresponding fluorescence quenching. Then, 1 pL of 100 uM desorbing DNA (e.g. Cis or
(CsT)sCCC) was added and further incubation was allowed for 1 h in the dark (final concentration:
1 uM). This 1 h incubation allowed for displacement of dye-labelled DNA by the desorbing DNA,
resulting in an increase in fluorescence, and this fluorescence was measured. All samples were
tested at different pH: acetate (pH 4), citrate (pH 5), MES (pH 6), tris (pH 8.5), as well as at
different ionic strength, in triplicate.

Circular Dichroism (CD). CD measurements were conducted with a Jasco J-715
spectrophotometer. DNA (T1s, (C2T)s and Cis) samples were prepared in 10 mM acetate buffer
(pH 6). The final concentration of DNA was 5 uM. Each sample was measured in a continuous

scanning mode (from 320 to 220 nm) for 5 cycles.

Model and Molecular Dynamics Simulations. The MD simulations were performed using
GROMACS version 5.1.4.2 The employed supercell was a cuboid box of 60x60x50 A2, which
consisted of saline solution and a GO sheet at the bottom with a dimension of 50x50 A2, The
systems were modeled by the Amber14SB force field for DNA and ions,?® and the TIP3P model
for water molecules.?®® The force field parameters for the GO sheet, including partial charges of
functional groups, were taken from Stauffer et al. and the general force field.?8"2%8 The electrostatic
interactions were evaluated using a particle-mesh Ewald (PME) summation,?° with a real space
cut-off of 14 A, and the Lennard-Jones (L-J) nonbonding interactions were smoothly tapered to
zero when the two atoms were close to 14 A. Three-dimensional periodic boundary conditions
were applied in the simulations and all the simulations were carried out with a time step of 2 fs.

The systems were relaxed for 1 ns at 300 K under the NVT ensemble via the V-rescale thermostat.
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The structure of the ssSDNA segment in the canonical B-form was generated using
3DNA.?% In order to study effects coming from the reduced pH, the cytosines were additionally
protonated by adding extra protons to nitrogen atoms (Figure 1C) of Cio and Cis DNA in pH
4.0.2%12%92 The GO model was based on the high correlation between oxidation loci, with structural
formula C1001(OH)1(COOH)os, as reported by Yang et al..?®® The GO carbon atoms were
constrained using positional restraints, while the other GO atoms, including oxygen and hydrogen,
were free to move. The neutral solution environment consisted of a sSSDNA, approximately 6000
water molecules and counterions of Na* or CI', in which the optimized ssDNA was initially put at
30 A above the GO sheet.

Each simulation of a single nucleotide and As, Cs, Ts was run for 100 ns after the system
reached equilibrium. For the long-chain polynucleotide ssDNA, the systems were then heated to a
target temperature of 550 K (in the case of Ao, C1o, T10, and Ass, Cis, T1s) and equilibrated for 10
ns.2% Next, the system was cooled in a stepwise pattern, at a speed of 100 K/10 ns until a final
temperature of 300 K was reached. Finally, the system was equilibrated at 300 K for 100 ns to
obtain its annealed surface structure,?*® which was used for analysis of the structural details, and

adsorption energies.

Analysis of simulations. The adsorption energies between the ssSDNA molecules and the GO
surface, which consisted of the van der Waals energy and the electrostatic energy, were calculated
after the system reached equilibrium. The radius of gyration (Rg) for every simulation sample was

calculated as follows:

Z-’?zmr A
R = i
’ Zimf

where m;j is the mass of atom i and ri the position of atom i with respect to the center of mass of

the molecule. Rq reflects the volume and shape of biomolecules. A larger Rg means a more
extended molecular structure. Hydrogen bonds were determined using geometrical criteria: H-A
distance <0.27 nm, D-A distance <0.335 nm, and D-H-A angle >90°, in which H, A, and D denote
a hydrogen, acceptor, and donor atom, respectively. The geometrical criterion of the n—m stacking
structure was defined as vertical separation of less than 0.45 nm and angles of less than 30 degrees
between the planes of the GO sheet and the DNA bases.?®® The contact surface area (CSA) is
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defined as half of the difference between the solvent accessible surface area (SASA) of the
ssDNA/GO complex and the sum of the SASAs of the ssDNA segment and the GO.**

4.3 Results and Discussion

4.3.1 Poly-C DNA has a pH-dependant affinity to GO

To measure the relative adsorption affinity of DNA to GO, we adsorbed a random sequenced 12-
mer with an Alexa Fluor 488 label (Alexa-12mer) to achieve quenched fluorescence. By adding
increasing concentration of GO to 20 nM Alexa-12mer (Figure 4.1A), saturated quenching was
achieved with 5 pg/mL GO, which was used for subsequent fluorescence experiments. To the
Alexa-12mer/GO complex at pH 7.6, we respectively added 50-fold excessed non-labeled 15-mer
DNA homo-oligonucleotides (i.e. Ais, T1s, C15 and Gis, 1 pM each). The strand with the highest
affinity would displace the most Alexa-12mer, which could be quantified by measuring
fluorescence increase. We confirmed that poly-C had the highest affinity to GO, which was
followed by Ass, Gis and T1s (Figure 4.1B).

We then sought to determine whether this affinity ranking was true over a wide pH range.
Since Alexa Fluor dyes are less sensitive to pH, we were able to directly follow the desorption at
different pH (Figure 4.1C). In an alkaline condition (pH 10), C1s maintained the highest affinity,
but Gis replaced Ais with the second-highest affinity. Again, T1s showed the weakest affinity. We
reason that the higher affinity for C1s in mildly alkaline conditions is due to the same reason as
that at neutral pH, since cytosine has a second pKa of 12.2 and pH 10 would not change its
protonation state. The N1 position of guanine has a pKa of 9.2, which could explain the stronger

adsorption of Gis at pH 10.

In acidic conditions (pH 3.0 and 4.0), the affinity of Cis and Gis (to a lesser extent)
drastically decreased, whereas Ais became the highest affinity sequence. C1s can form the i-motif
structure in acidic conditions due to the protonation of the N3 in cytosine around pH 4.2 (Figure
4.1D).* The i-motif has a weaker affinity to GO due to shielding of the bases in the folded structure
(less groups on the DNA for interaction with GO). A1s presents an interesting case: adenine can
also be protonated at low pH (the pKa of the N1 is 3.5), while the associated secondary structure
(the A-motif formed by two parallel poly-A strands) does not form unless the pH is around 3.2%’
Since the A-motif is a rigid duplex, its adsorption would be unfavorable on GO. At pH 3, there

was indeed a decrease in the DNA desorbed compared to pH 4, which suggested the effect of A-
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motif structure formation. Without stable secondary structures, a DNA is adsorbed more strongly
at lower pH due to decreased charge repulsion.?®® However, such effects should favor both the
adsorbed Alexa-12mer and the added DNA. The relatively decreased affinity of C1s compared to
Auss upon decreasing pH suggested the i-motif was at least partially responsible for this decrease

in Cys affinity.

We also adsorbed a Tis DNA bearing an Alexa Fluor 647 label (Alexa-Tis) and then
conducted similar desorption experiments to further confirm the above results (Figure 4.1E). In
general, Ass induced the most desorption. This was likely due to complementary interactions
between Ais and the adsorbed Alexa-Tis. Beyond this, a difference in the trend across the pH
conditions tested was observed. For example: at pH 7.6, the affinity ranking was A15>C15>G15>T1s,
while at pH 4, it was A1s>T15>G15>>C1s. Again, the most striking difference was the excellent

affinity of C1s at neutral pH compared to the very low affinity at low pH.

