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Abstract

Graphene is a single layer of graphite with many unique mechanical, electrical, and
optical properties. In addition, graphene is also known to adsorb wide range of
biomolecules including single-stranded DNA. On the other hand, the adsorption of double-
stranded DNA was much weaker. To properly disperse in water, graphene oxide (GO) is
often used due to its oxygen-containing groups on the surface. Recently, it was discovered
that it could efficiently quench the fluorescence of fluorophores that were adsorbed. With
these properties, it is possible to prepare DNA-based optical sensors using GO. Majority
of the DNA/GO-based fluorescent sensors reported so far were relied on the complete
desorption of DNA probes. Even though all these reports demonstrated the sensitivity and
selectivity of the system, the fundamentals of binding between DNA and GO were hardly

addressed.

Understanding and controlling binding between biomolecules and inorganic
materials is very important in biosensor development. In this thesis, adsorption and
desorption of DNA on the GO surface under different buffer conditions including ionic
strength, pH, and temperature were systematically evaluated. For instance, adsorption is
favored in a lower pH and a higher ionic strength buffer. It was found that once a DNA
was adsorbed on the surface, little desorption occurred even in low salt buffers. Even with
high pH or temperature, only small percentage of adsorbed DNA can be desorbed. To
completely desorb the DNA, complementary DNA is required. The energies and activation
energies associated with DNA adsorption/desorption were measured and molecular
pictures of these processes were obtained. With the fundamental understanding of the

DNA/GO interaction, we demonstrated that it is possible to achieve sensor regeneration
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without covalent immobilization. In addition, we also achieved the separation of double-

stranded DNAs from single-stranded ones without using gel electrophoresis.

We also studied the fluorescence property of DNA near the GO surface using
covalently attached DNA probes. It was found that the fluorophore quantum yield and
lifetime changed as a function of DNA length. This study is important for rational design
of covalently linked DNA sensors. This study confirmed that fluorescence quenching by
GO occurs in a distance-dependent manner. Energy transfer occurred between the
fluorophore and GO to result in reduced quantum yield, shorter lifetime, and lower
fluorescence intensity. Although fluorescent sensors based on covalently attached DNA
probes on GO have not yet been reported, the study presented here clearly supported its

feasibility.
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Chapter 1: Introduction

1.1 Importance of Metabolite and Metal Ion Detection

With recent developments in metabolomics research,""? it becomes evident that the
concentration of metabolites in biological fluids and tissue extracts is correlated with
diseases. Compared to proteins, ribonucleic acids (RNAs), or genes, the metabolome has
low molecular weight and they are higher in concentration and more stable.” Therefore, the
quantitative measurement of metabolites can be used as an indicator for early disease

diagnosis.

It is known that some metal ions are part of micronutrients that are essential for the
body to produce enzymes, hormones and other substances for proper growth and
development.* While some metal ions in a certain concentration range are beneficial for
health, many others are considered very toxic. For instance, accumulation of cadmium
(Cd*"), mercury (Hg>"), or lead (Pb*") in the body can cause neurological diseases and
organ damage.” As a result, detection of metal ions and especially heavy metal ions is also
major concern from environmental and the biological aspects. Toxic levels for some of
these metals can be just above the background concentrations naturally found in the
environment or food chain. Therefore, it is important to monitor the concentrations of these

contaminants and take protective measures against excessive exposure.



1.2 Current Techniques for Biological and Environmental Sample
Analysis

For biological and environmental samples with low complexity, they are usually
analyzed by spectrophotometry or simple chromatographic separation.! With the
improvements in analytical instrumentation over the past few decades, protocols that offer
high accuracy and sensitivity for the measurement of high complexity mixtures have been
well established. Methods like mass spectrometry (MS),® nuclear magnetic resonance
spectroscopy (NMR),7 and biosensors® are the common choices of analytical techniques.
While MS and NMR are the principle methods for analysis, chromatographic separation
and isotope labeling are usually required for more complex mixtures.® 8 Although MS-
based methodologies provide high sensitivity for analysis, not all samples are suitable for
this type of analysis. In addition, reproducibility is often the challenge for MS analysis.3
On the other hand, NMR techniques require little or no sample preparation. However, this
rapid and nondestructive analytical method usually suffers from lower sensitivity
compared to MS.? Both NMR and MS provide qualitative and quantitative information, but
the data can be quite complex sometimes.3 The interpretation of these data usually required
extensive knowledge and expertise. For metal ion detection, a number of analytical
techniques that include various types of spectrometry,!%-13 voltammetry,1416 and
chromatography'”. 18 have been developed. Although these analytical techniques provide
exceptional sensitivity, many of these methods also require complicated, multi-steps
sample preparation or sophisticated instrumentations. In particular, it is very difficult to
achieve on-site and real-time detection and samples usually have to collected and shipped

to centralized labs for detection.



1.3 Biosensors

1.3.1 Advantages of Using Biosensors

With new advances in technology and the high demand for simple and accurate on-
site analysis, development of portable sensors has recently attracted more and more
interest.1> 20 Unlike instrumentation techniques, biosensors show both fast analysis and
high sensitivity. Most importantly, they can be designed into simple test kits.2! Biosensors
are widely used in the food industry for quality control and in hospitals for disease
diagnosis.?2-24 Biosensors can be classified as point of care devices. For instance, glucose
sensors have revolutionized the health care of diabetic patients.?> They offer moderately
accurate results within a short period of time. These kinds of devices have the capability of

analyzing small clinical samples at home or in hospitals.

1.3.2 Advantage of Using Aptamers for Target Recognition

Biosensor can be deconstructed into two major components: target recognition
element and signal transduction element. The recognition part tends to have high affinity &
specificity toward the desired targets. They are either biological or chemical entities.*
Antibodies and enzymes are among the most commonly used molecules in making
biosensors. However, it is sometimes difficult to find appropriate enzymes to cover all the
important metabolites. Because of the size difference, developing antibody-based assays
for small molecules is quite challenging. In addition, problems associated with enzyme or
antibody immobilization and their relatively high cost and low stability have limited their

applications.”” Aptamers have recently emerged as a promising alternative. Aptamers are



single-stranded nucleic acids with 15-100 bases that can fold into a well-defined three-
dimensional structure to form selective binding pockets. Most aptamers are isolated
through a technique called systematic evolution of ligands by exponential enrichment

(SELEX).**?

Traditionally, nucleic acids are thought of as data storage molecules. They store
and transfer genetic information for protein expression. Before aptamers were discovered,
nucleic acids were exploited as molecular recognition elements to detect DNA and RNA
targets through Watson-Crick interactions.’’ Since early 1990s, scientists have isolated
aptamers and started using them as sensors for detecting non-nucleic acid targets.”> > The
development of aptamer technology considerably broadens the utility of nucleic acids as
molecular recognition elements, because it allows the creation of DNA and RNA

molecules for binding variety of analytes with high affinity and specificity.’”

Although aptamers are different from antibodies, they mimic properties of
antibodies in a variety of diagnostic formats. What makes aptamers more appealing is that
they possess a number of competitive advantages over antibodies for sensing

applications.>>™>

First of all, the process of antibody identification and production is time
consuming and it can be very expensive especially for rare antibodies. In fact, antibodies
cannot be obtained for molecules with poor immunogenicity or targets with high toxicity
due to the in vivo selection process. Unlike antibodies, aptamers are isolated in vitro. Thus,
they can be selected to bind essentially any target of choice.’* Secondly, antibodies usually
function at physiological conditions and are sensitive to temperature that can cause

irreversible denaturation. Furthermore, the performance of the same antibody tends to vary

from batch-to-batch and have a limited shelf life. Selection conditions can be manipulated

4



to obtain aptamers with desirable properties for analysis. Since aptamers are produced by
chemical synthesis with high accuracy and reproducibility, little or no batch-to batch
variation is observed.” Contrary to what antibodies have to offer, aptamers cannot only
undergo reversible denaturation but also are stable for long-term storage.”> Besides the
ease of modification and immobilization, aptamers have sensitivity and selectivity that
rival antibodies. Even though aptamers are superior to antibodies in many aspects,
aptamer-based sensors are rarely seen on the market due to well-established antibody-
based sensors. Because of their useful properties, aptamers are perfect choices for

constructing biosensors.

1.3.3 Advantage of Using Fluorophores for Signal Generation
The signal transduction component in the biosensor usually requires high signal to

noise (S/N) ratio. These signals can be generated either from electrochemical,’®*

mass
sensitive or optical methods.*™** Among these various optical signal transduction methods,
fluorescence has been most often used due to its high sensitivity. Unlike others,
fluorescence can be easily detected with simple instrument. In addition, the real-time
interaction between aptamer and target can be easily detected without the separation of
bound and unbound species. Since fluorophore can be easily added on aptamer, the need of
target labeling is eliminated. Thus, this technique can be easily applied to any aptamer-
target pair. Moreover, the availability of a large selection of fluorophores and quenchers

makes it a popular choice.* Because different fluorophores have different excitation and
pop p

emission wavelength, multiplex assays becomes feasible.



1.4 Design Strategies for DNA Aptamer Fluorescence Signal Generation

Since aptamers can be readily modified with fluorescence tags, different
approaches have been focused on how to generate fluorescence labeled aptamers and how
to detect fluorescence signal changes in response to aptamer binding to its target. Current
designs for fluorescence signal generation are often based on target-induced
conformational change of the aptamer.#5-47 These rational designs can be illustrated in

Figure 1.1.

s

@ ions
Duplex binding

dye

Figure 1.1 Rational design strategies for signaling aptamer. (A) Monochroomophore approach. (B),

(C), & (D) Bischromophore approach with quenching mechanism. (D) Dye-staining approach.

6



For monochromophore approach (Figure 1A), the change of aptamer structure upon
target binding will alter the electronic environment of the attached fluorophore. For the
fluorophore that is sensitive to the local structure changes, this alteration leads to change in
fluorescence intensity. For bischromophore approach, the arrangement of the fluorophore
and quencher in the aptamer was designed in such a way that binding of the target to the
aptamer will cause the separation or detachment of the quencher from the fluorophore
(Figure 1.1B & C). With the increase distance between fluorophore and quencher, the
efficiency of fluorescence quenching decreases. Hence, fluorescence enhancement is
observed. Unlike most of the assays that require covalent fluorophore labeling, another
unique way to generate aptamer fluorescence signal will require duplex binding dye
(Figure 1.1D). The dye exhibits minimal fluorescence when free in solution but its
fluorescence will increase up to 1,000 fold when bound to double-stranded DNA (dsDNA).
For instance, SYBR Green I dye is one of the most sensitive fluorescent stains available
for detecting dsDNA. The dye is commonly used in real-time polymerase chain reaction
(RT-PCR) for monitoring DNA amplification. This characteristic of the dye allows for

simplified assay design without the need for additional fluorescent probes.

1.5 Methods for Aptamer Immobilization

Most of the above mentioned sensors are freely dispersed in buffer, while sensor
immobilization allows sensor regeneration, signal amplification, drying, patterning, and
long-term storage. Aptamers immobilizations onto different substrates have been reported.
Materials like gold,*8-52 glass,>1-53 silica,>* 5> polymer®¢ and magnetic beads>7-63 are

common choices. The immobilization can be generally classified into three different
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approaches: adsorption, covalent linkage, and affinity binding. Adsorption is the simplest
immobilization method since it does not require any nucleic acid modification. Adsorption
process is based on ionic, hydrophobic and Van der Waal’s forces.

Unlike simple adsorption, covalent attachment to surfaces is preferred when it
comes to biosensor design. Different chemical protocols for covalent attachment of
aptamers to functionalized surfaces have been reported.*® ¢4 Thiol and amine modified
aptamers are the most popular choice. Since the strong affinity of the thiol groups for noble
metal, thiol modified aptamers are commonly used to attach to gold surface to form
covalent bonds (Scheme 1.2A).48.65 66 Amine modified aptamer is another popular choice
for covalent attachment. The aptamer is usually immobilized on to carboxylic acid coated
surface (Scheme 1.1B).67-%° This coupling reaction often uses I1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) as a reagent with or without N -

hydroxysuccinimide (NHS).

