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Summary

The intersection of nanomaterials with biomolecules has been an area of much recent re-
search interest. The inherently small sizes of nanomaterials such as semiconductor quantum dots
and gold nanoparticles allow for unique optical and electronic properties that can be used in the
field of medicine. One of the applications has been in the field of sensor science. Combing the
optical and size properties of these materials has allowed for biotagging of cells and cellular
components. Additionally, their small nature allows for the design of biosensors that detect de-
sired analytes at a small scale. In this research, a novel “turn off” biosensor was designed for
mercury detection.

A mercury sensitivity molecular beacon was fabricated using a quantum dot, gold nano-
particle, mercury target aptamer, and a DNA linker strand. When excited by an incident light, the
quantum dot releases photons at 655 nm wavelength. The photons provide an optical signal that
was detected using photoluminescence spectroscopy. The fluorescent indicator was then biocon-
jugated to a mercury sensitivity aptamer linked to a gold nanoparticle. Mercury ions bind to the
thymine bases, causing the aptamer to undergo a conformational change to form a hairpin like
structure. This conformational change shortens the length between the quantum dot and gold na-
noparticle which are attached to the ends of mercury sensitive aptamer. Gold nanoparticles be-
have as a quenching molecule, and absorb the energy emitted by the quantum dot. This energy
transfer, known as fluorescence resonance energy transfer, is a distance dependent phenomenon.
Thus, when the distance between the quantum dot and gold nanoparticle shortens, the energy
transfer between the two increases. This, subsequently, leads to a decrease in fluorescent inten-

sity — signaling mercury detection.

Vi



A DNA linker strand was also conjugated onto the quantum dot. This linker strand con-
tains a pyrene group on its open end. Through m — m interactions, this linker DNA strand stacks
onto graphene oxide causing the molecular beacon to be anchored onto the substrate. Graphene
oxide also behaves a quencher, reducing the fluorescent intensity of the quantum dot. To study
the degree of quenching graphene oxide has on the system, DNA linker lengths of 14, 35, and 51
base pairs were used to vary the distance between the beacon and the substrate.

It was found at 51 base pairs (~15 nm), the graphene quencher did not hinder the sensitiv-
ity of the sensor. At 35 base pairs (~10 nm), the sensitivity slightly decreased, while at 14 base
pairs (~5 nm) performance was hampered. All sensors displaced a linear relationship between
concentration and quenching efficiency in the nanomolar range. Non-target metal ions were also
tested to get an understanding of the specificity of the system, and it was found to have a minus-

cule effect on the photoluminescence.
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l. Background

“There’s plenty of room at the bottom” - Richard Feynman

Throughout history, the perception of human progress has been governed on the concept
of expanding our frontiers through exploration. First was man’s challenge against Mother Nature
in his quest to conquer planet earth. Few centuries later, political angst lead to the space race and
a man walking on the moon. Modern day, Elon Musk paints a future of a multi-planet civiliza-
tion. The mainstream view of progress has consistently been “bigger”. In the 1980s, advances in
instrumentation allowed for the visualization of the world at an atomic level -- opening the door
to a new age of scientific discovery.

What makes this atomic level world unique is that is plays by a different set of rules.
Classic physics dominates bulk and macroscopic phenomena. Volume, mass, speed can all be
measured deterministically. At the nano-scale, 10~%m, these rules change. A new set of rules-
called quantum mechanics governs. This is due to the size of particles of this nature. An example
can be illustrated by picturing a spherical particle.

Surface Area = 4mr?

4y

Volume =

_Surface Area 3

= D

Volume T or

The surface area to volume ratio of a spherical particle is inversely proportional to the radius of
the sphere. At the nanoscale, the surface area to volume ratio is uncharacteristically large. A

large ratio indicates that most of the atoms, and their valence electrons, are on the surface. Thus,
to understand nano-scale interactions, it is critical to understand how these atoms and their elec-

trons behave.