It was previously reported that the i-motif structure was stabilized by various nanosized
carbon materials, such as single-walled carbon nanotubes,?®%* fullerene,?® and graphene
quantum dots.?® In this work, we focused on the adsorption strength (DNA/GO interactions)
instead of the stability of i-motif (intramolecular interactions). Our results indicated that formation
of i-motif is not the reason for the tighter adsorption of poly-C DNA at neutral pH, but instead it
can weaken poly-C adsorption especially at low pH. Another consideration is ionic strength. A
high ionic strength is needed to screen the electrostatic repulsion between GO and DNA. Its effect
on the stability of the i-motif is more controversial, though recently we observed destabilization at
high salt concentrations.?®® We prepared buffers of low and high ionic strength to compare to our
main buffer of moderate ionic strength. After adsorbing Alexa-T1s on GO at different ionic
strength, we added Css to displace it (Figure 4.1F). At neutral pH, more desorption was observed
at high ionic strength, likely reflecting the decreased electrostatic repulsion. At low pH, increased
ionic strength decreased Alexa-T1s desorption by Cis, suggesting that even if there was partial
destabilization of the i-motif, it was not enough to increase Cis affinity to GO. The striking
difference of Cis at different pH presents an interesting question: what factor drives the high
affinity of Cys to GO at neutral pH? In the following sections, we attempted to answer this through

a systematic change in DNA sequences.
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Figure 4.1. Confirming the high adsorption affinity of poly-C DNA on GO. (A) Adsorption
capacity of Alexa-12mer DNA on GO at pH 4.0 and pH 7.6. Experiments conducted using [Alexa-
12mer] = 20 nM, 10 mM HEPES (pH 7.6) or 10 mM acetate (pH 4.0) buffers and 300 mM NaCl.
(B) Adding various 15-mer sequences to GO saturated with Alexa-12mer DNA at pH 7.6 (HEPES,
10 mM). (C) Adding various 15-mer sequences to GO saturated with Alexa-12mer at pH 10
(carbonate, 10 mM), pH 7.6 (HEPES, 10 mM), pH 4.0 (acetate, 10 mM) and pH 3.0 (citrate, 10
mM). (D) A scheme for the i-motif structure. (E) Adding various 15-mer sequences to GO
saturated to Alexa-T1s at different pH. (F) Desorption of Alexa-Tis (20 nM) from GO (5 pg/mL)
by Cis (1 uM) in buffers of differing ionic strength. Low ionic strength was 50 mM HEPES (pH
7.6)/acetate (pH 4.0). Moderate ionic strength was 10 mM HEPES (pH 7.6)/acetate (pH 4.0) and
300 mM NacCl. High ionic strength was 10 mM HEPES (pH 7.6)/acetate (pH 4.0), 300 mM NaCl
and 1 mM MgCl..

4.3.2 The arrangement of cytosine within DNA sequence does not significantly affect affinity
To rigorously understand pH-dependant changes with poly-C DNA, we first varied the
arrangement of the C-bases within a strand. We designed 4 sequences that contained 12 cytosine

(C) bases but were arranged differently and spaced by single thymine (T) bases. These are
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designated as (C2T)s, (C3T)sCs, (C4T)2Cs and Cy2 in Table 1. In these sequences, two, three, four
and twelve consecutive C bases are grouped. There were chosen to investigate if consecutive
cytosines were responsible for its high affinity to GO. Inserting thymine may potentially result in
an altered affinity. These strands were respectively added to induce desorption of Alexa-T1s from
GO as shown in Figure 4.2A. This time, we also added pH 5, pH 6 and pH 8.5 to construct a more
detailed picture of the pH dependence.

All these sequences had a higher displacing ability at a higher pH, while the control
sequence, T1s, was quite pH-independent. The major jump occurred between pH 6 and 7.6 for Cy2,
and between pH 5 and 6 for (C2T)e and (C3T)3Cs which were not only slightly longer, but also had
more T bases. Therefore, it appeared that the addition of a few T would increase the affinity to GO
at low pH. We then conducted circular dichroism (CD) experiments at pH 6 for all the samples.
(Figure 4.2B). As expected, T1s showed no obvious features indicative of a significant secondary
structure. C12 displayed the typical spectrum with a sharp positive peak at ca. 288 nm and a weaker
negative peak at ca. 260 nm indicative of an i-motif,.>® With (C2T)s, (CsT)3Cs and (C4T)2Ca, the
spectra were quite similar to C1o, indicating that their structures were most likely in its i-motif
form. Likely, the C-rich DNA with more thymine insertions can more easily collapse on the GO

surface, although the free DNA may fold into i-motif like structures.
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Figure 4.2. Varying the arrangement of C to study adsorption affinity. (A) Adding DNA with

various arrangements of a total of 12 cytosine bases to GO saturated with Alexa Tis at pH 4
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(acetate, 10 mM), pH 5 (citrate, 10 mM), pH 6 (MES, 10 mM), pH 7.6 (HEPES, 10 mM) and pH
8.5 (Tris, 10 mM). (B) CD spectra of the DNAs (5 uM) at pH 6 (10 mM MES).

4.3.3 Adding cytosine to a predominantly thymine strand significantly improves affinity to
GO at low pH.

In the previous section, we kept the number of C in the sequence constant but varied the
arrangement. We then kept the DNA sequence length the same and varied the C content within it.
We designed the sequences with 2, 4, 8 and 12 cytosines, respectively (see Table 1 for sequence),
while also comparing them to Tis and Cis. We chose these sequences to observe if there was a
threshold of C needed before the affinity was sharply increased, and whether there was a simple
linear increase in affinity with increasing the fraction of C. Again, GO adsorbed with Alexa-T1s at
pH 4 and pH 7.6 were used as probes (Figure 4.3A). At pH 7.6, the affinity appeared to increase
monotonously with the C content, consistent with C interacting more strongly with GO compared
with T. However, this trend changed significantly when the pH was lowered to 4, where both T1s
and C1s showed low affinities as was seen previously but adding a small number of C bases (i.e. 2
or 4) to a T-rich strand significantly increased the affinity to GO. We reason that the presence of a
few scattered cytosines enhanced the adsorption affinity by their individual contributions. When
C became the dominating base in the DNA, the tendency to form the i-motif took over and the
affinity then decreased. This trend confirms previous reports that there needs to be a certain number
of C within a strand to form a stable i-motif (specifically >10 cytosine).?%* We also repeated this
experiment using adsorbed Alexa-12mer (Figure 4.3B). Interestingly, while the pH 7.6 trend was
preserved, very little Alexa-12mer desorbed at pH 4, which (combined with the data in Figure 4.1)
suggests that Alexa-T1s adsorbed much weaker under these conditions than Alexa-12mer. While
we were able to systematically confirm the strong adsorption affinity of poly-C DNA to GO at
neutral pH, the reason appeared to be elusive experimentally. Therefore, we resorted to computer

simulation to gain further insights.
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Figure 4.3. Addition of 15-mer DNA with increasing C/T ratios to GO saturated with (A) Alexa-
Tis and (B) Alexa-12mer at pH 4 (acetate, 10 mM) and pH 7.6 (HEPES, 10 mM).