A

RSH + Au — > RS- Au + e + H
B

0

RJ\OH o) HNJ R-NH2 O

+ N —> —_—> )J\ .R" + Jk

PRV O RN N H/\/\'I\l/

N=C=N !
_

EDC

Scheme 1.1 Schematic of (A) thiol-gold bond formation & (B) Amide bond formation via reaction of

carbodiimide with carboxylic acid.



Another frequently used method to immobilize the aptamer is through the strong
non-covalent interaction between biotin and streptavidin (Kp = 107> M).” Unlike other
immobilization methods, binding occurs quite fast. A simple mixing and incubation at
room temperature is sufficient. In addition, undesired desorption is almost unlikely due to

the strong binding affinity.

1.6 Graphene and Graphene Oxide as an Aptamer Immobilization

Platform

1.6.1 Graphene

Recently, graphene is also been used as immobilization platform for biosensor.”!
Graphene is a sp® hybridized planar carbon structure that is made up of six-atom rings in a
honeycombed network with one atom thickness. This two-dimensional crystal can be
considered a building block of other carbon allotropes (fullerenes, carbon nanotubes, and

graphite) (Figure 1.2).72-75
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Figure 1.2 Different form of carbon allotropes. 2D graphene can form 0D fullerenes, 2D nanotubes, or

3D graphite. (reproduced with permission from ref. 73)

This single layers graphene was first isolated by Novoselov and Geim in 2004.72
Unlike other carbon allotropes, graphene exhibits distinctly different properties.”3 76 For
instance, graphene displays a remarkable thermal conductivity, superlative structural
strength, and incredible electronic flexibility.”% 77> 78 Combination of these unique
characteristics, researchers around the world are trying to use this newfound material to

build batteries, solar cells, display screens, and electronic devices.”® 77,79
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There are different forms of graphene and their properties strongly depend on their
structure (Figure 1.3). Unlike its carbon counterparts, graphene oxide (GO) contains large
numbers of oxygen-containing functional groups, such as carboxyl, epoxide, and hydroxyl
groups on the surfaces (Figure 1.3A & B). Since different GO preparation methods led to
variability in the type and coverage of the oxygen—containing groups, different GO
structures have been proposed in the past. However, the exact structure of GO is still not
well known. It is only clear that majority of the oxygen-containing groups are located
closely to its edges and some are located randomly in the basal plane of the sheet. GO is
slightly thicker than graphene. The thickness is due to the displacement of sp> hybridized
carbon atom above and below the plane and presence of covalently bound oxygen atoms.
These polar and, in some cases, ionizable groups make GO surface extremely hydrophilic.

Thus, it can be easily dispersed into single sheets in water or polar organic solvents.

Graphene Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Figure 1.3 Chemical structure differences between (A) graphene, (B) graphene oxide (GO), and (C)
reduced graphene oxide (rGO).

In addition, the presence of ionic groups and aromatic domains suggests that GO

can interact with biomolecules in a number of ways. Although majority of the oxygen-
11



containing groups on the basal plane can be removed by reduction, the process usually
causes some defects on the surface. These chemically reduced graphene are referred to as
reduced graphene oxide (rGO). Because of these defects and residual oxygen groups on the

surface, their conductivity is better than GO but worse than graphene.

1.6.2 Synthesis of Graphene and Graphene Oxide

Currently, there are many different approaches to produce grapheme-based
nanomaterials. Each method has its advantages and its limitations. One of the common
techniques to isolate grapheme sheets is via mechanical exfoliation of highly oriented
pyrolytic graphite (HOPG).” In this process, monolayer or a few layers of grapheme were
peeled off repeatedly from HOPG by an adhesive tape. This simple method usually
produces the best quality, least modified forms of graphene. However, it is hard and time
consuming to control the layers and sizes of graphene desired. Another technique is using
oxidation-exfoliation-reduction process.*® In this method, graphite was first oxidized to

form graphite oxide.®" *

Large quantity of GO sheets were then isolated via exfoliation.
rGO can be obtained with further reduction of GO. This cost effective method provide a
larger scale of fabrication. However, its final rGO is not the same as graphene. rGO
usually still contains a significant amount of carbon—oxygen bonds. Other methods like

83, 84 . s
™" and chemical vapor deposition

epitaxial growth of graphene on silicon carbide (SiC)
(CVD) of hydrocarbons on metal substrates®*’ have been reported. Even though high
quality graphene can be collected, these methods required high temperature setting and

were limited by its high cost and low yields. Another approach to obtain graphene is from

chemical synthesis. However, this complicate approach can only produce graphene that are
12



limited in size. Among these methods, mechanical exfoliation remains the most popular

and successful method to produce single or few layers of graphene.

1.6.3 Advantages of using Graphene and Graphene Oxide for Biosensing

1.6.3.1 Electrical and Electrochemical Properties for Electrochemical sensors
Carbon-based electrodes are known to have advantageous properties includes wide
potential windows, fairly inert electrochemistry, and good electrocatalytic activities for
many redox reactions.”® Since graphene is carbon-based materials, using it for
electrochemical sensor development has been the main focus to date. For example, the
conduction of electrons and holes in graphene is highly sensitive to surface condition.”
Also, graphene shows ambipolar characteristic. Combination of these properties, it has
been used to develop field effect transistors (FETs) devices. The interaction between
electrode surface and molecules induced conductivity or resistance changes that can be
easily detected electrically. Several studies have demonstrated that this type of
electrochemical sensors can exhibit very low detection limits (ppb-ppm) for a variety of
gases like CO, NO,, and NH3.*® With similar principle, some other studies also reported

89, 89-91 92-94 . 95,96 .
’ small molecules, metal ions, *>°® and DNA®"°7*® in nM to

detection of proteins,
uM range. However, GO is an electrical insulator with its layered structure distorted by a

large proportion of sp’ C-C bonds. As a result, graphene or rGO were preferred for most of

the electrochemical sensing application.
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1.6.3.2 Fluorescence Properties for Optical Sensors

The number of studies that exploit the optical properties of graphene for sensing is
small compared with studies that use their electrochemical or electrical properties. Even
though graphene derivatives itself is fluorescence from ultraviolet (UV) to near-infrared
(NIR) region,” it was documented that fluorescence can be quenched when fluorophores
were adsorbed on the surface of graphitic carbon.'”’ Since graphene and GO shares some
similarity, it also can quench nearby fluorescent from dye, conjugated polymers, and

quantum dots.'"!

Xie et al. estimated the quenching efficiency of pristine graphene to be as
large as 10°.'” Hence, it provides a much better signal-to-noise ratio. For instance,
fluorescence quenching microscopy (FQM) technique utilized this property to significantly
enhance the contrast of the image. With this universal quenching property, multiple targets

103

detection becomes feasible. "~ Therefore, graphene and its derivatives have been used in

making DNA-based fluorescence resonance energy transfer (FRET) sensors.'™

helicase
dsDNA cDNA N
ssDNA
target
ﬁ aptamer
o 1 1 Auto asse ' Biosensing =1 =1
S W e e
= 1= 1= T= 1 = 1= = 1= 13
Graphene

Scheme 1.2 General designs of graphene-based FRET biosensors.

In this principle design (Scheme 1.2), fluorophore-labeled ssDNA or aptamer is adsorbed
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on the graphene surface and the fluorescence is quenched. On the other hand, dsDNA
remains fluorescent. In the presence of cDNA or target, the binding between the ssDNA
and target molecule will alter the conformation of ssDNA, and disturb the interaction
between the fluorophore labeled ssDNA and graphene.'® Once the duplex formed, the
nucleobases were shielded within the negatively charges phosphate backbone. Without the
n-n stacking interactions between graphene and nucleobases, the binding affinity
drastically decreases. Such interactions will release the fluorophore-labeled DNA from the
graphene, resulting in restoration of fluorescence.'™ In the presence of helicase, dsDNA is
unwound and fluorescence labeled ssDNA and its cDNA are adsorbed on the graphene

surface.'” Just like electrochemical sensors, DNA-based optical sensors for various types

101, 103, 104, 106-109 101, 105, 110, 111 103, 113

. . . . . 112 .
of target like nucleic acids, proteins, virus, - metal ions,

115-119

"% and small molecules with exceptional sensitivity have been well documented.

1.6.3.3 Other Properties

It is known that some of the potent drugs discovered are very hydrophobic and the
usage is limited. Although synthesis of pro-drugs can resolve the solubility issue, efficacy
of the drugs usually decreases drastically. It was discovered that GO has ability to deliver
to aromatic, water insoluble molecules.'*’ For example, water-insoluble aromatic drug can
be attached to either polyethylene glycol (PEG) or folic acid (FA) functionalized GO to

improve its solubility in physiological solutions.'**'*! Besides, GO also has the ability to

122, 123

protect biomolecules from enzymatic cleavage. In addition, GO has an extremely

large surface-to-volume ratio to interface with biomolecules. Thus, it makes GO a great

122, 124 116, 122 121, 125

material for gene transporting, in vivo molecular probing, , cell imaging,
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and drug delivery.' 12! 120127 Ajthough more studies need to be conducted before the
conclusion, early publications showed low dosage of GO has no obvious toxicity compared

. . 6, 128
with carbon-based nanomaterials.”®

For example, GO does not have any metallic
catalyst impurities that were usually found in carbon nanotubes (CNTs).” Unlike CNTs,
dispersion of GO in aqueous does not require surfactant which sometimes has adverse

effect on biocompatibility.'*” Combination of these properties, it makes graphene-based

materials an ideal platform for biomedical applications.

1.7 Thesis Objective

Due to its unique properties, graphene-based nanomaterials have been employed as
a solid support to be interfaced with different kinds of biomolecules. For example, nucleic
acids, proteins, ions, and cells detection were well documented. In addition, several studies

74, 123, 128

have focused on graphene modification and functionalization. With proper

biological modifications, graphene’s biocompatibility, solubility, and selectivity can be

greatly improved.'* '?®

Even though many graphene-based biosensors have been published, the design of
DNA immobilization was generally based on physiorption. Most importantly, majority of
them are only focus on the detection application with little insights into the fundamental
adsorption/desorption mechanisms. Although they all proven to have good sensitivity and
selectivity, there are certain features still can be improved. A better understanding of the
GO surface interaction with DNA will accelerate its use in applications. In my thesis work,

I aimed to investigate the interaction between DNA and GO as a function of buffer

16



conditions. I achieved a precise molecular picture for the DNA adsorption and desorption
process and measured related energies and activation energies. In addition, I also studied
covalently linked DNA probes as a function of DNA length, paving the way for using

covalently linked DNAs for analytical applications.
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Chapter 2: DNA-Graphene Oxide Binding Characterization

2.1 Introduction

To design reliable and robust biosensors using graphene oxide and DNA, it is
important to understand the interaction between these two components. Characterization
of the adsorption of nucleic acid on nanostructures has previously been studied. However,
these studies only involved the single nucleotides or nucleosides interactions with
graphene. For those studies, various techniques like atomic force microscopy (AFM)130
and isothermal titration calorimetry (ITC),131 and theoretical calculation!32-134 were
employed to determine the relative interaction energies. These studies showed that each
nucleobase exhibits significantly different interaction strength when adsorbed on graphene.
Even though the binding energies are generally small, they all found that the purine bases
bind much stronger than the pyrimidines.!3% 133,134 This result is also similar to those
found with carbon nanotubes (CNTs).130. 135-137 [n addition, it was concluded that non-
electrostatic interactions dominate the binding.'3% Even though adsorption of DNA on
graphene and CNTs has been studied,!0% 131 138-140 these nanostructure and GO are
fundamentally different. =~ With practical analytical applications of GO have been
successfully demonstrated, in-depth studies of oligonucleotides and GO interaction have
not been reported. Hence, the effect of DNA length, pH, salt, and solvent on ssDNA
binding to GO was systematically evaluated. Further desorption of DNA by
complementary DNA (cDNA), temperature, and the exchange of the adsorbed DNA was
also studied. Such studies not only provide complementary information to understand the

binding interaction between GO and DNA but also serve as a basis for further design and

18



optimization of GO and DNA-based biosensors.123

The GO synthesis and characterization were conducted by Dr. Maheshwari and his
research group. The GO samples were prepared by the modified Hummers method®'-** and

141" As shown in

were imaged by AFM after deposition on a silicon wafer (Figure 2.1A).
Figure2.1B, the height of the GO sheets is ~ 1.5 nm. This confirms that they are monolayer
GO and in solution they exist primarily as exfoliated single sheets. This also occurs due to
oxidation of the sheets leading to a net negative charge on them. The GO prepared by this
method has ~15% crystalline graphene regions on the sheet with the remaining 85% being

142

amorphous carbon like. ™ The size of the GO sheet ranges from several tens of nanometer

to several micrometers.