Quantum mechanics can be traced back to the early twentieth century when Max Planck
came up with a proportional constant that quantifies the quantum (smallest entity) of light. These
entities, later called photons, are quantized (discrete) energy packets. The energy of these packets

can be characterized by:

E=n hx*c E(ev) 1.24 5
= *k = _—— A = -—
v 7 ev D) (2)

h = Plank's constant,v = frequency, c = speed of light,and 1 = wavlength

This discovery lead to a big scientific debate on the behavior of light — does it behave as wave or
a particle? In 1924, Louis de Broglie extended this theory by hypothesizing that matter can ex-

hibit wave-like characteristics as well. Per his theory, every particle, such as an electron, exhibits
behaviors of a particle and wave. Even macroscopic level particles follow this wave-particle du-
ality, but due to their small wavelengths, the phenomena cannot be detected. The wavelength of a

particle, called the de Broglie wavelength, can be expressed as:
a=2 (3)
p
p = momentum

When a particle is larger than its de Broglie wavelength, it exhibits bulk like properties such as a
continuous energy bands. When the particle is shrunk to the same scale as its de Broglie wave-
length, its energy levels become discrete and its band gap starts becoming sized dependent -- a
phenomenon known quantum confinement. An illustrative difference between classic and quan-

tum mechanics can be made by comparing the behavior of waves between the two systems.

In classical physics, the one-dimensional wave equation is given as equation 4:
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~P(x,t) =P(x £ vt) (5)
Y = wave function v = veloctiy of the wave
Equation 5 gives the general solution, where the argument represents the phase of the wave. This
classical equation is used to describe sound, water, and light waves. However, since in quantum
mechanics the goal is to describe the wave nature of a particle, this classical equation becomes
obsolete since the equation is not dependent on mass. Erwin Schrédinger solved this problem.
Schrodinger’s equation is best understood when imaging an electron in an infinite quantum well

(potential well).

V(x)= o0 V(x)= o0

V(x)=0
X=0 X=A

Figure 1: Infinitely Deep Quantum Well, V(x) =0 x <0 and x> A. V(x)=0at0 <x <a.
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~ P(x) = Bsine(kx) + Ccos(kx) (9)

Plank's constant ) )
h= o m = mass of the particle,V = potential, E = energy

k = wavenumber

Equation 6 represents the one-dimensional Schrddinger’s equation. By using the quantum well in
Figure 1 and seeing the potential is 0, the jump can be made from equation 6 to 7. Rearranging
equation 7 and defining k2, simplifies the wave function to equation 8. k2 can be found by tak-
ing the classical kinetic energy equation and incorporating the de Broglie wavelength (equation
3). Solving the differential equation gives the general solution in equation 9. Boundary equations
are then applied. Since at x = 0, the wave function is 0; the arbitrary constant C must equal 0.
Taking equation 10 and applying the second boundary condition, yields equation 11 because k

must be a multiple of = to make ¥ = 0.
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At this juncture, rearranging k allows for the formation of equation 12 which provides the dis-

crete energy value of the quantum system.

YERE

Figure 2: First four energy states in an infinitely deep quantum well.
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By solving through Schrédinger’s equation, it is analytically shown why quantum systems have
discrete bands of energy. Additionally, by analyzing equation 12, as the size of the quantum well
(a) decreases, the energy of the bands increase. This is known as quantum confinement and is
used to explain the behavior of quantum dots in the upcoming chapter. Equation 11 needs to be

normalized to solve for the constant B.

1= f YR Yo dx
0

, (¢ ., nxm
1=stm(—)dx
0 a

In classical physics, y(x) represents the amplitude of the given wave at position x. In quantum
mechanics, ¥ (x) represents the probability of the electron being at position X. In quantum sys-
tems, the location of the electron is never known and only calculated through statistical probabil-
ities. Thus, multiplying ¥»(x) by its complex conjugate allows for the normalization of the wave
function and the calculation of the arbitrary constant B.

Understanding these quantum systems has allowed engineers and scientists to manipulate
matter on the nanoscale to create a field known as nanotechnology. Paralleled with advances in
biotechnology, the two fields have intersected to develop technologies that can help human
health and environment. This interdisciplinary discipline has allowed for advances in biosensors,

drug delivery, diagnostics, medical imaging, tissue engineering, and medical devices [1-4]. The



goal of this research is to illustrate the fabrication, design, and application of a novel biosensor

anchored onto a graphene oxide platform for the detection of mercury (1) ions.