4.3.4 Phosphate backbone hydrogen bonds potentially responsible for poly-C affinity to GO
To further understand the interactions between polynucleotides and GO, MD simulations were
used to calculate the adsorption energies of poly-A, poly-C and poly-T DNA on GO (Figure 4.4A).
It was seen that poly-C had the lowest (most favorable) adsorption energy at longer lengths (10-
and 15-mers). This was followed by T and A (for the 15-mer), though the difference at 5-mer or
shorter DNA was not obvious. Furthermore, we calculated the relative contributions of attractive
forces on GO for the 15-mers (Figure 4.4B). The contributing interactions were split into hydrogen
bonds (HBs) and n-n stacking interactions. Within HBs, we further split the contributions to the
nucleobase and GO (HB-base) and the phosphate backbone and GO (HB-backbone). For poly-C,
the most obvious contribution is the HBs between the phosphate backbone and GO, nearly 4-fold
higher than poly-T and poly-A (Figure 4.4B, 4.4C). Even though poly-A and poly-T DNA have
higher calculated n-n stacking interactions and higher HB-base interactions with GO, the HB-
backbone interactions that are predominant in poly-C DNA make it adsorb on GO the most stably.
This strong phosphate backbone H-bond contribution with poly-C appears anomalous, since poly-
T and poly-A both have the same phosphate backbone and, in principle, should have a similar
contribution. The lack of interaction between the cytosine base and GO (compared to adenine and
thymine), appeared to make long-chain C DNA more flexible, allowing it to adjust its geometry

during adsorption. This was confirmed by the simulated radius of gyration (Rg) and contact surface
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area (CSA) for Ass, Cis, T1s5 upon adsorption to GO, which suggested that adsorbed C1s had the
most extended conformation since its Rg and CSA were the largest (Figure 4.4 D, E). This extended
conformation on GO with exposed bases may be more favorable entropically, forming more HB-
backbone interactions than the other polynucleotides.
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Figure 4.4. MD simulations calculating various parameters of adsorption of DNA 10-mers and
15-mers on GO. (A) Calculated adsorption energies of A, T and C oligomers on GO. (B)
Distribution of GO/DNA interactions of the three types of 15-mer oligomers. (C) Distribution of
GO/DNA interactions of 10-mer oligonucleotides organized by the type of forces. (D) Simulated
radius of gyration (Rg) for Ass, C15 and T1s adsorbed on GO after 130 ns of equilibration at pH 7.0.
(E) Contact surface area (CSA) calculations for Ais, C1s and T1s adsorbed on GO after 130 ns of
equilibration at pH 7.0.

We also simulated the adsorption energies of C1o and Css at neutral (pH 7.0) and low pH
(pH 4.0) (Figure 4.5A). As expected, the adsorption at pH 4.0 was less stable than that at pH 7.0

for both polynucleotides. In a similar way to above, we calculated the contributions of HBs and
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separated them into HB-inter (GO-DNA) and HB-intra (DNA-DNA) classes (Figure 4.5B). At low
pH, the number of HB-intra sites was almost 3-fold higher than at neutral pH. This supports the
formation of the i-motif caused by intramolecular HBs between C and C*. The HB-inter increased
significantly from low pH to neutral pH in both Ci and Cis (6- and 8- fold, respectively),
indicating more HBs between GO and these DNA at pH 7.0. To visualize this, we captured the
steady state conformations of the pH 7.0 (Figure 4.5C) and pH 4.0 samples (Figure 4.5D). At
neutral pH, Cis is spread out, occupying a larger area on GO, attributable to the phosphate HBs
mentioned above. We should emphasize that since the strands were manually protonated (i.e.
protons added at the designated position) in the simulation, the pH 7.0 condition here would be
more consistent with the mildly alkaline condition experimentally. In previous sections, we
outlined that the reason why Cis has a high affinity is the same for neutral and alkaline pH as a
result of an extended transition of protonation. At low pH, the interaction between GO and Cgs
was less, with intramolecular HBs resulting in the formation of the i-motif. This explains the

decreased affinity of Cisto GO at low pH.
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Figure 4.5. pH-dependent MD simulations of Cyo and Cis adsorption on GO. (A) Calculated
adsorption energies of C10 and C15 DNA adsorbed at pH 4.0 and pH 7.0. (B) Distribution of DNA-

Apart from limiting HBs between the base and GO, it is conceivable that the formation of
85

the i-motif will also limit the HBs between the phosphate backbone and GO. This is because these
per strand. This is supported by lower Rq values for both C1o and Cys at low pH (Figure 4.6A). The
HBs (coupled with the higher flexibility of Cis) has a significant role to play in the anomalously

consistency between theory and experiment supports our conclusion that the phosphate backbone
high stability of poly-C DNA.

DNA HB (HB-intra) and GO-DNA HB (HB-inter) at pH 4.0 and pH 7.0. Simulated steady state
poly-C strands will be folded (instead of extended), limiting the number of interacting phosphates

conformations of C15 on GO at (C) pH 7.0, and (D) pH 4.0.



The above simulations were performed on GO. We further compared the adsorption of C1s
and Azs on pristine graphene in aqueous solution. For both, the conformation was dictated entirely
by m-m interactions between the bases and the graphene surface (Figure 4.6B). The adsorption
energy of Ais was also lower compared to that of Cys (Figure 4.6C), indicating stronger binding
for the former. This is reasonable due to the larger purine ring for adenosine compared to the
smaller pyrimidine ring for cytidine, despite that both form the same number of n-n stacks (Figure

4.6D).
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Figure 4.6. MD simulations of Cio, C15 and Ais adsorbed on GO and pristine graphene. (A)
Simulated radius of gyration (Rg) for C10 and Cis adsorbed on GO after 130 ns of equilibration at
pH 4.0 and 7.0. (B) Steady state conformations of Cis (left) and Ass (right) adsorbed on pristine
graphene. Adsorption energy (C) and 7t-x stacking number (D) for C15 and Azs adsorbed on pristine
graphene for 150 ns.
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4.4 Discussion

Experimentally, it is known that hydrogen bonding is highly important for the adsorption of DNA
on GO.3% |t was thought that the hydrogen bonding was predominantly between the base and the
GO surface, as that would account for the differences in affinity between the bases and GO.
However, for poly-C DNA, much of the hydrogen bonding contributions at neutral pH is from the
phosphate backbone. Based on our simulations, the hydrogen bonds with the phosphate backbone
are responsible for the high affinity of poly-C DNA on GO. We previously showed stronger poly-
C DNA adsorption on various metal oxides,® calcium phosphate,?*® and recently Ge et al. showed
stronger poly-C adsorption on upconversion nanoparticles.?’” For all these metal containing
materials, they can interact strongly with DNA phosphate backbone, which can also explain the
stronger adsorption of poly-C DNA by its flexibility at neutral pH allowing more phosphate
backbone interactions. The difference is that, for GO, the phosphate backbone uses hydrogen
bonding, while on those metal containing materials, phosphate backbone uses electrostatic and

Lewis acid/base interactions.

It should be noted that free inorganic phosphate cannot displace DNA from GO.!®
Furthermore, DNA can be displaced by individual nucleosides (such as adenosine), and some
surfactants.’® The heterogeneity (e.g. pristine hydrophobic vs oxidized hydrophilic) of the GO
surface has also been shown to correspond to different binding modes,***!*® and DNA strands
(regardless of the base) utilize a combination of them depending on the degree of oxidation of GO.
This is reflected in our simulations with different contributions from HBs and n-n stacking (Figure
4.4B). We speculate that the nucleosides are larger than inorganic phosphate, and they can utilize
both n-n stacking and base-GO HBs to form combined interactions to better displace DNA from
GO. On the other hand, free phosphate is very small and individually it cannot overcome the

combined attractive forces (including n-x stacking and base HBs) between DNA and GO.