A B

0 0.2 04 0.6 0.8 1 um

Figure 2.1 Characterizations of GO. (A) An AFM image showing GO sheets deposited on a silicon
wafer. (B) The height profile of the line in (B) shows the sheet to be ~ 1.5nm in thickness.'"!

To ensure the design system has high signal to noise ratio (S/N), fluorescence was
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quickly measured by fluorometer. When 100 nM FAM-labeled ssDNA was excited at 485
nm, a strong FAM emission at 520 nm was observed (Figure 2.2, solid line). Upon addition

of GO, the fluorescence was greatly reduced to the baseline level (dash line).
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Figure 2.2 Fluorescence spectra of 100nM FAM labeled DNA in the absence and presence of 50 pg/ml
GO. Both samples were dispersed in buffer containing 100 mM NaCl, 25 mM HEPES & 5 mM MgCl,.

The result showed ~20 fold intensity difference which is consistent with previous

193 116 With enough of fluorescence difference, the effect of DNA/GO interaction

findings.
under different conditions can be easily detected. The scheme of this whole process is
shown in Scheme 2.1. To understand the adsorption DNA on GO as a function of solution
condition, cations, pH, and organic solvent were used to study the effect. Once the

adsorption is complete, cDNA or unmodified DNA with same sequence were added to

promote DNA desorption. In addition, temperature effect on desorption was also studied.
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Scheme 2.1 Schematic presentation of FAM-labeled DNA adsorption and desorption on GO.
Fluorescence is quenched upon adsorption. Desorption can be achieved via cDNA induced desorption
(reaction 1), same DNA exchange (reaction 2), temperature induced desorption (reaction 3), or pH
induced desorption (reaction 4). Noted that the aromatic rings and oxygen-contraining groups on GO

are not drawn for the clarity of the figure.

To have a general idea of the binding interaction between DNA and GO, different
techniques were employed. For example, fluorescence plate reader was used to monitor the
reaction kinetic. Understanding reaction kinetics can provide important mechanistic
insights into the surface reaction process. Moreover, the strength of the binding between
DNA and GO was also studied. To evaluate the binding energy between ssDNA and GO,
ITC technique was used. Thermodynamic measurement is taking place in the transition
state where hydrogen bonds, van der Waals (or London dispersion) interactions and

3 ITC provide a directly approach to

hydrophobic interactions are formed or broken.
determine the thermodynamic characterization of the bio-molecular interactions at

equilibrium state. The schematic diagram of commercially available ITC instrument is

illustrated in Figure 2.3.
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Figure 2.3 Schematic diagram of a ITC instrument. (reproduced with permission from ref. 143)

In this system, both reference and sample cells are kept at thermal equilibrium (AT = 0).
Reference cell is usually filled with water or buffer and sample cell is filled with one of the
two components. When the second component is injected into the sample cell, the change
in heat energy per unit time (ucal s or pW) to maintain the thermal equilibrium is
measured and thermodynamic parameters can be determined subsequently. With some of

these unique characteristics of DNA/GO interaction, several potential useful applications

were proposed at the end of this chapter.

2.2 Results and Discussion

2.2.1 Binding Capacity

Since GO can almost quantitatively quench fluorescence, the amount of adsorbed

DNA can be calculated by measuring the solution fluorescence. The overall fluorescence
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quenching efficiency is equal to the percentage of DNA adsorbed and these two parameters
can be used interchangeably. For adsorption studies, it is crucial to determine the surface
capacity of the GO. The binding capacity can be estimated from the adsorption isotherm
plot. The adsorption isotherm can be described as the partition of DNA between the
solvent phase and the solid phase. To estimate the binding capacity, two fluorescence
measurements were taken. The fluorescence of different amount of FAM-labeled ssDNA
was first measured before overnight incubation with 20 pg/ml GO. Any unbound ssDNAs
were then separated from GO sample by centrifugation. The supernatant was collected for
the second fluorescence measurement. By subtracting the supernatant fluorescence from
the free DNA fluorescence, an estimate amount of DNA on GO surface can be determined.
As shown in Figure 2.4, at low DNA concentration (e.g. below 200 nM), the adsorption
was close to quantitative. Further increase of the DNA resulted in incomplete adsorption.
The result indicated that ~250 nM of DNA can be adsorbed on the 20ug/ml GO surface
after long period of incubation at 25° C. It also suggested that there might be high binding
affinity regions and low affinity ones. Binding of DNA in high affinity regions was
irreversible with a high binding energy, while the binding energy at low affinity sites was
low and an equilibrium between adsorption and desorption may be established in those
regions. We can further deduce that the area ratio of the high to low binding affinity

regions should be close to 200:50 or 4:1.
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Figure 2.4 Adsorption isotherms of 27-mer DNA on GO at 25°C. Sample was incubated overnight in
pH 7.6 buffer containing 150 mM NaCl, 25 mM HEPES, and 1mM MgCl,.

2.2.1.1 Effect of DNA Length on Binding Capacity

Since the GO surface is limited, the binding capacity can also be affected by the
length of the DNA. Four FAM-labeled ssDNAs with DNA lengths of 12, 18, 24, and 36-
mer were selected. To ensure the adsorption efficiency is strictly due to the length
difference, none of the sequences used here can form highly stable secondary structures
under experimental conditions. As expected, binding capacity was lower when the length
of DNA increased (Figure 2.5). The trend was more noticeable when the adsorption was

carried out under low salt condition.

2.2.2 Effect of Salt

Many reports suggested that DNA bases contain aromatic and hydrophobic rings
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that can bind to GO through hydrophobic interactions and w-w stacking.'**"**

However, the
quenching efficiency was less than 30% for all the four DNA lengths in water (Figure
2.5A). This showed that the adsorption was quite ineffective in a low salt buffer. Since
DNA is a polyanion and the surface of GO contains carboxylic acid groups that are
deprotonated at neutral pH, electrostatic repulsion of DNA due to the negatively charged
GO surface was expected. To facilitate DNA/GO short-range interaction, electrolytes are

needed to screen the long-range electrostatic repulsion and bring DNA close to the GO

surface for binding.
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Figure 2.5 Quenching efficiency as a function of DNA length in the presence of varying concentration

of NaCl (A) or MgCl, (B). The DNA concentration for GO and DNA were 170pg/ml and 1uM,

respectively.'"!

Significant improvement of quenching was observed when the NaCl concentration
was increased to 10 mM. At higher salt concentrations, the quenching efficiencies were
progressively better. For example, the quenching was close to 100% for the three short
DNAs in the presence of 100mM NaCl. Figure 2.5A also showed that the quenching

efficiency for the longer DNAs was lower, suggesting weaker binding or slower
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adsorption. This may result from the structure of GO that is reported as being composed of
intact crystalline regions where hydrophobic interactions with DNA dominate and
defective amorphous regions (oxidized) that contain the anionic functionalization which
repel the DNA.'* The size of both the domains is on the scale of 5-8 nm."** The 36-mer
DNA has a radius of gyration of ~5 nm,'* close to the domain size in GO and hence its
adsorption is likely to be limited by the repulsive interaction with the amorphous region.
Alternatively, longer DNAs may form secondary structures to shield the DNA bases to
reduce the adsorption rate. Similar length dependent DNA binding to inorganic surfaces
has also been observed for gold nanoparticles, where short DNAs were also more effective

in binding and stabilizing colloidal gold."*'**

The effect of divalent Mg ions on binding interaction is also tested. It was studied

149
In

that divalent metal ions act as a bridge to connect two negatively charged molecules.
comparison to monovalent ions, divalent ions should have better efficacy. As shown in
Figure 2.5B, the quenching efficiencies were close to 100% for all the sequences with
Mg*" concentration higher than ImM. The high quenching efficiency in Mg®" can be
explained by phosphate/Mg®" ratio. Since the DNA concentrations used in all the
experiments were 1 uM, the concentrations of phosphate linkages ranged from 11 to 35
uM. Thus, for 100 uM Mg”" concentration, the number of phosphate and Mg*" became
comparable. As shown in Figure 2.5B, 100 uM Mg*" induced ~90% quenching for the 12-
mer DNA. For the 36-mer DNA, the quenching was close to 50%. This confirms a very

high affinity of binding between Mg>" and the DNA phosphate to allow almost quantitative

interaction (e.g. the K4 between Mg”" and DNA was determined to be ~0.6 uM.""),
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2.2.2.1 Adsorption Kinetics

To further understand the salt effect on DNA/GO interaction, DNA adsorption
kinetics as a function of salt was studied. Similar to the steady-state experiment, a FAM-
labeled ssDNA was mixed with GO in the 5SmM HEPES buffer (pH 7.6) that also contain
of varying concentration of MgCl,. As shown in Figure 2.6A, effective quenching was
only observed when Mg>" concentration was higher than 1 mM. When there was no Mg**
presence in the buffer, minimum adsorption occurred. In fact, the fluorescence of the Mg
free sample did not change much even after overnight incubation. The result suggested that
the presence of an adsorption activation energy barrier is related to electrostatic repulsion.
In a low salt buffer, the Debye length is large (e.g. ~ 6 nm in 2.5 mM Na" from the HEPES
buffer) and the repulsive energy is high. As a result, the thermal energy of DNA cannot
cross the barrier. With a high salt concentration, the repulsion between DNA and GO was
reduced to lower the energy barrier. Once the DNA is close enough to the surface, short-

ranged hydrophobic interaction started to dominate and electrostatic repulsion became

relatively small (vide infra).
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Figure 2.6 Kinetics of DNA adsorption (A) and desorption (B) in the presence of varying Mg®*
concentrations. Inset of (B): the same plot at a smaller y-axis scale. (C) Kinetics of DNA desorption
induced by adding the cDNA in the presence of varing Mg**. (D) Percentage of DNA adsorbed and
desorbed after overnight reaction as a function of Mg’". Noted that the legend in (B) is the Mg*"

concentration in mM and this legend is shared with (A) and (C).

2.2.2.2 Kinetic Study on Desorption

To have an overall idea of the salt effect on the DNA binding/leaving process,
desorption kinetic was also studied. In this case, DNA/GO complex was first prepared in a
high salt buffer to maximize the binding efficiency. Any loosely bound DNA was then

washed away with water and the complex was dispersed in buffers containing varying
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concentrations of Mg®". Interesting, it appeared that all samples had very low overall
desorption (Figure 2.6B). Even though the effect appeared to be minimum, desorption
kinetic was also depended on salt concentration. In the absence of Mg”’, desorption was

the highest. However, it only need 0.1 mM Mg”" to effectively inhibit desorption.

It is known that adsorbed ssDNA can be desorbed by the addition of cDNA.'"
Thus, the samples were incubated with the cDNA to induce further desorption. As shown
in Figure 2.6C, effective desorption was observed if Mg®" was greater than 1 mM. The
kinetic experiment indicated that salt was essential to overcome the repulsive barrier.
These results also confirm that hydrophobic interactions are extremely important for the
adsorption of ssDNA on GO. Once the dsDNA form, the bases are buried inside the helical
structure and only the negatively charged phosphate groups are exposed. The disruption of
hydrophobic interactions likely to cause desorption. Once the ssDNA was adsorbed, most
of them remained on the surface even if the medium was switched from high salt buffer to
water. The percentage of DNA adsorbed/desorbed as a function of Mg*" is plotted in
Figure 2.6D. For all the conditions where adsorption can effectively take place, a large

desorption hysteresis is present.