1. Nanomaterials

“Great things are done by a series of small things brought together” - Vincent Van Gogh

2.1 Apatmers

Aptamers are single stranded DNA or RNA molecules that have a strong binding affinity to-
wards a preselected target. These targets include -- but are not limited to -- small molecules,
metal ions, proteins, and even cells [5]. Deoxyribonucleic Acid (DNA), historically, has been
viewed as a genetic carrying biomolecule. Much of the interest in DNA has been focused around
its role in the central dogma of molecular biology -- which explains the flow of genetic infor-
mation. In the early 1990s, an in vitro selection technique known as systematic evolution of lig-
ands by exponential enrichment (SELEX) helped produce single stranded oligonucleotides that
bind to a desired ligand [6,7]. These oligonucleotide -- referred to as aptamers -- embarked a new
area of biochemistry by offering an alternative to antibodies.

A single strand of DNA (ssDNA) is made up of small molecules called nucleotides. Nu-
cleotides consist of a phosphate, sugar, and nitrogenous base. The phosphate and sugar groups
give the DNA structure by forming a stable backbone. The final component, the nitrogenous
base, carries the genetic code that provides biological instructions. A nucleotide can contain one
of four different nitrogenous bases: Adenine (A), Thymine (T), Guanine (G), and Cytosine (C).
Each nitrogenous base has a complimentary pair (A-T, G-C) that has a strong affinity toward
each other. Two ssDNA with complimentary base pairs form the famously known DNA double

helix structure.
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Figure 3: Two complementary ssDNA strands anti-parallel to each other.

SELEX is an in vitro chemical process used to determine the aptamer sequence that has strong
affinity toward the desired target. The procedure begins with a pool of 10** to 10*° randomly
unique sequenced oligonucleotides. The DNA in this library have a random region of 20-80 nu-
cleotides, and a constant region of 18-21 bases region at either end [8]. The target is then intro-
duced to the library and binds to certain sSDNA. The ssDNA that shows affinity towards the tar-
get -- called aptamers -- are then filtered out. PCR is then performed to amplify the aptamers.
The target is reintroduced to these isolated aptamers and this process is repeated until aptamers

with strongest affinity are discovered.



Prior to aptamers, antibodies were used as molecular target molecules in many biosensing
schemes. Antibodies, also known as immunoglobulin, are large proteins produced by the im-
mune system in the presence of an antigen. In contrast to aptamers, antibodies are produced in
vivo [9]. When a pathogen such as a virus is introduced, the immune system produces a specific
antibody to bind to and offset the antigen. The ability to bind to an antigen gives antibodies the
ability to be used as molecular targeting agents. However, antibodies come with disadvantages

that aptamers can overcome. The table below compares and contracts the two molecular recogni-

tion probes:
Molecular Recognition Probe: Aptamer Antibody
Production In Vitro In Vivo
Potential Targets lons, proteins, cells, small bio- Immunogenic compounds
molecules
Chemical Modifications Straightforward Limitations

Table 1: Comparison of Aptamers and Antibodies.

2.2 Spherical Nanoparticles

Semiconductor Quantum Dots (QD) are nano-sized spherical semiconductor crystals that
contain tunable optical and electrical properties. The ability to control these characteristics
makes QDs a useful nanomaterial for engineering done at the nanoscale. Traditionally, organic
dyes have been used as fluorescent indicators in many biological and chemical applications. Un-
fortunately, these dyes have an array of disadvantages including photobleaching and asymmetric
emission spectrums [10]. By using QDs, researchers are given a fluorescent indicator that has

photostability, tunable emission and broad excitation range, and the ability to conjugate to a

10



countless number of molecules [11] -- which provides a competitive advantage over organic
dyes.