Based on this and our previous works, we can now paint a picture of the best methods to
physisorb DNA on to GO. It should be noted that “best” in this context is dependent on specific
applications and is summarized in Figure 4.7. If a sensing DNA needs to be anchored to the surface
of GO, then a poly-C strand is the best option at neutral pH (Figure 4.7A). Due to phosphate
backbone HBs, Css interacts with more of the GO surface, leading to very stable adsorption. The

sensing probe is not adsorbed as strongly and will be available to bind targets. At low pH, the
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sensing probe will be adsorbed too strongly to GO (e.g. the Alexa-12mer used in Figure 4.3B) and
will not bind to target. Interfacing C-rich DNA on GO with pH can also be used to make pH-
dependent switches (Figure 4.7B), exploiting the difference in binding affinity due to i-motif
formation.?”*%! Random/sensing DNA strands simply adsorbed on GO are most effective at
neutral pH (Figure 4.7C),?*® since the interaction at low pH is too strong for probe to desorb.

Similar designs are also applicable to other nanomaterials interacting with the DNA phosphate

backbone.
Neutral pH Applications
A > i) Sensing at
LV, V.V.V. & neutral pH

C-rich anchor i) pH-dependent

switches
B
aNNNNNNN pH switches
C-rich DNA
C
Sensing at
NW neutral pH
Random probe

DNA

Figure 4.7. General schemes for applying C-rich DNA in various applications. (A) The adsorption
of a diblock DNA with a poly-C or C-rich block and a sensing block on GO for the detection of
target. Such a system displays pH and block-dependent affinities to GO, with weak poly-C affinity
at low vs high pH and vice-versa for the sensing block. Target sensing may only be achieved at
neutral pH. (B) The adsorption of simple C-rich DNA on GO useful for pH-dependent switches.
(C) The adsorption of a simple sensing probe on GO. Target binding and subsequent desorption
may only occur at neutral pH.

4.5 Conclusions
In this work, we sought to gain a fundamental understanding of the nature of poly-C DNA
interactions with GO. First, it was confirmed that the i-motif structure formed by Cis at low pH

had a lower affinity to GO, which was consistent with our previous studies. This affinity was much
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lower than any of other DNA tested (Tis, Ais and Gis). Furthermore, we confirmed the
anomalously high affinity of poly-C to GO at neutral pH compared to other DNA homo-oligomers
of similar length. The arrangement of C within the strand did not affect the affinity, suggesting
that intra-strand interactions were not responsible for the high affinity. Increasing C content in a
strand monotonously increases the affinity at neutral pH. However, at low pH, there was an
increase in affinity at low C content, followed by a sharp decrease once C was >50% of the strand.
This confirmed that there was a minimum number of C required for i-motif formation, which
correlated well with the decrease in affinity. Using MD simulations, we modeled a series of
DNA/GO adsorption events, measuring various useful parameters such as adsorption energy,
radius of gyration and contact surface area. We found that poly-C strands had a significantly
greater phosphate backbone/GO hydrogen bond contribution to the adsorption, which resulted in
a more flexible and spread-out adsorption conformation. This ultimately allowed for a very stable
poly-C adsorption on GO. This phosphate interaction also explains why poly-C maintains this high
affinity on other surfaces (such as metal oxide nanoparticles), except that the phosphate would
interact through Lewis acid/base or electrostatic interactions instead of hydrogen bonding. To
summarize, the reason why poly-C has such a high affinity for many nanomaterials may be due to
the increased conformational flexibility allowing phosphates being the predominant mode of
interaction. This knowledge will allow for the rational design of nanomaterial/DNA hybrid

materials.
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Chapter 5 - Fluorescence Polarization for Probing
DNA Adsorption to Nanomaterials and
Fluorophore/DNA Interactions

The results presented in this Chapter have been published as:

Anand Lopez and Juewen Liu “Fluorescence Polarization for Probing DNA Adsorption by
Nanomaterials and Fluorophore/DNA Interactions”. Langmuir 2019, 35, 30, 9954-9961.

5.1 Introduction

A fluorophore has many properties. While fluorescence intensity or quantum yield is easy to
measure, it is affected by lamp intensity, detector gain, and fluorophore concentration. This makes
them difficult to calibrate.3%? Fluorescence polarization (FP) measures tumbling of fluorophores
during its excited state (typically a few nanoseconds), which is independent of fluorophore
concentration but affected by molecular volume. FP is useful for measuring binding, such as DNA-
protein and protein-protein interactions, since coupling of a fluorophore-labeled DNA or protein

to a larger protein causes an increase in Fp. 79:104:303-308

In recent years, FP has been used to characterize DNA adsorption by nanomaterials.30-3
Since nanomaterials often have much greater mass and volume than proteins, they are expected to
significantly increase FP of adsorbed fluorophores. As an example, fluorescence anisotropy was
used to detect ATP using a fluorophore-labeled DNA aptamer (anisotropy and polarization are
interconvertible).®® ATP binding inhibited aptamer adsorption on graphene oxide (GO). Without
ATP, the aptamer adsorption resulted in a high anisotropy value. The change in the anisotropy was
linearly dependent on the concentration of ATP. A similar method was recently utilized to detect

aflatoxin B1.319

DNA adsorption by nanomaterials, such as GO,"320322 gold nanoparticles,3?33%
M0S,,2%5326 and most metal oxide nanoparticles,'®%?" is accompanied with strong fluorescence
quenching of the attached fluorophore. Such quenching has been extensively used for biosensor
development.82328-332 Quenching may change the contribution of the adsorbed DNA in the total
measured FP. In other words, the FP of strongly quenching systems may not linearly correlate with
adsorption efficiency. This aspect, however, has yet to be carefully examined. In addition, different

fluorophores may interact with the DNA backbone differently, which may further complicate data
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analysis. In this work, we systematically measured DNA adsorption by GO as a strong quencher,
and by Y203 as a non-quencher. We mathematically related adsorption efficiency and quenching
efficiency to the change in FP. We found that FP measurements from a strong quenching system
was dominated by scattering/intrinsic fluorescence of the material, rather than an increase in
effective molecular volume of the fluorophore. For non-quenching surfaces or materials, the
typical binding model can be used. We also noticed DNA/fluorophore interactions that can be
probed by FP.

5.2 Materials and Methods

Chemicals. Carboxyfluorescein (FAM)-labeled Aisand Tis DNA, as well as TYE™665-T15 were
purchased from Integrated DNA Technologies (Coralville, 1A). Fluorescein isocyanate-labeled
polyethylene glycol (FITC-PEG, MW 10000 Da) was from Nanocs Inc. (Boston, MA). FITC-
bovine serum albumin (FITC-BSA), CeO: dispersion (size 5-10 nm, in acetate buffer) and
fluorescein were purchased from Sigma-Aldrich. Graphene oxide and Y203 powders were
purchased from ACS Materials LLC.

Dilution experiments. The fluorescent species (e.g. free fluorescein or FAM-T1s) were dissolved
in 10 mM HEPES buffer (pH 7.6) at a starting concentration of 1 uM in a black 96-well plate. A
serial dilution was then performed, with each subsequent concentration being half of the previous
one, to achieve sub-nM concentrations. The FP and intensity of each sample were measured by
excitation at 485 nm and collecting emission at 535 nm in a plate reader (Tecan Spark). The gain
was automatically adjusted by the instrument in cases where there were fluorescent species
present. For dilution experiments involving TYE™665-T1s, the excitation was at 621 nm, and
emission at 665 nm. For experiments with nanomaterials only (no fluorophores), a 100 nM FAM
T1s sample was included for gain adjustment. All experiments were run in triplicate, and the error

bars represent 1 standard deviation from the mean.

pH-dependent FP. For the pH measurements, the concentration of the fluorescent species was at
20 nM. pH 4, 6, and 7.6 were achieved by using 10 mM acetate, MES, and HEPES, respectively.
The samples were then placed in a 96-well plate and the FP was measured in triplicate.