2.2.3 Desorption by cDNA and DNA Exchange Comparison

To understand the effect and the importance of non-specific desorption, cDNA
induced desorption and DNA exchange experiments were studied and compared. With the
addition of cDNA, a fast fluorescence increase was observed (Figure 2.7A). As expected,

higher concentration of the cDNA gave faster desorption kinetics. In the absence of the
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cDNA, the fluorescence intensity remained low. Within the first 30 minute, ~70% of DNA
on the surface was desorbed. To achieve complete desorption, sufficient time was needed.
When the mixture was incubated overnight, the final fluorescence intensity reached a value

close to the dsDNA sample without GO (difference within 5%).
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Figure 2.7 Kinetics of cDNA induced desorption or DNA/FAM-DNA exchange from GO surface.
Desorption induced by adding the cDNA (A) or the same DNA but without the FAM label (B). Noted
that the legend in (B) is shared with (A).

Since the DNA/GO interaction is based on adsorption, any disturbance in the
system is likely to cause desorption. For instance, exchange between DNA on the surface
and DNA in the solution can occur. This could be problematic when it comes to sensor
design. To understand the effect of the exchange, the exchange of adsorbed DNA with free
DNA in solution was also studied. Various concentrations of the unlabeled DNA with
same sequence were added. As shown in Figure 2.7B, DNA concentration dependent

desorption was also observed. Noted that the cDNA induced desorption kinetics were
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much faster and the signals were much higher than the exchange kinetics under same

condition.

Since no desorption was observed when 0 nM DNA was added, the exchange
process is likely to take place through first adsorption of the non-labeled DNA followed by
desorption of the labeled one. This desorption is most likely due to electrostatic repulsion
between two DNAs. This observation above raised a concern on the reliability and
reproducibility of this type of sensor. While a high loading of fluorophore-labeled DNA
probes may allow a higher sensitivity, the exchange of adsorbed DNA by non-target DNA
may generate false positive signals. To effectively detect target DNA with high specificity,

free surface binding sites should exist to accommodate additional DNA.

2.2.4 ssDNA and dsDNA Adsorption Kinetic Comparison

This non-covalent bound DNA/GO sensor system is based on the assumption that
dsDNA will permanently leave the surface once it is form. Although ssDNA has
significantly higher binding affinity toward GO then dsDNA,"' dsDNA still could be
loosely adsorbed on GO surface. The re-adsorption especially noticeable when kinetic was
monitored for a long period of time (high concentration in Figure 2.6C). This observation
led us to compare the adsorption kinetics between ssDNA and dsDNA (Figure 2.8). As
expected, ssDNA adsorption occurred very fast especially with I mM MgCl, presence in
the buffer. However, a slow decrease in fluorescence for dsDNA sample also can be
observed. This study confirmed that even though the dSDNA/GO binding affinity is not as

strong as ssDNA/GO, the slow adsorption still could cause a certain degree of fluorescence
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quenching. Thus, the reproducibility could be challenging in sensitivity experiment if the

timing of the measurement is not controlled properly.
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Figure 2.8 Adsorption kinetic comparisons between ssSDNA and dsDNA. Samples in buffer contains

0mM MgCl, (A) and ImM MgCl, (B).

2.2.5 Effect of pH on DNA-GO Interaction

The adsorption experiment demonstrated that electrostatic interactions play a
crucial role in binding efficiency between DNA and GO. Besides tuning ionic strength,
changing solution pH is another practical way to control surface charge. GO was proposed

to contain several types of carboxylic acid groups that bear slightly different pK,’s."**
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Figure 2.9 Quenching efficiency as a function of pH.

FAM is a pH-sensitive fluorophore and its quantum yield is close to zero when pH < 4. As
a result, estimation of binding efficiency based on direct comparison the quenching
efficiency is difficult at low pH. Therefore, the pH effect was studied indirectly. Five
buffers ranging from pH 4 to 8 was prepared and the same buffers also containing 10 mM
NaCl. After incubating the DNA with GO in at room temperature for an hour, the samples
were centrifuged and GO was precipitated. The supernatant solution containing only the
free DNA was collected and diluted with Tris-buffer (pH 8.3) before fluorescence
measurement. This indirect measurement showed the binding was more effective at lower
pH environment (Figure 2.9). For example, by lowering the pH from 8 to 5, the binding
increased from 30% to 100%. The result indicated that tuning the solution pH could

conveniently control the binding strength.

This observation can be explained by looking at the GO surface structure. The GO
surface contains several different carboxylic acid groups as shown in Figurel.3B, and the
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pKa values of these groups should be close to that of benzoic acid (pK,= 4.2) or acetic acid
(pKa. = 4.7). At neutral pH, these groups are deprotonated to give a highly negatively
charged surface. At close to the pK,’s, the surface charge is neutralized to reduce
repulsion. While for DNA, the phosphate group has a pK, close to zero. Therefore, the
DNA backbone negative charge is always maintained in the pH range tested. On the other
hand, cytosine at the N3 position has pK,= 4.2 and can be protonated at pH 4. As a result,
it also contributes to a reduced repulsion. In addition to the reduction of electrostatic
repulsion, protonation of carboxylic acid groups on GO should also make the hydrophobic

interaction stronger as the surface becomes less polar.

Based on the data of salt effect on adsorption/desorption presented earlier, the
results clearly showed that sufficient DNA desorption cannot be achieved in a very low
salt buffer. To effectively desorb the DNA from GO, other conditions need to be explored.
The finding above seems to indicate that DNA/GO binding is less efficient in high pH
environment than in low pH environment. To minimize the possibility of reducing GO at
higher pH, only three buffers (5SmM pH 7.5, 8.5, and 9.5) were employed to promote

desorption.
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Figure 2.10 Percentage of DNA desorption after incubating in buffer of different pH after 3 hours.

As shown in Figure 2.10, sample incubated in pH 9.5 buffer showed ~50%
desorption and it was the highest among all three samples. Desorption at pH 7.5 was the
lowest, comparable to the 15% obtained from the previous study. While increasing pH is
much more effective for desorption, it is still insufficient to achieve a complete desorption.

Thereby, alternative approach like increasing temperature was planned.

2.2.6 Effect of Temperature

In addition to pH induced desorption described above, increase of temperature is
also expected to facilitate desorption. Therefore, the thermal dissociation of adsorbed DNA
was also studied. In this experiment, a DNA/GO complex was first dispersed in pH 7.6
buffer that contained 100 mM NaCl and 25 mM HEPES. The same DNA samples without

GO were also prepared for comparison. The temperature-dependent fluorescence changes
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is shown in Figure 2.11A (red curves for samples with GO and black curves for samples
without GO). The fluorescence values for DNA/GO sample remained much lower
compared to those of free DNAs even at 95 °C. Noted that the fluorescence decreased in
free DNA was due to reduced quantum yield of the fluorophore as the temperature
increased. The comparison suggests that it is quite ineffective to desorb DNA just by
increasing temperature. On the other hand, this temperature insensitivity may be useful for

practical applications.
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Figure 2.11 Thermal desorption of adsorbed DNA. (A) Temperature dependent fluorescence change of
free DNA and DNA/GO complex in 100mM NaCl with 25mM HEPES (pH 7.6). (B) NaCl

concentration dependent desorption of DNA/GO complex.

As shown in Figure 2.6B, desorption of DNA can be observed by lowering the salt buffer.
Thus, the effect of NaCl concentration on the thermal dissociation of the DNA was studied
(Figure 2.11B). As expected, the amount of desorbed DNA decreased with increasing salt.
At concentrations higher than 200 mM NaCl, very little desorption was observed. This is
consistent with the observations that higher salt leads to a stronger interaction of the DNA

with GO, hence reducing thermal desorption of the absorbed DNA. Although increase in
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fluorescence was observed, desorption was far from complete.

2.2.7 Combination of Temperature and pH Effect on Desorption

So far, non-specific desorption was tested under low salt, high pH, and high
temperature separately. Each of this parameter has its effect to a certain degree. However,
none of the above conditions can promote complete desorption of the DNA from the GO
surface. This suggested that DNA/GO interaction is pretty strong. One way to overcome
the desorption energy barrier is to disperse the DNA/GO complex in low salt buffer and
increase the temperature and pH simultaneously. Three identical DNA/GO complexes in
different pH buffer were load into a real-time PCR. Fluorescence was monitored as a

function of temperature (Figure2.12).
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Figure 2.12 Thermal desorption of DNA at varying pH buffers (SmM)
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As can be seen, increase of temperature resulted in increased fluorescence for all the three
tested pH buffers. At low salt buffer, the data clearly showed that DNA desorption was
favored at higher temperature. In addition, desorption was even more effective at higher
pH. Consequently, a combination of high pH, low salt and high temperature appeared to be

necessary to achieve effective desorption of adsorbed DNA.

2.2.8 Adsorption Activation Energy

From the above experiments, we gained a qualitative understanding about the
adsorption/desorption process. The fact that a large hysteresis was present for DNA
desorption suggested the presence of a high activation energy barrier. In addition,
activation energy barrier also existed at low salt buffers for DNA adsorption. To estimate
the height of such barriers, adsorption kinetics experiment at varying temperatures need be
conducted. Previous experiments demonstrated that the salt concentration greatly affected
the adsorption kinetic. If the salt concentration was too low, the adsorption reactions is too
slow to obtain a good fitting. To ensure the reaction can be completed within a reasonable
time frame, 25 mM HEPES (pH 7.6) with 0.1 mM Mg>" was used. As expected,

incubation at higher temperatures facilitated faster adsorption (Figure 2.13A).
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Figure 2.13 (A) Adsorption kinetics at varying temperatures. (B) The Arrhenius plot of the DNA
adsorption reaction (31°C - 46°C).

The kinetic traces were then fitted to the first order reaction model and the rate constant
was determined. By using Arrhenius equation (equation 2.1), activation adsorption energy

can also be determined.

In(k) = In(4) — 22 (2.1)

R

The temperature range of 31 to 46 °C was used for this study. If the temperature was too
low, the reaction was far from completion and an accurate fitting cannot be obtained. On
the other hand, if the temperature was too high, desorption started to occur. Based on the
previous study, very little thermal desorption was observed if temperature was lower than
46 °C for samples in pH 7.5 buffer (Figure 2.13). Under this condition, DNA adsorption

can be considered to be an irreversible reaction.

The Arrhenius plot of In(k) versus 1/7 was shown in Figure 2.13B and the data
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points were fit to a linear equation. The slope of this line is —E,/R, where E, is the
adsorption activation energy and R is the gas constant. Based on this, the adsorption
activation energy was calculated to be 31.6 kJ/mol. Little information on the adsorption
activation energy can be found in the literature related to DNA adsorption onto a solid
surface. For global proteins, £, of 5 to 50 kJ/mol at liquid interfaces was reported.'” In
another example, the adsorption of a dehydrogenase protein on magnetic Fe;O4-chitosan
nanoparticles had an E, of 27.6 kJ/mol.'>* It seems like that the experimental £, value of
our DNA is comparable to the reported protein. The thermal energy of the DNA at room
temperature is about 2.5 kJ/mol. Therefore, it is much lower than this measured activation
energy barrier and DNA adsorption on GO at low salt buffer is an activated process. With
sufficient thermal energy provided, this energy barrier can be surpassed. The barrier height
should be a function of ionic strength since adsorption can be achieved at room
temperature with high salt. As can be observed from Figure 2.6A, adsorption can be quite
fast even at room temperature if the salt concentration was high, which further confirmed

the electrostatic nature of the activation barrier.