As it stands, QDs are currently being used in a plethora of biosensing, biotagging, and bi-
oimaging schemes [12-14]. Their tunable optical characteristics -- to go along with their small
sizes -- makes them an ideal candidate for engineered optical nanostructures that sense and detect
small molecules such as proteins, cells, and metal ions. A QD can be excited by an incident light,
which causes excitation among its electrons. These excited electrons jump from the valence band
to the conduction band. During relaxation, the electrons recombine with the electron holes left in

the valence band, and during this recombination process energy is released.

CONDUCTION BAND

——

VALENCE BAND

—> INCIDENT LIGHT ELECTRON
# EMISSION LIGHT -
' ELECTRON HOLE

Figure 4: Electron excitation by an indecent light.

The amount of energy released is proportional to the size of the gap between the energy
bands. At the nanoscale, these energy bands become discrete and, due to quantum confinement, a

decrease in particle size leads to an increase in energy between the discrete energy bands ---

11



which subsequently results in an increase of released energy. Equation 2 showed that energy re-
leased is inversely proportional to the wavelength. Thus, by tuning the size of the QDs, research-

ers can get a desired optical output.

#1 #2 #3 #4

Figure 5: As the size of the QD decreases, the gap between the valence and conduction band increases. This results
in an increased amount of energy in the emission light, leading smaller QDs to emit light at a smaller wavelength —
thus different colors.

Another unique advantage of QDs is their ability to conjugate to a wide range of mole-
cules through functionalization with a chemical moiety. These functional groups can bind to a

desired ligand and later in this work an example of this chemical process is demonstrated.

Gold nanoparticles (AuNPs), also known as colloidal gold, are another group of nanopar-
ticles that has recently gained an increase of research interest. As with quantum dots, AuNPs
have tunable optical and electronic properties and have been used in a range of biomedical appli-

cations [15-17].

12



2.3 Graphene and Graphene Oxide

Graphene is a two-dimensional carbon based nanomaterial that has been used for applica-
tions in fields ranging from electronics to medicine [18,19]. It has a single atom thick honey-
comb structure which provides it with uncharacteristically strong material properties. The cova-
lent bonds between the carbon atoms give graphene extraordinary tensile strength. Graphene’s
high surface area to volume ratio and strength to weight ratio is starting to get exploited for in-
dustrial applications. Carbon nanotubes -- rolled up graphene sheets into a cylinder shape with
open ends -- have been used in tennis rackets and hockey sticks to give athletes stronger and
lighter sports equipment [20,21]. Additionally, superior electron mobility has provided graphene
with applications in nanoelectrons — such as in field effect transistors. The most useful property

of graphene, however, might be its ability to be easily modified.

COOH

Figure 6: (A) Single sheet of graphene made from carbon atoms. (B) Oxidation of graphene produces oxygen con-
taining functional groups making the product more biocompatible.

Modifying and functionalizing graphene has allowed researchers to expand graphene’s appli-
cations. Oxidizing graphene gives the material hydroxyl, carboxyl, and epoxy groups while

maintaining its carbon-based benzene ring backbone. Oxygen containing functional groups on

13



graphene oxide (GO) allow for the material to be well dispersed in water. This is of biomedical
significance since the human body consists of 55-65% water [22-24]. Additionally, functional

groups can be utilized to bind biomolecules or other nanostructures onto the substrate.
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I11.  Energy Transfers

“If you want to find the secrets of the universe, think in terms of energy, frequency, and vibrations” - Nikola Tesla

3.1 Fluorescence Resonant Energy Transfer

Fluorescence Resonant Energy Transfer (FRET) is an energy transfer between an excited do-
nor and a nearby acceptor molecule. This phenomenon is an underlying principle in many optical
sensing schemes [25-28]. For FRET to occur, the donor needs to be excited by an incident light.
If an acceptor is nearby -- within nanometer -- it may absorb the energy released from the donor.
This absorbed energy itself can lead to the excitation of the acceptor which subsequently may

lead to emission.