Adsorption on nanomaterials. The fluorophore (e.g. FAM-T1s DNA) concentration was kept at
20 nM and varying concentrations of nanomaterials were added. The samples were then transferred

to a 96 well plate and the FP was measured. All measurements were performed in 10 mM HEPES
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(pH 7.6). For GO, the experiment was performed with (high affinity) and without (low affinity)
300 mM NacCl.

DNA adsorption efficiency on Y20s. Various concentrations of Y203 were added to 20 nM FAM-
Tis and allowed to incubate for 30 min, followed by centrifugation. The fluorescence of the
supernatant was measured and compared to a calibration curve to get the free DNA concentration.
The adsorbed DNA was then calculated by subtracting the free DNA concentration from the total

DNA concentration. All measurements were performed in 10 mM HEPES (pH 7.6).

5.3 Results and Discussion

5.3.1 Lower limit of fluorescence intensity for FP

FP = (I;; —1,)/(;; +1,) , where I;; and 1. are the emission intensities polarized parallel and
perpendicular to the excitation light plane, respectively. After excitation by a polarized light, if the
excited fluorophore can tumble quickly during its excited state, the emitted fluorescence is
depolarized. On the other hand, if it tumbles slowly (e.g. by attaching to a larger moiety), the
emitted fluorescence is still highly polarized, yielding a high FP. Therefore, FP is strongly affected
by the molecular volume and fluorescence lifetime. FP is a ratio without a unit (typically in the
range between -0.3 and 0.5), but it is often expressed in mP (e.g. FP of 0.1 would be expressed as
100 mP).

In principle, FP is independent of fluorescence intensity. This being said, there should still
be a limit below which artifacts of low fluorescence may appear. Since we are interested in DNA
adsorption by strongly quenching materials, it is important to measure this limit. We prepared a
series of free fluorescein solutions (no DNA attached) from 10 pM to 1 puM. Fluorescein
derivatives have been widely used for labeling biomolecules, including DNA. A good linearity in
fluorescence intensity was found for both the parallel and perpendicular light even at sub-nM
concentrations (Figure 5.1A), indicating excellent sensitivity of the instrument. The FP was around
0 when fluorescein was 1 nM or higher (Figure 5.1D), consistent with the low molecular volume

of free fluorescein.

We then tested two FAM-labeled DNA: FAM-A;s (Figure 5.1B, 5.1E) and FAM-Ts
(Figure 5.1C, 5.1F). Upon dilution, both DNAs showed very nice linearity in fluorescence
intensity. The FP was still quite low, only around 10 mP, indicating that the FAM label could still
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tumble quite freely despite conjugation to DNA. Only at extremely low concentrations (below 1
nM) did we observe a significant increase in FP. By comparison with fluorescence intensity, the
free fluorescein sample fluoresced stronger than the DNA-labeled ones at the same concentration,

although the critical intensity was around 100 fluorescence units.

In our experimental setting, if the total fluorescence intensity was above 100 units (this
value could be different for different instruments and settings), the artifacts associated with low
fluorescence intensity should not come into play. This translates into a DNA concentration of
around 1 nM, and a free fluorescein concentration of about 0.5 nM. At a much lower fluorescence
intensity, we cannot make any conclusions on the properties of the fluorophores based on FP. Once
a fluorophore is sufficiently diluted, the measured fluorescence would be indistinguishable from
the background. Contributions from scattered light then started to show up, which could be highly
polarized.®® This can be interpreted as artifacts associated with low fluorescence intensity. We

determined the limit here, and such extreme cases were not quantitatively considered in this work.
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Figure 5.1. Concentration effects on FP for Ass, T1s and free fluorescein. The effect of dilution on
FP for (A) free fluorescein, (B) FAM-Ass, and (C) FAM-Ts. The effect of dilution on fluorescence
intensity for (D) free fluorescein, (E) FAM-Ass, and (F) FAM-T1s. The total fluorescence and the
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perpendicular and parallel intensities used for calculating FP are presented. All measurements were
performed in 10 mM HEPES (pH 7.6) buffer with 485 nm excitation and 535 nm emission.

53.2 The FP of FAM-labeled DNA is strongly pH-dependent implying FAM/DNA
interactions

The above dilution experiments set a basis for our system. Fluorescein is a strongly pH-dependent
fluorophore; it is almost non-fluorescent below pH 4.3% Its highest fluorescent state is the double
anion form in basic buffers, and its fluorescence decreases with progressive protonation. By
lowering pH from 7.5 to 6.0, the fluorescence of free fluorescein decreased by ~60% (Figure 5.2A,
blue curve with the y-axis on the right), but its FP remained the same (black curve, y-axis on the
left). For the same pH drop, the intensity of FAM-Azs decreased by 90% (Figure 5.2B), while
FAM-T 15 decreased by 73% (Figure 5.2C). Therefore, the DNA strands led to further fluorescence
drops alongside the effects of pH on the fluorophore. For both DNAs, their FP at pH 7.5 was close
to 10 mP. At pH 6.0, the FP of FAM-A1s and FAM-Tjs increased to ~40 mP. Since the fluorescence
was still strong enough (i.e. >100 units), the increased FP cannot be attributed to the low light
artifact. Considering the FP of the free fluorescein did not change much, the increased FP of the
DNA samples indicated stronger FAM/DNA interactions, which decreased the tumbling rate of
the FAM labels. The three pKa values of fluorescein are 2.2, 4.4 and 6.7 (Figure 5.2D).334 At basic
pH, fluorescein is in its dianion form with the highest quantum yield and is repelled by the
negatively charged DNA backbone. At pH 6.0, a fraction of fluorescein exists as a neutral molecule
and may interact with DNA more strongly.
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Figure 5.2. pH effects on FP. The effect of pH on FP and fluorescence intensity for (A) free
fluorescein, (B) FAM-Ass, and (C) FAM-T1s. The buffers used were 10 mM acetate (pH 4.0), 10
mM MES (pH 6.0) and 10 mM HEPES (pH 7.6) for adjusting pH. (D) The structure of fluorescein
and its protonation.33

We then further lowered the pH to 4, and the intensity of the free fluorescein dropped to
2300 units, while that of the two DNA samples were 100 (FAM-Ais) and 140 (FAM-Tis)
respectively. The free fluorescein FP slightly increased to -2 mP, while for the two DNA, both
reached ~100 mP. The fluorescence intensities of both DNA samples have approached the low
light limit. In addition, further increased FAM/DNA interactions at low pH may also contribute to
the increased FP. This trend of increasing polarization with decreasing pH was also seen for FAM-
Cis and FAM-Ggs (Figure 5.3).

95



250

200 1 —8— FAM-G15
a
S
— 150
Q
©
S 100
5 1
o
a

50 -

4 5 6 7 8
pH

Figure 5.3. Polarization of FAM-C15 and FAM-G15 DNA at different pH. The DNA and buffer
concentrations were 20 nM and 10 mM, respectively. Although poly-C DNA may form the i-motif
structure at low pH, such folding does not change the molecular weight of the molecule although
the volume of the molecule might change slightly. The effect of pH on the interaction between
FAM and the DNA backbone is still the main factor.

To further understand this pH effect, we then tested a TYE™ 665 labeled T1s DNA, which
is much less pH sensitive. From the dilution experiment (Figure 5.4A), it also has good FP
consistency at sub-nM concentrations. The pH independency is confirmed in Figure 5.4B (e.g.
only 50% drop from pH 7.5 to 4.0), much less drastic compared to FAM. Furthermore, its FP
changed very little in this pH range and remained around 0 to 10 mP. Therefore, pH did not change
the interaction between the TYE dye and DNA.