2.2.9 Adsorption Energy and Desorption Activation Energy

As our understanding, the amount of heat released from the adsorption process
should be the same as desorption activation energy. To measure the adsorption heat
directly, ITC technique was employed. The titration curve is shown in Figure 2.14 and
several features can be observed. First, the heat released progressively decreased with
more DNA injected. A value of AH = 61.3 kJ/mol at pH 7.5 by measuring the heat from

the first injection was determined. The amount of heat released for the second injection to
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be 47.9 kJ/mol and the third to be 32.7 kJ/mol. After the third injection, the signal became
very small. Based on the binding capacity that was previous estimated (Figure 2.1),
saturation should occur after six injections. However, an abrupt change in the ITC trace
was observed after three injections. This suggested the presence of different binding sites
on the surface with different binding energy. The amount of DNA introduced in the first
injections occupied the high affinity site to release more heat. The following three
injections, although still can bind to GO, resulted in much lower heat release. With a closer
look, the broad transition (20 to 70 °C) shown in thermal dissociation experiment also

support the presence of different binding affinities (Figure 2.12).
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Figure 2.14 ITC trances of DNA-GO binding at pH 5.5 (A) and 7.5 (B).

It is known that lowering the pH can facilitate binding. As expected, ITC measurement at
pH 5.5 showed the first three injections resulted in 89.0, 92.8, and 80.3 kJ/mol of heat.
Such energy is close to chemisorption (100 kJ/mol) and that can explain the high stability

of the DNA on the GO surface, especially at low pH.
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To summarize our finding about the adsorption and desorption energy, a model
shown in Figure 2.15 is used. In this diagram, the desorption activation energy is the sum
of the adsorption energy and the adsorption activation energy, which also contributed to
the difficultly associated with desorption. We measured the adsorption activation energy in
a low salt buffer and the adsorption energy in a high salt buffer. The reason for the
adsorption activation barrier is due to electrostatic repulsion. To favor adsorption, the
activation barrier can be easily overcome by adding salt or lower pH. We have explored
the buffer conditions to promote desorption and only a combination of low salt, high pH
and high temperature is favorable.
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Figure 2.15 An energy diagram of DNA approaching the GO surface in an aqueous solution. Two
conditions are shown. The conditions in the red curve favor desorption while adsorption shows a large

activation barrier. In the blue curve, adsorption readily occurs but desorption is very difficult.

2.3 Conclusion

While practical analytical applications of graphene-based optical sensors are well
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demonstrated, the fundamental understanding of binding between DNA and GO received
relatively less attention. Here, we have systematically studied the adsorption and
desorption of fluorescent-labeled oligonucleotides on GO surface. Initial studies indicated
that high ionic strength was required to initiate the adsorption of ssDNA on GO. Once
adsorbed, little desorption occurs even in low salt buffers. This finding suggested that other
short ranged interactions such as hydrophobic interactions dominated the binding.
However, it also posed a technical challenge in terms of removing those adsorbed ssDNA
besides adding cDNA. By testing different buffer condition, we found that using a
combination of low salt, high pH, and high temperature can help to achieve sufficient
ssDNA desorption. We also measured the adsorption kinetics at varying temperatures to
obtain the activation energy for adsorption and we used ITC to measure the adsorption
energy. Overall, the DNA/GO binding is very stable. However, the binding can be easily

modulated with precise control of buffer conditions.

2.4 Experimental Section

2.4.1 Chemicals

All DNA samples were purchased from Integrated DNA Technologies (Coralville,
IA). The DNA sequences used in this experiments are: 12-mer, CAC TGA CCT GGG; 18-
mer, CTT GAG AAA GGG CTG CCA; 24-mer, ACG CAT CTG TGA AGA GAA CCT
GGG; and 36-mer, TAC CTG GGG GAG TAT TGC GGA GGA AGG TTC CAG GTA.
The adenosine aptamer sequence is ACC TGG GGG AGT ATT GCG GAG GAA GGT.

All the sequences are listed from the 5’ to 3'-end. Each DNA carries a FAM (6-
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carboxyfluorescein) modification on the 5'- end. Sodium chloride, magnesium chloride,
sodium acetate, 4-Morpholineethanesulfonate (MES), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonate (HEPES), and Tris(hydroxymethyl)aminomethane (Tris) were purchased
from Mandel Scientific (Guelph, Ontario, Canada). Sulfuric acid, potassium persulfate,
phosphorous pentoxide, hydrogen peroxide, potassium permanganate were purchased from
Sigma-Aldrich. Acetic acid and hydrochloric acid were purchased from VWR. Graphite

flakes were purchased from Fisher. Millipore water was used for all the experiments.

2.4.2 Synthesis and Characterization of GO

GO was synthesized using the modified Hummers method.*" * Briefly, 3 g of
graphite flakes (~325 mesh size) were dissolved in 10 mL of sulfuric acid (H2SOs).
Potassium persulfate (K,S;Og) and phosphorous pentoxide (P,Os) were added to the
solution as oxidizing agents and stirred at 90 °C until the flakes were dissolved. The
solution was stirred at 80 °C for 4 hrs and subsequently diluted with 500 mL water. The
diluted solution was stirred overnight, washed and filtered to get a dry powder. This pre-
oxidized GO powder was subjected to further oxidation with 125 mL of H,SO4 and 15 g of
KMnOy in an ice bath and stirred for 2 hrs. 130 ml of water was added to the solution
causing the temperature to rise to 95 °C. After 15 minutes, 15 mL of H,O, was added.
Finally the solution was diluted with 400 mL water and the resultant yellow-brown
suspension was stirred overnight. This GO solution was filtered and washed until it
reached a neutral pH and also purified by dialysis to remove excess ions. Finally, the GO

solution was suspended at a concentration of 200 ug/mL.
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The synthesized GO sheets were absorbed on a silicon chip, which was pretreated
with piranha and (3-Aminopropyl) triethoxysilane. The characterization was carried out a

Nanoscope IV AFM Instrument (Veeco).

2.4.3 Steady-State Fluorescence Measurement

2.4.3.1 Quenching Efficiency

100nM DNA was incubated with 50 pg/ml of GO in 100 mM NaCl, 25 mM
HEPES and 5SmM MgCl, for ~ 1 hour. 100nM free DNA in the same buffer was also
prepared. The fluorescence spectra of the two samples were then collected by using Varian
Eclipse spectrofluorometer. The excitation wavelength was set at 485 nm and the emission

from 500 to 600nm was collected.

2.4.3.2 GO Binding Capacity Estimation

In this experiment, 20 pg/ml of GO was incubated with various concentration of
adenosine aptamer in buffer (150 mM NaCl, 25 mM HEPES, 1 mM MgCl,) for overnight.
Samples were then centrifuged at 15000 RPM to collect supernatants. The fluorescence of
supernatant was measured with Tecan Infinite F200 Pro plate reader. DNA samples

without GO were also prepared for comparison.
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2.4.3.3 DNA Length and Salt Effect

Four ssDNA with length range froml2-mer to 36-mer were used. In this
experiment, luM DNA was incubated with 170 ug/ml GO in varying concentrations of salt
for ~ 1 hour. Samples without GO were also prepared as corresponding references.

Fluorescence was measured at 25 °C.

2.4.3.4 pH Effect

To study the pH effect, four buffer with different pH were prepared (acetate buffer:
pH 4 & 5; MES: pH 6; Tris-HCI: pH 7 & 8). 1uM DNA was incubated with 170 pg/ml
GO in contained 50mM buffer with 10 mM NaCl for ~ 1 hour. The samples were
centrifuged at 15000 RPM for 20 min. 20 ul of the supernatant solution was then mixed

with 180 ul of 100mM Tris-HCI (pH 8.3) buffer before the measurement.

2.4.4 Kinetics Study
The kinetics of adsorption and desorption was monitored by Tecan Infinite F200

Pro plate reader at 25 °C. 50 ul of sample was used for the kinetic study.

2.4.4.1 Effect of Salt
For the effect on adsorption, 20 ug/ml GO was dispersed in 5 mM HEPES (pH 7.5)

with different MgCl, concentration. For the effect on desorption, 20 ug/ml GO was first
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incubated with 100 nM DNA in buffer (150mM NaCl, 25 mM HEPES and 1mM MgCl,)
for ~ 1 hour. Samples were then centrifuged to remove supernatants and washed with small
volume of water before re-suspended in 5 mM HEPES (pH 7.5) with various concentration

of MgClz

2.4.4.2 cDNA Induced Desorption and DNA Exchange

The DNA/GO complex was prepared by mixing 50 pmol of the 24-mer DNA and
20 uL of 200 ug/mL GO in 5 mM MgCl,, 100 mM NaCl, and 25 mM HEPES, pH 7.6.
This mixture was centrifuged to remove free DNA in the supernatant and then re-dispersed
in 200 uL of the same buffer. Desorption experiment was carried out with the fluorescence
plate reader. Each well contained 65 uL of the buffer with 15 uL of the DNA/GO complex
solution. 20 uL of the c-DNA was then added to initiate the desorption reaction. Exchange
of adsorbed DNA was studied using a similar method and the same 24-mer DNA without

the fluorophore label was added.

2.4.5 Thermal Desorption

Temperature induced desorption of DNA experiment was carried out in the real-
time PCR thermocycler (Bio-Rad CFX-96) using a sample volume of 20 uL. The
temperature was increased every 1 °C with a holding time of 1 min before each reading.
500 nM DNA was incubated with 100 ug/mL of GO in buffer (150 mM NaCl, 25 mM

HEPES and 1 mM MgCl,) at room temperature for ~ 1 hours before the analysis. Samples
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were then centrifuged at 15000 RPM to remove excess of DNA and washed with small
volume of water. For NaCl-dependent studies, 50 mM to 500 mM of NaCl concentrations
were tested. For pH-dependent studies, samples were re-dispersed in 5 mM Tris-HCI1 (pH

7.5, 8.5 and 9.5).

2.4.6 ITC Analysis on Adenosine Aptamer/GO Binding
For the titration measurement, 250 uL. of GO is needed in the cell chamber and 40 uL of
adenosine aptamer is needed in the syringe. The experiments were conducted at 25 °C.

50uM adenosine solution was titrated into 800 ug/mL GO. For pH 7.5 measurement,
buffer contained 150 mM NaCl, 25 mM HEPES, and 1 mM MgCl, was used. For pH 5.5,
25 mM citrate instead of HEPES was used. The amount of released heat was measurement

after each addition by using MicroCal 200.
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Chapter 3. Analytical Applications of Physisorbed DNA on

Graphene Oxide

3.1 Introduction

Aptamers are short single-stranded DNAs that can be selected to bind to any target

28, 29,32, 34

of interest. Because of the advantages of using aptamers as molecular recognition

. 34, 45
elements, aptamers can be used in sensors.” "

With sensor immobilization, advantages
like sensor regeneration and signal amplification became possible. Recently, it was
discovered that non-structured ssDNA can be strongly adsorbed on the GO surface and
desorbed upon forming dsDNA or well-folded structure. Combination with large surface
area and intrinsic fluorescence quenching ability, GO became an ideal platform for
designing optical aptasensors. All these reports have demonstrated the good sensitivity and
selectivity based on DNA/GO scaffold.'* 07 110 113 128135 Eyen though these types of
sensors are easy to prepare, non-covalent immobilization usually means sensor
regeneration is challenging. After detection, it is difficult to re-adsorb the DNA and wash
away the target molecule since there is no covalent linkage between the aptamer and the

surface. If a re-adsorption mechanism can be introduced, this system can serve as a re-

generable sensor.

In the previous chapter, we demonstrated that DNA binding to GO was stronger at
lower pH. It is common that most of the aptamers selections were carried out at the neutral
pH. Thus, it was assumed that lowering the pH might have an adverse effect on aptamer
binding. Since aptamer-target and aptamer-GO have totally opposite binding efficiency at
low pH environment, it was thought the reversible operation is plausible if the pH of the
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system was carefully tuned. In this scheme (Scheme 3.1), mixing a fluorescently labeled
aptamer with GO resulted in quenched fluorescence. Upon addition of the target molecule,
the aptamer can bind to the target and desorb from the surface, resulting in fluorescence
enhancement (step 1). After detection, pH of the mixture was acidified. The low pH
environment prompted the dissociation of aptamer-target complex and facilitated the
aptamer-GO binding (step 2). Once the reverse process is completed and the target is
removed, sensor can be easily regenerated by restoring in neutral pH buffer (step 3).

Besides the regeneration, this dual control system can also be used as a logic gate.
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Adenosine aptamer FAM-ACCTGGGGGAGTATTGCGGAGGAAGGT-3'
Hg?* binding DNA FAM-TTCTTTCTTCCCCTTGTTTGTT-3'

Scheme 3.1 Schematic presentations of sensor operation (step 1) and regeneration (step 2 & 3). The
aromatic rings on GO are not drawn for the clarity of the figure. The aptamer sequences are listed

from the 5' to 3'-end.

One of the many reasons that GO became a popular choice for aptamer-based
sensor is the discovery of its excellent selective adsorption on ssDNA and dsDNA. Besides

utilizing this intrinsic characteristic for the sensor application, it is also possible to use it as
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ssDNA scavenger. Based on the kinetic study from previous chapter (Section 2.2.4), we

knew that ssDNA adsorbed on GO surface much faster than dsDNA did. With this in mind,

separating ssDNA/dsDNA mixture is feasible without the need of electrophoresis. On top

of that, the separation can be achieved within a short period of time.

3.2 Results and Discussion

3.2.1 Effect of pH on Aptamer - Target Interaction

To test the pH effect on aptamer/target binding, ITC technique was employed to

accurately determine the dissociation constant (Kg). At pH 7.5, we obtained a K4 of 13.1 =

1.8 uM (Figure 3.1A), which was comparable to the literature reported 6 = 3 uM."® At pH

5.5, the Ky increased slightly to ~19.6 uM (Figure 3.1B). At pH 3.5, however, no obvious

binding was observed (Figure 3.1C). Only when the adenosine concentration was increased

to 10 mM, did we obtain a binding curve with a K4 of 202 uM (Figure 3.1C, inset).
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Figure 3.1 ITC traces of adenosine aptamer binding at pH 7.5 (A), 5.5 (B), and 3.5 (C).

The low binding efficiency at pH 3.5 is probably due to partial protonation of the A and C
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bases in DNA and the target molecule adenosine. Consequently, it is likely to interfere
with hydrogen bonding and charge interactions. This experiment supports our hypothesis
that the adenosine aptamer binding is weakened at low pH. Note that similar pH effect on a

: : : 157, 158
cocaine aptamer binding was also recently reported."”

3.2.2 Synergetic pH Effect on Target/Aptamer/GO Interaction

To ensure the pH and salt effect can also be duplicated on the aptamer-GO binding,
FAM-labeled adenosine aptamer was used here. The adenosine sensor was prepared by
incubating 500 nM FAM-labeled adenosine aptamer with 100 ug/ml GO in various buffer
condition for an hour. The supernatant was then collected and the pH was adjusted
accordingly before the measurement. At high ionic strength (150 mM NaCl, 25 mM
HEPES, 1 mM MgCl,, pH 7.6), adsorption was close to 100% at all three pH values tested
(Figure 3.2, black bars). On the other hand, the aptamer showed almost no binding to GO
at pH 7.5 but close to quantitative binding in lower pH and low salt buffer condition (25
mM HEPES, grey bars). This experimental finding suggested that by tuning the pH and
ionic strength of the solution, the adsorption of aptamer on GO could be controlled.
Importantly, the pH effect was synergistic; target/aptamer/GO binding interaction can be

tuned by adjusting the pH.
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Figure 3.2 Salt and pH-dependent binding of the adenosine aptamer by GO.

3.2.3 Sensor Regeneration

To show this concept can be achieved and the generality of this approach,
adenosine aptamer'>® and Hg®" aptamer'”” were chosen for the demonstration. For FAM-
labeled adenosine aptamer, mixing with GO resulted in low fluorescence without the
presence of adenosine. 10 minute after the addition of 2 mM adenosine, fluorescence
enhancement reached a plateau (Figure 3.3A, solid black curve). The sample was
subsequently acidified by incubating with 500 mM citrate buffer (pH 3.5) for 40 min for
regeneration. At this pH, the aptamer should release the bound adenosine and re-adsorb
onto the GO surface. The sample was centrifuged and the supernatant was removed from
the GO pallet. Another adenosine sensor was regenerated in pH 7.5 HEPES buffer (50
mM, grey curve) for comparison. After regeneration, both samples were re-dispersed in
incubation buffer and adenosine was again added. The final fluorescence reached about
half of the original value for the sample regenerated at pH 3.5 but less than 20% for the

one washed at pH 7.5.
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The second aptamer used here is FAM-labeled DNA that is rich in thymine and can
bind with mercury ions. Because of the metal-nucleotide interaction is highly specific, a T-
T base pair can only be stabilized by Hg*". Since mercury binding to the thymine base is
accompanied by the release of the imino proton,"™ '® lowering pH should reduce Hg**
binding. To prevent the binding of Hg*" ions with chloride and HEPES, the reaction buffer
was switched to 150 mM NaNQOs, 5 mM Tris nitrate, pH 8.0. Like the previous adenosine
example, the fold of fluorescence increase for samples regenerated at pH 3.5 was also

much higher than those regenerated at pH 7.5 (Figure 3.3B).
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Figure 3.3 Sensor regeneration. Kinetics of fluorescence change for the adenosine (A) and Hg*" sensor
(B) before and after regeneration at low or high pH. The fold of fluorescence enhancement after
adding 2 mM adenosine (C) or 2 pM Hg2+ (D). Noted that black arrows shown in Kkinetic plots

indicated the time points where target molecules were added.
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Ideally, all targets bounded aptamers in the supernatant should be washed away
with pH 7.5 buffer once the signal reached plateau. However, the sample washed with pH
7.5 buffer also showed a small increase after regeneration. The only plausible explanation
is that not all the aptamers were desorbed from GO in the presence of 2 mM adenosine. To
verify this, 4 uM of the cDNA of the aptamer was used to desorb the FAM-labeled
aptamer DNA (black dash line). For adenosine sensor, the K4 for the cDNA binding should
be smaller than 10™"® M'®'| which is 12 orders of magnitude higher than that for adenosine
binding. As shown in Figure 3.3A (black curve), the aptamer desorbed by adenosine was
only about half of that desorbed by the cDNA (black dash curve). Similarly, desorption
induced by 2 uM Hg*" was also incomplete and was only ~40% of that by adding the
cDNA (Figure 3.3B, black dash curve) This experiment confirmed the fluorescence signal
observed after regeneration at pH 7.5 was attributed to these residual aptamers left on the

GO surface.

The fact that the pH 3.5 samples showed a much higher fluorescence after
regeneration supported that a low pH was crucial for the reverse binding process.
However, it was noted that the regeneration was incomplete even for the pH 3.5 samples.
If the fold of fluorescence enhancement was compared, the change for the regenerated
sensor was comparable to that for the freshly prepared one (Figure 3.3C & D, black bars).
On the other hand, a significant drop was observed for the samples regenerated in the pH
7.5 buffer (gray bars). The incomplete fluorescence recovery was probably due to the lost
of GO during the centrifugation/washing steps. More importantly, the result also indicated

that the performance of the aptamer/GO sensor was not affected by regeneration.
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3.2.4 Logic Gate

Four aptamer/GO samples were prepared to be at high (7.5) or low (3.5) pH in the
presence of high (2 mM) or low (0 mM) adenosine. After centrifugation, the supernatant
fluorescence was then measured at pH 8.5 to avoid the false negative results. We found
that high fluorescence was achieved only at high pH and high adenosine (Figure 3.4A).
This system therefore acts as an AND gate (Figure 3.4B). This study also showed that the

pH effect predominate at low pH; no desorption occurred even in the presence of

adenosine.
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Figure 3.4 Logic gate based on adenosine DNA aptamers. (A) The supernatant fluorescence intensity of
adenosine aptamer/GO complex in different pH and adenosine conditions. (B) Tabulated results in (A),

where high pH = 7.5, low pH = 3.5, high adenosine =2 mM and low adenosine = 0.

3.2.5 ssDNA/dsDNA Separation without Gel Electrophoresis

To demonstrate the concept, the supernatants of the samples were loaded on a 15%
non-denaturing polyacrylamide gel to see the efficiency of separation. Different ratio of
ssDNA and dsDNA mixtures were incubate with GO for short period of time (~ 20 min).
As shown in Figure 3.5, ssDNA and dsDNA fluorescence bands were observed at different

distance on the gel (left side of the image) based on their molecular weight. When the
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mixtures was incubated with GO, all the ssDNA adsorbed on the surface. Thus, only the
dsDNA fluorescence bands were observed (right side of the image). The result suggested

that ssDNA/dsDNA can be quickly and easily separated by this method.

Without GO With GO

ssDNA : dsDNA Ratio 1:0 0.5:1 1:1 2:1 OS] a2

Figure 3. 5 Gel electrophoresis image of ssDNA/dsDNA mixtures at different ratio with or without GO

incubation.

3.3 Conclusion

With the information obtained from the DNA/GO interaction studies, we knew that
a precise control of binding at the bio-nano interface can be achieved. Herne, we
demonstrated the synergistic pH effect on the binding of aptamer to its target and to GO. In
this system, it is possible to achieve sensor regeneration without covalent immobilization.
This method should work for small molecule and metal ion targets. However, DNA or

protein targets may also bind to the GO surface with a high affinity. Thus, effective
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removal of such target molecules may not be achieved. The same synergistic pH effect was
also applied to logic gate system. In another example, we also demonstrate the intrinsic
selectivity of the GO can be utilized for ssDNA/dsDNA separation kit. Without the need

for gel electrophoresis, dsSDNA can be easily separated under 20 min.

3.4 Experimental Section

3.4.1 Chemicals

All DNA samples were purchased from Integrated DNA Technologies (Coralville,
IA). For sensor regeneration experiment, the adenosine and Hg*" were used. Adenosine
aptamer sequence is FAM-ACC TGG GGG AGT ATT GCG GAG GAA GGT; Hg™"
aptamer sequence is FAM-TTC TTT CTT CCC CTT GTT TGT T. The DNAs used in gel
electrophoresis have the following sequence: 24-mer, FAM-ACG CAT CTG TGA AGA
GAA CCT GGG; 24-mer cDNA, TGC GTA GAC ACT TCT CTT. For ITC analysis, non-
modified adenosine aptamer (ACC TGG GGG AGT ATT GCG GAG GAA GGT) was
used. All the sequences are listed from the 5’ to 3'-end. Sodium chloride, magnesium
chloride, sodium acetate, 4-Morpholineethanesulfonate (MES), 4-(2-
hydroxyethyl)piperazine- 1 -ethanesulfonate (HEPES), and
Tris(hydroxymethyl)aminomethane (Tris) were purchased from Mandel Scientific
(Guelph, Ontario, Canada). Sulfuric acid, potassium persulfate, phosphorous pentoxide,
hydrogen peroxide, potassium permanganate were purchased from Sigma-Aldrich. Acetic
acid and hydrochloric acid were purchased from VWR. Graphite flakes were purchased

from Fisher. Millipore water was used for all the experiments. GO was prepared as
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described previously and was provided by Dr. Maheshwari.

3.4.2 ITC Analysis on Adenosine Aptamer/Adenosine Binding

For the titration measurement, 250 uL of 60 uM adenosine aptamer was load into the cell
chamber and 40 uL of 1.5mM adenosine is needed in the syringe. The experiments were
conducted at 25 °C. 150 mM NaCl with 25 mM sodium citrate buffer (pH 3.5 & 5.5) or 25
mM HEPES (pH 7.5) were used to study the pH effect on adenosine aptamer/adenosine
binding efficiency. To obtain binding curve at pH 3.5, 10 mM adenosine was needed.
Noted that adenosine aptamer was pre-heated at 95°C for ~ 1 minute and gradually cooled
to room temperature then storing in ice bath before the analysis. The amount of released

heat was measurement after each addition by using MicroCal 200.