We also tested some non-DNA polymers labeled with fluorescein derivatives. Polyethylene
glycol (PEG), a non-charged polymer with a molecular weight (MW, 10 000 Da) close to that of
a 30-mer DNA, was used. Its initial FP at neutral pH was close to zero (Figure 5.4C), indicating
that the PEG chain did not affect the tumbling of the FAM label and motion of FAM was decoupled
from the motion of the polymer chain. Even at lower pH, the FP change was very small, also

similar to that of free fluorescein. PEG is a very simple polymer that cannot interact strongly with
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FAM. Therefore, the observed increase of FP at low pH with DNA was due to the interaction
between FAM and the DNA backbone. FAM is a unique fluorophore in this regard due to its pH-
dependent multiple protonation reactions, leading to pH-dependent interactions with its covalently
linked DNA (a polyanion). FP is also a valuable tool to reveal such interactions.

We finally tested FITC-labeled bovine serum albumin (BSA) which had a much larger FP
value of ~140 mP at neutral pH (Figure 5.4D). This was likely due to the large molecular volume
of BSA and strong fluorophore/BSA interactions. Interestingly, the FP increased to over 200 mP
at pH 4. The isoelectric point of BSA is around pH 4.7,333% and it has a net positive charge at pH
4. Since fluorescein is a mixture of neutral and monoanion form at this pH, it is likely that FAM

interacted with the protein quite strongly at pH 4.
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Figure 5.4. Exploring the FP of TYE665-T15 and FAM-labelled non-DNA systems at different
pH. The effect of (A) dilution and (B) pH on the FP and fluorescence intensity of the less pH-
sensitive TYE™ 665 dye labeled T1s DNA (final concentration= 100 nM). The effect of pH on the
FP and fluorescence intensity of (C) 20 pg/mL FITC-PEG and (D) 1 pg/mL FITC-BSA. The
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buffers used to achieve the desired pH were acetate (10 mM, pH 4), MES (10 mM, pH 6), and
HEPES (10 mM, pH 7.6).

5.3.3 FP as a function of DNA adsorption efficiency and quenching efficiency

After understanding the basic FP properties of FAM-labeled DNA, we then turned our attention to
its adsorption on nanomaterials. FP has been used quite frequently for following adsorption of
DNA (and subsequent analytical applications), and the general notion is that adsorption to a
nanomaterial can increase the overall molecular volume and thus FP. Many of these nanomaterials,
such as GO,?%>%7 and gold nanoparticles, are also strong fluorescence quenchers.2*3% The amount
of light emitted from the adsorbed fluorophores would be very low, and what contributes to the FP
calculation is mainly the non-adsorbed DNA. Such quenching effect, however, was not considered
in most previous work. Herein, we attempted to derive a quantitative relationship between

adsorption efficiency, quenching efficiency, and FP (Figure 5.5A). By definition, we can write:

P (FII,free - FJ.,free) (FII,adsorbed - FJ_,adsorbed)
T

= (Eq.5.1)
FII,free + FJ_,free + FII,adsorbed + FJ_,adsorbed FII,free + FJ_,free + FII,adsorbed + FJ_,adsorbed

Where Pt is the measured FP (or total FP), and the ‘free’ and ‘adsorbed’ subscripts represent the
free and adsorbed species respectively. The denominator can be rewritten as Fr, representing the
total fluorescence:

_ (FII,free - FJ_,free) + (FII,adsorbed - FJ_,adsorbed)

P
! Fr Fr

_ (FII,free - FJ_,free)(FII,free + FJ_,free) (FII,adsorbed - FJ_,adsorbed)(FII,adsorbed + FL,adsorbed)

FT(FII,free + FJ_,free) FT(FII,adsorbed + FJ_,adsorbed)

_ Pfree (FII,free + FJ_,free) + Padsorbed (FII,adsorbed + FJ_,adsorbed)
Fr Fr

For simplicity, we express Fags and Free as the sum of the parallel and perpendicular components
of fluorescence intensity of the adsorbed and free DNA molecule, respectively, and they would be

proportional to the total measured fluorescence intensity. Then

_ Pfree * Ffree Padsorbed * Fads
Ffree + Fads Ffree + Fads

Py (Eq.5.2)

We now define @ as adsorption efficiency (i.e. the fraction of DNA adsorbed by nanomaterials).

We also define 6 as quenching efficiency, and the intensity of fluorescence on the nanomaterials
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is only (1-0) of the same DNA had it not been adsorbed. The fluorescence of the DNA before

adding nanomaterials is expressed as Ff"ree. Therefore, Eq. 5.2 can be written as

P = Pfree*(l_g)*Fforee Padsorbed*(l_a)*e*Fforee
A=) 5 Fhe+ (1 —8) %05 Fhy (1 —0) % Fhoe+ (1 —6) %0 % Fhqp

(1-6) 8(1—9)

= Prree T 05 T Paasorvea 755 (Eq.5.3)

This equation describes the contributions of free DNA and adsorbed DNA to the overall
measured FP. The contribution from a quenching surface is decreased by (1-0). For example, if &
= 0.99, the contribution of adsorbed DNA is decreased 100-fold relative to its free DNA value. In

the extreme case of 6= 1 (complete quenching), Pr = Py, and adsorbed molecules have zero
contribution to the measured FP. In another extreme of 6 =0, Py = Prree(1 — 6) + Pagsorpea?.

which is the model used for most binding studies. This equation itself does not consider scattered
light. As shown in the above sections, potential scattering effects became important only when the
fluorescence was extremely low, and we have determined the limit for such cases. The following
sections will use this model to understand experimental results with both quenching and non-

guenching materials.

5.3.4 DNA adsorption by Y203: a non-quenching but strongly adsorbing surface

We first examined DNA adsorption by Y203 NPs, a metal oxide that is known to not quench FAM
fluorescence.? Free Y03 (without added DNA or fluorophores) did not yield much fluorescence,
as expected (Figure 5.5B, only ~100 fluorescence units), and the high FP was likely due to
scattered light (e.g. the low light artifact). Then, 20 nM FAM-T1s was mixed with varying
concentrations of Y203 (Figure 5.5C). The polarization increased with Y.O3 concentration,
indicating that FAM-T1s was adsorbed. In this case, the fluorescence intensity was not affected
much by Y20s3. We measured the full spectra of FAM-T1s adsorbed on different concentrations of
Y203 (Figure 5.5D), and the overall background did not increase, indicating that scattering did not
contribute much. Since Y203 does not quench fluorescence, we determined the adsorption
efficiency @ by centrifugation and measurement of the supernatant fluorescence. The fluorescence
in the supernatant plateaus at 50 pg/mL Y203 (Figure 5.5E), where 6 was calculated to be 0.95.
Since this surface did not affect the FAM fluorescence, 6 was 0 for the FAM-T15 DNA mixed with
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50 pg/mL Y20a. Putting this into Eq. 5.3, P = 0.05Pfreet+ 0.95Pags (Table 5.1). Therefore, the main
contribution (95%) to the total polarization was from the adsorbed DNA (as would be expected
from a low-quenching surface), and its contribution reflected the adsorbed population (95%). By
bringing P = 253 mP and Pfree = 8 mP (from our measurement), we can calculate Pags to be 247
mP. In summary, a non- or low-quenching particle represents the case where an increase in
polarization is directly correlated to the adsorption or binding of the fluorophore. Analytically, this

corresponds to the binding of the fluorophore by the substrate.
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Figure 5.5. Testing the model on a low-quenching surface: Y20s. (A) A scheme showing DNA
adsorption efficiency and quenching efficiency, which are two independent parameters. (B) Effect
of dilution on polarization and fluorescence intensity of Y20s. Here, the fluorescence intensity was

the background without any fluorophores, and it was only around 100 units. (C) Polarization and

100



fluorescence intensity of 20 nM FAM-T1s DNA after the addition of varying concentrations of
Y20s. All measurements were performed in 10 mM of pH 7.6 HEPES buffer.