3.4.3 Salt and pH-dependent Study on the Adenosine Aptamer/GO Binding

In this experiment, adenosine aptamer was used. 500 nM of adenosine aptamer was
incubated with 100 ug/ml of GO in 150mM NaCl with 25 mM buffer at various pH (pH
3.5~7.5). To study the effect of the ionic strength, aptamer and GO were also incubated
in 25mM buffer at various pH. After 1-hour incubation, the samples were centrifuged at
~15000 RPM for 20min and the supernatants were collected. The supernatants were then
diluted 5 times with HEPES buffer for fluorescence measurement using micro-plate reader
(Tecan Infinite F200 Pro). The fluorescence values were compared with the 100nM

aptamer for calculating adsorption efficiency.
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3.4.4 Potential Applications

3.4.4.1 Aptamer-GO Sensor Regeneration

The biosensor was prepared by incubating 500nM of adenosine aptamer with 100
ug/ml of GO in 150 mM NaCl/25 mM HEPES/1 mM MgCl, buffer. The mixture was
washed once with the same buffer to ensure any unbound aptamers was removed. The
biosensor was then re-dispersed with the same buffer. 2 uM of target was added into 20
ug/ml of Aptamer-GO sensor and the fluorescence was recorded. To regenerate the
biosensor, 500 mM of sodium citrate (pH 3.5) was used to acidify the samples. The
samples were incubated in this low pH buffer for ~ 40 min. The samples then were
centrifuged and the supernatants were discarded. The biosensor was washed with 500mM
HEPES once before re-dispersed in 150 mM NaCl/25 mM HEPES/1 mM MgCl, buffer for

fluorescence measurement.

3.4.4.2 Logic gate

In this experiment, adenosine aptamer was used. Four aptamer/GO samples were
prepared in either pH 3.5 or pH 7.5 buffers. In addition, 2 mM adenosine was added to two
of the samples. After centrifugation, the supernatant fluorescence was then measured at pH

8.5 to avoid pH-related FAM fluorescence issue.

3.4.4.3 ssDNA/dsDNA Separation kit

ssDNA/dsDNA mixtures with different ratio were prepared. The mixtures were
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then incubated with 100 pg/ml GO for ~ 20 min. Samples were then centrifuged at 14000
RPM and supernatants were collected and loaded into 15% non-denaturing polyacrylamide
gel. Gel electrophoresis was running at 500 V for an hour. The gel was illuminated with
Invitrogen Safe Imager 2.0 Blue-Light Transilluminator and the image was taken with

digital camera.
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Chapter 4. Distance Dependent Fluorescence Quenching of

Graphene Oxide

4.1 Introduction

101
I

Like CNTs,"** 118 GO is an excellent quencher for adsorbed fluorophores.'’' In

addition, it demonstrated high quenching efficiency for various fluorophores ranging from

green, red, and far red emitting dyes to quantum dots.'®" 1% 1%

In the presence of its
cDNA, the fluorescence was recovered due to duplex formation and desorption.'™ At the
same time, the fluorophore-to-GO distance increased from zero to infinite to give the
maximal fluorescence enhancement. Based on these understandings, many optical sensors
have been designed were using the similar mechanism for the detection. Although the
optical applications were greatly emphasized, little is known about the distance-dependent
fluorescence quenching within a few nanometers above the GO surface. In fact, many of

these reports were based on theoretic calculation.'®” '® Such information is important for

the rational design of covalently linked probes.

Compared to sensors that were based on simple physisorption of probes, there are
several advantages of using covalent linked probes. First of all, such sensors are reversible
and can be used for continuous monitoring for a long time and even under flow conditions.
Secondly, covalent sensors are less prone to non-specific displacement that causes false
positive results. Last but not least, these types of sensors can be easily regenerated with

simple washing steps.

Studying distance-dependent fluorescence property is also crucial for
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understanding the fundamental quenching mechanism. Based on theoretical calculations,
Sebastian K. and Swathi R. predicted that quenching by graphene followed a d-4
dependency, where d was the distance between the dye and the GO.'**'° This is similar to
167-170

the so-called nanosurface energy transfer (NSET) studied using gold nanoparticles.

To date, no experimental work on GO was carried out.

Once DNA formed a rigid structure, it can often achieve a precise distance control
at nanometer scale. To have a systematic understanding of these important questions about
the quenching mechanism, eight amino and 6-carboxyfluorescein (FAM) dual labeled
DNA probes with varying DNA lengths and fluorophore positions was employed. These
probes were covalently attached to the GO surface and their respective cDNA was added
to form rigid duplexes (Scheme 4.1A). Given the complexity of the system brought by the
planar nature of GO and its surface heterogeneity, four different aspects: steady-state
fluorescence spectroscopy, fluorescence lifetime spectroscopy, fluorescence microscopy
and fluorescence lifetime imaging were studied. This represents the first work of using

DNA to systematically study the distance-dependent fluorescence quenching on GO.
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Wash away non-covalently attached DNA |

Steady state fluorescence
Fluorescence lifetime
Fluorescence microscopy
Fluorescence lifetime imaging

4 bp

TTCTTCACATTT(F)GGG
8bp TTCTTCCT(F)CCTTGTT
12bp TTCTTTCTT CCT(F)CCTTGTTTGTT
16 bp TTCTTTCTTTCTT CCT(F)CCTTGTTTGTTTGTT

B 24 bp (F)ACGCATCTGTGAAGAGAACCTGGG
36 bp (F)TACGAGTTGAGACCGTTAAGACGAGGCAATCATGCA
70 bp 50 bp (F)TACGAGTTGAGACCGTTAAGACGAGGCAATCATGCATATATTGGACGCTT

(FY)TACGAGTTGAGACCGTTAAGACGAGGCAATCATGCATATATTGGACGCTTTACCGACATCTGGCATCGAT

Scheme 4.1 (A) Schematic illustration of distance-dependent fluorescence quenching study. (B)

Sequence and fluorophore position of all eight ssDNA.

4.2 Results and Discussion

4.2.1 Steady-State Fluorescence Spectra

All eight ssDNAs were modified with amino group on the 3'-end and FAM either
in the middle or at the 5'- end. The details of DNA sequences and modifications can be
seen in Scheme 4.1B. These DNAs in the system were designed such that the FAM and
GO were separated by 4 to 70 base pairs (bp) after forming the duplex DNAs. Each of the
dual labeled ssDNAs was reacted with GO in the presence of EDC to form covalent amide
linkages. To maximize the covalent bonding efficiency, excess of DNAs were added into

the reaction. Once the reaction was complete, the non-associated DNAs were first removed
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using centrifugation. Because of the surface heterogeneity, the DNAs associated with GO
can be divided into two populations: chemisorbed through forming the amide bond and

physisorbed through hydrophobic interactions.

For sensing applications, steady-state fluorescence spectroscopy is one of the most
often used techniques and it provides information about fluorescence quantum yield and
spectrum shape. The steady-state fluorescence spectra of these samples are shown in
Figure 4.1A. Samples were excited at 485 nm and the emission spectra from 500 to 600
nm were collected. The emission intensity at 520 nm was plotted as a function of the FAM
position. Without any cDNA presence, the background fluorescence was close to zero for
all eight samples (Figure 4.1B, blue dots). The low fluorescence indicated that the DNAs

were tightly adsorbed by the GO surface to result in a strong quenching.
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Figure 4.1 (A) Steady-state fluorescence spectra of the covalently linked FAM-modified DNAs after
forming duplex with the ¢cDNAs in 100mM NaCl & 25mM HEPES (pH 7.6). (B) The 520 nm peak
intensity as a function of the FAM position in terms of the number of base pairs before (blue dots) and
after (green dots) adding the cDNAs. Inset: quenching efficiency as a function of calculated FAM-to-
GO distance (assuming DNA vertical orientation) and its best fitting into an energy transfer model.

Errer €equals to the quenching efficiency.
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Since we were only interested in the fluorescence of covalently linked DNAs in this study,
any non-covalently linked DNAs should be removed to prevent any false signal. As
mentioned in previous chapter, these physisorbed DNAs were very difficult to remove just
by simple washing. The most efficient way to separate these unwanted DNAs from the
system is to use cDNA. Once the cDNAs were added, it formed duplex with these ssDNAs
on the GO surface. For covalently linked ssDNAs, the duplex will still attach to the surface
with their conformation being a rigid rod. However, the physically adsorbed DNA will
desorb from the surface after forming duplex. These duplex in the solution can then be
easily removed through centrifugation. To ensure that the non-covalently adsorbed DNAs
were completely removed from the system, more cDNAs were added and this process was
repeated three times. At the end of this process, only ds-DNAs immobilized on GO were

expected to be present.

With the final addition of the cDNAs, samples were measured again with
fluorometer. Increased fluorescence over background was observed for all the samples
(Figure 4.1B, green dots). As the FAM-to-GO distance increases, the fluorescence
intensity also increases. The result suggested that the GO surface acted as an energy
acceptor to quench FAM in a distance-dependent manner. The increase intensity ranged
from ~ 4-fold for the 4-12 bp samples to > 10-fold for the 16-70 bp ones were observed. In
addition, this experiment indicated that effective sensors can still be obtained even with
covalently linked probes. As seen in Figure 4.1A, even 4 bp can be detected due to the
extremely low background fluorescence of DNA/GO complex. However, the final FAM-

to-GO distance after the reaction should be greater than 12 bps to achieve a good S/N.

According to the literature, the persistence length of a B-form ds-DNA is ~50
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nm."”" With the longest DNA in this work is 70 bp (= 23.8 nm), the duplex can still be
considered to be a rigid rod. If all the duplexes had oriented vertically with respect to the
GO surface, the data presented here would provide some information on the distance-
dependent quenching. Noted that once the number of bp is greater than 50, the
fluorescence enhancement is limited. With the assumption that the quenching efficiency
(Q) is zero for the 70 bp sample, the quenching efficiency (the same as FRET efficiency)
of the rest can be calculated based on equation 4.1 where Fp and Fpa are the fluorescence

intensity of the DNA in the absence and presence of GO respectively.

F
Epgpr =1 — FLDA 4.1)

164, 165
27" "2 where

As shown in the inset of Figure 4.1B, the best fit to the equation 4.
resulted in n» = 3.3 and dy = 6.1 nm, where d is the FAM-to-GO distance and d is the

Forster distance where O = 0.5.

_r
[1+(d/do)"]

Q= (42)

In the previous theoretical study, Swathi and Sebastian determined that dye to

194195 With this constrain, we obtained dy = 6.0 nm.

graphene has (distance)™ dependence.
While the experimental n value is close to the theoretical value published, it needs to be
addressed that the value above does not represent an accurate model since the entire
calculation was based on the assumption that the quenching efficiency for the 70-mer
duplex was zero. More importantly, the FAM-to-GO distance was estimated simply based

on the number of base pairs. As will be discussed later, neither of these assumptions was

true. In the case of tilted dsDNA after binding, the angle between the DNA and GO was no
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longer perpendicular. As a result, the distance derived from the DNA length was longer
than the actual FAM-to-GO distance. In addition, the steady-state fluorescence intensity
relied heavily on the EDC coupling efficiency and final GO concentration. With all the
centrifugation and washing steps, the GO concentration was expected to be slightly
different across the samples. Even though the intensity measurement cannot provide great
details about the quenching, the plot clearly indicated that quenching was distance-

dependent.