Table 5.1. Determining adsorbed DNA contributions to polarization from the experimentally
determined adsorption efficiency: ¢ and fluorescence quenching efficiency: 6.

0 o FP Contribution of
adsorbed DNA
Y203 (50 pug/mL) 95% 0 =0.05Psreet 0.95P2gs 95%

GO 10 pg/mL (no salt) 30% 0.97 =0.93Psree + 0.07Pags 7%
GO 10 pg/mL (with salt)  70% 0.97 =0.98Pfree + 0.02Pags 2%

5.3.5 DNA adsorption by GO in high salt: a strong quenching and strong adsorbing surface
After understanding non-quenching surfaces, we then studied DNA adsorption by GO, a strongly
quenching material.*>4? This adsorption experiment was first performed with a high salt
concentration so that DNA can be efficiently adsorbed.6%*2 By adding increasing concentrations
of GO, we observed efficient quenching of FAM-Ts, where full fluorescence quenching occurred
with just 50 pg/mL of GO. The FP rapidly increased to a value of nearly 200 mP with 500 pg/mL

of GO (Figure 5.6A), consistent with literature,308.309318,319,339,340

A closer look at the data calls for a more careful interpretation. For example, with 10 pg/mL
of GO, the fluorescence intensity dropped by ~70% (e.g. 70% of the DNA adsorbed), but the FP
value only increased from 28 mP to 37 mP. Further increase of GO to 50 pg/mL increased the FP
to 120 mP. At this moment, the DNA was fully adsorbed and & was calculated to be 0.97.
Therefore, the change of the FP value does not linearly correlate with DNA adsorption, which was
predicted by Eq. 5.3. Further increases in the GO concentration had no effect on DNA fluorescence
intensity, but the FP continued to increase, reaching close to 200 mP with 500 pg/mL of GO. This
final stage of increase could not correlate with DNA adsorption either. We also saw a similar trend

with another strongly quenching surface, CeO> (Figure 5.6B).

At a GO concentration of 50 pug/mL, the adsorption saturated and 6 was calculated to be 0.97 by

comparing the fluorescence intensity at this concentration to that of free DNA (Figure 5.6A).
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Applying our model with 10 pg/mL of GO, we found that 6~0.70 (based on fluorescence
quenching) and P = 0.98Pfree + 0.013Pags (Table 5.1). In contrast to Y203, the adsorbed DNA

contributed very little to the total polarization on GO, even at a high coverage.
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Figure 5.6. Testing the model on strongly quenching surfaces: GO and CeO. (A) The adsorption
of 20 nM FAM-T15 on GO in 10 mM HEPES buffer, pH 7.6 with 300 mM NacCl. (B) Polarization
and fluorescence of various concentrations of CeO, mixed with 20 nM FAM-Tis DNA. All
measurements performed in 10 mM HEPES (pH 7.6). (C) Polarization and fluorescence of GO
only (no DNA).

5.3.6 Effect of light scattering by nanomaterials

For the last three data points in Figure 5.6A (GO concentration above 50 pug/mL), the fluorescence
intensity was around 1000 units, and thus it could not be explained by the low light limit.
Nanomaterials may scatter light and sometimes have autofluorescence. To understand this, we
measured FP of GO without any DNA. The initial FP value with very dilute GO was still above
100 mP (Figure 5.6C), similar to that of Y203, which is attributable to the low light artifact. Still,
with increased GO concentrations, we observed a similarly high FP, reaching 250 to 300 mP. The
GO sample also showed a very weak fluorescence peak at ~540 nm. This fluorescence is well
documented in literature,®! and it is highly polarized, but its contribution to the overall
fluorescence is negligible in the presence of other fluorophores. In addition, background scattering
emerged with more than 16 pg/mL of GO (Figure 5.7A, see the raised background signal).3*® As
such, the autofluorescence and scattered light can contribute to a further increase in FP after full

DNA adsorption in Figure 5.6A (with strongly quenched FAM fluorescence).

These two factors complicate interpretation of FP for DNA adsorbed on GO, and data at

such high concentrations of GO must be scrutinized carefully. In a more general sense, once a
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quenching surface has adsorbed most of the FAM-DNA in solution, polarization will become
dominated by scattering events (due to the low light limit) rather than contributions from change
in the molecular volume of the DNA (due to immobilization). In analytical applications, therefore,
care must be taken when interpreting polarization data for quenching surfaces once a fluorophore
is adsorbed. We did not try to include scattering effects in our derivation of the equations in order
to keep the discussion simple. This being said, at lower concentrations of GO where the
fluorescence of the DNA can dominate scattering events, this effect is negligible. For example, in
our study, we mostly used GO at below 50 pg/mL wherein full adsorption of GO could be achieved

at this point.
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Figure 5.7. Effects of light scattering and low-salt DNA adsorption on GO. (A) Fluorescence
spectra of different concentrations of GO. The excitation wavelength was 485 nm, scanning from
505 nm to 600 nm. A broad fluorescence peak was seen, centered on 540 nm and somewhat
concentration independent. Increases at higher GO concentrations were likely due to scattering.
All measurements performed in 10 mM HEPES (pH 7.6). (B) The adsorption of 20 nM FAM-T1s
on GO in 10 mM HEPES buffer, pH 7.6 without 300 mM NaCl.

5.3.7 DNA adsorption by GO in low salt: a strong quenching and weak adsorbing surface.
We then repeated the experiment without salt (only 10 mM HEPES buffer, pH 7.6). Under these
conditions, GO cannot effectively adsorb DNA (Figure 5.7B, blue traces). Since the surface was

the same as that used in the previous section, we still took ¢ = 0.97. With 50 pg/mL of GO, we see
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that the FAM-DNA was 30% quenched (i.e. 8 = 0.30). At this moment, the FP of the salt-free
sample was still about ~20 mP. For a quantitative understanding, we brought the numbers to Eq.
3, and P = 0.93Psree + 0.065Pags. Thus, the free DNA contribution to the FP was 15 times that of
the adsorbed DNA. This is quite similar to the case of high salt, except that there is more free DNA
in solution (due to reduced adsorption). Free DNA has a very low polarization compared to

adsorbed DNA, and this is reflected in the total polarization.

Therefore, with high salt, there is a reasonable anti-correlation between fluorescence
intensity and FP, which might be analytically useful. The reason for the increased FP, however,
needs to be carefully analyzed for physical chemistry interpretations. Part of it could be from the
remaining free DNA, part of it could be from the adsorbed DNA with partially quenched
fluorescence, and part of it could be from light scattering/fluorescence of the added GO nanosheets.
In the extreme situation, where the adsorbed fluorophores are fully quenched and no light
scattering takes place, one should not observe any change in the FP until adsorption is close to

completion and the system reaches the low light threshold.

These examples have covered most representative nanomaterials that can adsorb DNA. For
quenching surfaces, the change of FP does not follow a simple linear relationship with adsorption
efficiency. For analytical chemists, this is particularly important since interpretation of calibration

could result in misunderstandings if such effects are ignored.

5.4 Conclusions

In summary, we have systematically studied the effect of adsorption and fluorescence quenching
on FP for FAM-DNA/nanomaterial mixtures. An equation was derived to quantitatively relate
these two measurable parameters (adsorption efficiency and quenching efficiency) with FP. To
substantiate the application of this equation, we performed a few DNA adsorption experiments to
study strongly adsorbing surfaces that either strongly quench fluorescence or do not quench
fluorescence. For strongly gquenching nanomaterials, adsorbed DNA molecules do not contribute
much to the measured total FP. Therefore, care needs to be taken when interpreting such data for
related biosensor design and adsorption experiments. In addition, we used FP to study the
interaction between fluorophore labels and various polymers. For the FAM label, due to its

protonation at low pH, its interaction with poly-A DNA was higher than that with poly-T DNA or
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PEG. Increased interaction was reflected from increased FP. Overall, this study supports that FP
is a powerful bioanalytical and biophysical tool to understand biopolymers and their interactions
with nanomaterials. At the same time, we need to be very careful about data interpretation due to

fluorescence quenching property of nanomaterials.
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Chapter 6: Concluding Remarks and Future Directions

6.1 Conclusions

Interfacing GO and metal oxide nanoparticles with DNA has shown great promise in the
development of fluorescence-based biosensors. In this thesis, | aimed to solve some of the
shortcomings of these sensors, as well as provide more fundamental understanding of the processes
involved. This ranged from exploring the adsorption mechanism itself to problems with

experimental design and interpretation.

In Chapter 2, | explored the role the adsorption mechanism plays in the detection of aptamer targets
using fluorescence experiments. Using the adenosine aptamer as a model, its desorption from
nanomaterials due to the addition of its targets (adenosine, ATP) and non-targets was studied. It
was found that, for GO, its reliance on base stacking and hydrogen bonding (relatively weak
interactions) allowed for target binding to be the main driving force for DNA desorption. On the
other hand, metal oxide nanoparticles relied on stronger adsorption interactions and only

competing ligands can displace DNA from its surface (rather than DNA/target binding).

In Chapter 3, | began my investigation on the enhanced adsorption of poly-C DNA on
nanomaterials by first studying the nature of FAM-labeled poly-C (in this case FAM-Ci5s) itself.
The fluorescence of the FAM label was strongly quenched at neutral pH in poly C DNA, which
was not observed in other DNA homopolymers. The quenched fluorescence was irreversibly
recovered by heating, confirming that a DNA secondary structure was responsible for the initial
quenching. Using circular dichroism, | saw that the FAM-C1s was folded into an i-motif at neutral
pH, whereas the non-labeled strand was not, confirming this hypothesis. Furthermore, this
unfolded FAM-C3s adsorbed even stronger on GO compared to when folded, confirming the i-

motif was not responsible for this enhanced adsorption on GO (and indeed, other nanomaterials).

In Chapter 4, 1 continued experiments with poly-C adsorption on GO in order to determine the
reason for its enhanced adsorption. | started by varying the pH and comparing the desorption of
either a T15 or random 12-mer from GO by the addition of either Ass, T1s, C15 and Gis. It was seen
that C15 only had the highest affinity at neutral pH and higher, while the opposite was true at low
pH; its affinity was the lowest. This did not change with arrangement of C within the strand. While

these experiments proved what was already known, it did not provide me with an explanation for
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the anomalous adsorption of poly-C on GO. Therefore, | collaborated with another student who
specialized in molecular dynamics simulations. Here, we found that C1s had a maximally extended
conformation on GO at neutral pH, with very little intrastrand interactions and many phosphate
backbone hydrogen bond contact points with GO. This was compared to A1s, which had numerous
intrastrand interactions, lower contact points with GO and a less stable adsorption. This was very
different at low pH, where poly-C can fold into the i-motif. In this case, C1s was highly folded with
less contact with GO. On pristine graphene, this picture changed, with 7-x stacking the dominating
adsorption mechanism. In this case, A1s was adsorbed more strongly under the conditions tested.
This fundamental understanding delivered by this work provides another framework to design

smart DNA biosensors with nanomaterial-dependant adsorption properties.

Finally, in Chapter 5, | conducted experiments using fluorescence polarization with FAM-labelled
DNA and nanomaterials. The polarization generally did not vary with DNA concentration, until
the detection limit of the instrument. At this point, scattering and other effects artificially increase
polarization. Due to this, it was hypothesized that DNA adsorption on quenching surfaces would
incorrectly be attributed to adsorption, rather than the low concentration of free DNA. A model
was developed accounting for both the quenching effect and the surface coverage, which
simplified to a typical binding model for non-quenching surfaces. To test this model, | conducted
adsorption polarization experiments with GO (strongly quenching) in high and low salt
environments (low and high surface coverage, respectively), as well as Y203 (a low-quenching
surface). In all cases, the calculated polarization from the model accounted for quenching effects
accurately, providing another tool for analytical chemists to use while studying these

DNA/nanomaterial systems.

Based on the above work, the original contributions | have made to the current understanding of

DNA/nanomaterial biosensors can be summarized as follows:

1) Metal oxide nanoparticles adsorb DNA too strongly and can only be displaced by
competing ligands, rather than relying on aptamer/target binding

2) FAM can stabilize the formation of the i-motif in many C-rich DNA sequences, even at
neutral pH, which should be accounted for in biosensor design

3) Poly-C DNA adsorbs strongly on GO at neutral pH due to flexible phosphate backbone

hydrogen bonds, while the formation of the i-motif actually decreases affinity to GO
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4) Fluorescence polarization can be used in quenching surfaces for analytical applications,
though special care needs to be taken in the interpretations of such results (considering

increases due to binding compared to the low fluorescence artifact)

6.2 Future Work
The body of work presented here have answered some fundamental questions related to GO/DNA
and oxide/DNA adsorption. In this final section, | provide some avenues for future research based

on my findings in this thesis.

Competing nanomaterial/target and target/aptamer interactions were only studied here for GO and
a few metal oxide nanoparticles, which adsorb DNA through different mechanisms. Yet, there are
still other nanomaterials that adsorb DNA through other means. For example, MoS; and WS;
adsorb DNA through predominantly attractive van der Waals forces.'%® After the work from my
group on AuNPs,'!! as well as the work presented here, such a unique interaction for these two
materials may present an interesting fourth case for understanding this process.

With regards to poly-C/GO interactions, the explanations provided in Chapter 4 are based on
computer simulations, rather than any empirical observation. Although the simulations do model
our fluorescence experiments well, to conclusively prove that poly-C is more spread out on GO
compared to other DNA strands, an experiment like atomic force microscopy (AFM) could be
used to probe the folding once adsorbed on to GO. Such a method has been used to observe DNA
arrangements on lipid bilayers,3*? it is therefore plausible that it can be applied here. The main
challenge could be the resolution of AFM on DNA oligonucleotides under water.

In addition, labeled-DNA fluorescence polarization experiments can be performed not only with
“hard” surfaces like inorganic nanomaterials, but also “soft” surfaces like lipid membranes. The
interaction of DNA with cell-like surfaces would likely increase polarization to different degrees
depending on the lipid, which would give binding information if it does not quench fluorescence.
This increase can provide a simple way to measure the sequence- and length- dependence of DNA

adsorption on such membranes (if it occurs).

Finally, the fundamental understandings obtained in this thesis can be used for the design of better
biosensors with lower background, lower cost and higher sensitivity. For example, researchers

utilizing fluorescence polarization in DNA/nanomaterial sensors can choose non- or low-
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guenching nanomaterials so that an accurate appraisal of binding can be obtained. Furthermore,
one can exploit the strong binding of poly-C nanomaterials to build di-block DNA sensors on a
variety of nanomaterials — a concept already explored by our group for GO.28” This should not be
limited to fluorescence; electrochemical and colorimetric sensors represent a new direction to

exploit poly-C anchor-based DNA sensors.
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