4.2.2 Fluorescence Microscopy Analysis
An important application of the DNA/GO conjugate is for cellular and biomedical

. . 116, 121, 125, 172
imaging''% 2 12> 17

For example, DNA and aptamer-based probes can be used to
measure gene and protein expression as well as metabolite concentration. With covalent
linkage, reversible and long-term monitoring of local analytes concentration change
becomes feasible. To demonstrate the concept, these samples were observed under a
fluorescence microscope. By analyzing the individual GO sheets, the effect of sample
concentration difference that might present in a cuvette-base measurement can be
eliminated. As shown in Figure 4.2A-H, the increasing fluorescence intensity is correlated
with increasing DNA length. The transition observed here is also consistent with the
fluorescence spectroscopy results. Under optimized condition, a distance of ~8-12 bp was
the minimum requirement to generate a readable signal. To increase the S/N of the images,
longer DNAs are preferred. The fluorescence intensity was quantified in Figure 4.21. As

expected, no background fluorescence was observed in the absence of cDNA. This

experiment confirmed that a strong signal for imaging could be generated even if the DNA
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probe did not completely desorb from the surface. As long as the fluorophore is several
base pairs (e.g. from 8 to 16) above the GO, a significant signal change can be easily

detected.
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Figure 4.2 Fluorescence micrographs (40x objective) for eight GO samples. Microscopic images of (A)
4 bp, (B) 8 bp, (C) 12 bp, (D) 16 bp, (E) 24 bp, (F) 36 bp, (G) 50 bp, & (H) 70 bp. The scale bar shown
in (A) is 20 pm and is shared by all the figures. (I) Fluorescence intensity quantification before and

after cDNA addition.

4.2.3 Fluorescence Lifetime Decay

To exam the quenching efficiency more closely, fluorescence lifetime spectroscopy
was used to study these FAM-labeled DNA-functionalized GOs. After incubating with
cDNAs, the lifetime decay traces were collected. As shown in Figure 4.3A, a FAM-labeled
DNA freely dispersed in solution had a single exponential decay with a lifetime of 4.05 ns
(green line) and all the DNA/GO conjugates displayed faster decay than the free FAM-
labeled DNA. The result clearly indicated the quenching mechanism of FAM/GO is
dynamic. Interesting, the data also showed that none of the GO samples followed single
exponential lifetime decay. This observation suggested the presence of different

populations in terms of the fluorophore environment. The best fit was obtained using a
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double exponential decay model for all the samples. For the 4 to 24 bp samples, the long
lifetime component was minor in population (5-20%) and these lifetime values were close
to that of the free FAM. It indicated the small population was not significantly affected by
dynamic quenching. On the other hand, the shorter lifetime component had lifetime
gradually increased from ~0.3 ns for 4 bp to ~1 ns for 24 bp. For longer DNAs (> 24 bps),
the analysis became more complicated. The population of the short and long lifetime
components were more comparable. In addition, the short lifetime component stopped

increasing when it reached a value of ~1.3 ns.

FRET or quenching efficiency can also be calculated using the fluorescence
lifetime data based on equation 4.3, where 7 and 7y are the fluorescence lifetime in the

. 173
presence and absence of quencher, respectively.'’

0=1-= 4.3)

To

In the absence of GO, 1) was determined to be 4.05 ns for FAM-labeled free DNA. As
shown in Figure 4.3B, the quenching efficiency decreased with increasing DNA length but
it stopped at ~0.7 when the DNA bp number reached 36 (~12.2 nm). While the length of
the DNA almost doubled from 36-mer to 70-mer, the short lifetime component barely

changed.
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Figure 4.3 Fluorescence lifetime spectra. (A) Decay traces of covalently linked FAM DNAs with cDNAs
added. (B) Quenching efficiency plotted as a function of the FAM-to-amino distance based on the

assumption of vertical DNA orientation.

As mentioned earlier in the chapter, the FAM-labeled DNAs were assumed to be in
vertical orientation. However, the data suggested the possible scenario that DNAs did not
stand up vertically with respect to the GO surface as we expected. It is likely that the
longer the DNA, the smaller the angle between the DNA and the GO surface. Thus, the
actual FAM-to-GO distance is much shorter than we estimated initially. Moreover, it also
confirmed that there are some weak binding affinity between the dsDNAs and the GO.
Unfortunately, the non-vertical DNA orientation made it impossible to obtain an accurate
Forster distance (dy) between FAM and GO. As a result, the curve in Figure 4.3B can only

serves as a working model, similar to the one shown in Figure 4.1B.

4.2.4 Fluorescence lifetime imaging

The above fluorescence lifetime experiment clearly indicated the existence of
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different DNA populations on the GO surface. It is very important to further exam the
spatial distribution of fluorescence lifetime so that the physical origin of these different
populations may be assigned. Fluorescence lifetime imaging technique was employed and
only the 16 and 70 bp samples were studied. With this technique, the FAM fluorophore
was excited using multi-photon excitation to achieve a high spatial resolution. The sample
images are presented in Figure 4.4. Orange color represented short lifetime components
and blue represented long lifetime components. Initial observation confirmed that the
lifetime distribution was inhomogeneous on the surface as previous suggested. The
lifetime distribution in the black box of Figure 4.4A was shown in Figure 4.4B. Although
the overall lifetime was ~0.5 ns, the 16 bp sample appeared to have few long lifetime
spots. The value is consistent with the lifetime spectroscopy data in Figure 4.3. More
importantly, the image could explain that the long lifetime component observed in the
spectrometer was due to these long lifetime spots instead of free DNAs in solution. Like
the 16 bp sample, the distribution was highly heterogeneous for 70 bp sample (Figure
4.4C). Unsurprisingly, the overall lifetime increased with a longer distance. The lifetime

distribution (Figure 4.4D) showed that most area had a lifetime close to 1 ns.
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Figure 4.4 Fluorescence lifetime images. Fluorescence lifetime distribution and histogram of the 16-

mer (A & B) and 70-mer (C & D) samples.
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It is known that pristine graphene surface is homogeneous but extremely
hydrophobic. To disperse in water, GO with surface oxygen species were prepared.
However, oxidation makes GO surface heterogeneous.'* '** 7177 It is well known that
graphene is better quencher than GO. For the DNAs attached to the highly oxidized
regions, the quenching efficiency was low and the DNA tended to stay away from the
surface due to electrostatic repulsion between surface carboxylate and DNA backbone.
Thus, these regions appeared to have longer lifetime. On the other hand, DNAs linked to
the carbon rich regions where the local surface around the DNA was less charged.
Consequently, DNA might be closer to the surface. The quenching efficiency of these
carbon rich regions is known to be very high, resulting in strong dynamic quenching even
for the 70-mer DNA.'®* ' Since we are interested in quenching caused by graphene
instead of the highly oxidized regions, only the short lifetime component was plotted in

Figure 4.3B.

4.4 Conclusion

Initially, our goal was to use the advantage of covalently linkage to evaluate the
fluorescence quenching between FAM-DNA and GO. With the assumption that DNA
duplexes are in vertical orientation on the GO surface, Forster distance could be
determined. However, the results here indicated that our initial assumption was not correct.
More importantly, fluorescence lifetime does not appear to be an attractive analytical
method in the covalent DNA/GO system. Resolving multi-exponential lifetime decay is

known to be challenging and it is prone to errors. Since this system is extremely
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heterogeneous, it is difficult to obtain accurate values. For instance, heterogeneous surface
gave different quenching efficiencies. Also, the angle between DNA and GO after duplex
formation can vary. This adverse effect can especially be seen in longer DNA length. The
nature of this interaction is likely to be a combination of van de Waals attraction and
electrostatic repulsion. Given these considerations, the interpretation of lifetime change is

difficult and is unlikely to be analytically useful.

The understanding about the DNA and GO interaction can be summarized in
Figure 4.5. Amino-modified ssDNAs were immobilized around the highly oxidized
regions or in the carbon rich regions. The attached fluorophores were completely quenched
due to the hydrophobic and n-r stacking interaction between DNA and GO. Addition of
the cDNAs resulted in dsDNAs formation and partially left the GO surface. The angle
between the dsDNAs and GO was less than 90°, especially for those on the carbon-rich
regions. The longer the DNA, the smaller the angle (e.g. 01 <62 <90° in Scheme 4.2) will

be.

Highly
oxidized
region

Scheme 4. 2 Schematics of covalently immobilized DNA probes and the formation of dsDNA on GO.
DNA 1 is longer than DNA 2. DNA 3 is close to the highly oxidize region. It is likely that 8, < 8, <90°.
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Finally, it has been previously predicated through theoretical calculation that the

4164, 165
d.m"

quenching efficiency of graphene follows The same distance-dependent

167, 168 .
d.'e% However, the mechanism of

quenching by gold nanoparticles was also reporte
quenching by the metal and by the m system is fundamentally different. The dynamic
quenching nature by CNTs surface has also been studied using covalently linked pyrenes,
but the exact mechanism is still under investigation.'”*'® With the planar nature of GO
and the flexible linker for attaching DNA to GO, it is impossible to obtain a precise FAM-
to-GO distance based simply on the DNA length. The only conclusion that can be drawn
here is that quenching between FAM-DNA and GO is distance-dependent. It is known that
DNA/GO complex showed extremely low background fluorescence in the absence of
cDNA. Even though FRET between the fluorophore and GO result in reduced fluorescence
intensity, a high signal-to-background ratio can still be obtained even with the presence of
significant quenching. To achieve a precise distance, more rigid DNA structures are

181, 182
needed. ™

4.4 Experimental Section

4.4.1 Chemicals

All DNA samples were purchased from Integrated DNA Technologies (Coralville,
IA). The DNA sequences and modifications are listed in Figure 3.1B. All the DNAs were
purified by HPLC except for the 24 and 36-mers. Sodium chloride, magnesium chloride, 4-
Morpholineethanesulfonate (MES), 4-(2-hydroxyethyl)piperazine- 1-ethanesulfonate

(HEPES), were purchased from Mandel Scientific (Guelph, Ontario, Canada). N-(3-
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Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI) was purchased
from Sigma-Aldrich. Millipore water was used for all the experiments. GO was prepared

as described previously and was provided by Dr. Maheshwari.

4.4.2 Covalent attaching DNA to GO

The one-step conjugation was carried out in a glass vial with a final volume of 500
uL containing 100 ug/mL GO, 2 uM amino-modified DNA, 10mM EDC-HCI (freshly
prepared), 25mM NaCl and 25 mM MES, pH 6.0. The reaction was carried out for 3 hr at
room temperature in the dark with continuous magnetic stirring. Any excess of unreacted
ssDNA in the supernatant were removed by centrifugation at 15000 rpm for 20 min. The
DNA/GO conjugates were then washed in 500 uL of water twice to further remove non-
covalently adsorbed DNA. Finally, the conjugates were dispersed in 100mM NaCl with 25
mM HEPES (pH 7.6). Final GO concentration was maintained at 100 ug/mL and stored at

4 °C before use.

4.4.3 Steady-state fluorescence spectra

Steady state fluorescence spectra were collected using a Varian Eclipse
spectrofluorometer. The excitation wavelength was set at 485 nm and the emission from
500 to 600 nm was collected. The GO concentration in the cuvette was 20 ug/mL and had
been repeated treated with 4 uM cDNA for three times to completely desorb non-

covalently attached DNAs. All the reactions were carried out in buffer A. After reacting
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with cDNA, the samples were centrifuged at 15000 rpm for 20 min and the supernatant

was carefully removed.

4.4.4 Fluorescence lifetime spectroscopy

400ul of 20 ug/mL GO sample was used for lifetime measurement. Fluorescence
lifetime was collected using PicoQuant FluoTime 100 spectrofluorometer. The laser light
source was set at 460-480nm for the excitation. 520nm band pass filter was chosen for data

collection. The data were fit to a double exponential decay.

4.4.5 Fluorescence microscopy

The GO samples were observed using Leica DMI 3000B inverted microscope with
Hamamatsu ORCA-R? camera system. The GO samples were concentrated to ~200 ug/mL
and 2 uL of these samples were spotted on a glass slide. The samples were imaged after
putting on a cover slip. The cube for green fluorescence imaging was used. The
fluorescence microscopic pictures were taken under the 40x objective with an exposure

time of 10 sec.

4.4.6 Fluorescence lifetime imaging
The fluorescence lifetime images were captured using Leica DM 6000B

microscope with Leica TCS SPS5 system using the 63x (glycerol) objective. The excitation
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source was a multiphoton IR laser.
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