ENERGY TRANSFER

Figure 7: FRET is a distance dependent energy transfer between an excited donor and an acceptor molecule.
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The efficiency of the energy transfer between the donor and acceptor is:

R$ 1

R )
o

Ep_4 z (14)

Ep_4 = FRET ef ficiency between the donor and the acceptor
R = distance between the donor and acceptor
R, = distance where the energy transfer is at 50%

As the distance, R, between the donor and acceptor increases, the energy transfer between the

two diminishes. R, can be theoretically calculated by equation 15 [29] :

R, = 0.211[k*n™*@,pJ (W] (15)
k? = dipole orientation factor

J(A) = spectral overlap integral
@p = Quantum Yield of the donor

The distance between the donor and acceptor can be experimentally calculated by reworking

equation 14. This allows for FRET to be used as a spectroscopic ruler to measure the distances

6| 1
~R=R,* -1 (16)
Ep_a

3.2 Nanometal Surface Energy Transfer (NSET)

between two nanomolecules.

Nanometal surface energy transfer (NSET) is another energy transfer between nano-
materials with similar mechanisms to that of FRET [30,31]. While the energy transfer during

FRET is dipole-dipole, NSET undergoes a dipole-surface transfer between a nanometal surface

16



and a dipole moment. Like FRET, the transfer between the donor and acceptor is distance de-
pendent. However, an important distinction between the two is the efficiency of the energy trans-
fer.

Rg

R )
o

= (17)

Ep_a

As seen in equation 17, NSET is more efficient compared to FRET as it is less dependent on the
distance between the donor and the acceptor. The size of the acceptor generally determines

which energy transfer the system undergoes. An acceptor with a diameter of less than 1.5 nm is
expected to undergo a FRET like energy transfer, while if the acceptor is greater than 1.5 nm in

diameter, NSET is expected to take over [32,33].

3.3 Quenching

Many biosensors use a phenomenon known as quenching to signal the detection of their
target analyte. For quenching to occur, the acceptor must be able to absorb the donor’s emission
energy. If the acceptor behaves as a quencher, to the naked eye, it appears as the energy of the
donor just “disappears”. This, however, is not the case due to the first law for thermodynamics
stating that energy cannot be created or destroyed. Depending on the acceptor used, thermal en-

ergy is released.

17



. QUANTUM DOT

GOLD NANOPARTICLE

ENERGY TRANSFER

UENERGY TRANSFER

Figure 8: Quenching between an excited Quantum Dot and a Gold Nanoparticle. The Gold Nanoparticle releases
thermal energy when excited by the Quantum Dot’s emitted photons.

The human eye will not be able to see this emitted thermal energy, so to the viewer only a de-
crease in the fluorescence of the donor is visible. Since FRET and NSET are distance dependent
energy transfers, the closer the quencher is to the fluorescent indicator, the more quenching is

observed.

18



IV.  Sensor Design
“Science does not know its debt to imagination” Ralph Waldo Emerson

4.1 Sensor Design

Biosensors have three main elements: the molecular recognition agent, signal producing ele-
ment, and a transducer. The molecular recognition probe is the bioreceptor molecule that detects
the desired analyte. Antibodies and aptamers have both been utilized as molecular recognition
probes due to their affinity to desired targets. The signal producing agent provides the signal of
the sensor. For optical biosensors, excited fluorescent dyes or quantum dots are used to provide
an optical output that can be measured using photoluminescence spectroscopy. Lastly, the trans-
ducing element changes the signal of the signal producing molecule upon the presence of the de-
sired analyte. Herein, a mercury target aptamer was used as the molecular recognition agent. 655
Qdots provided the optical signal, and, in the presence of mercury ions, AUNPs transduce the sig-
nal provided.

By attaching an aptamer to a QD and an AuNP, the aptamer’s conformational change in the
presence of the target analyte will change the distance between the two nanoparticles -- resulting
in a change in signal. If the distance between the two decreases, the efficiency of the energy
transfer increases. Since the gold nanoparticle quenches the energy from the QD, this leads to a
decrease in signal. This type of sensor is known as a “turn-off” system because the emission of

the system is decreased upon presence of the target.
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Figure 9: Turn off-sensing system (A) versus a turn-on system (B).

Graphene oxide is commonly used in many “turn on” sensing schemes. By absorbing an ap-
tamer -- QD complex, the GO initially quenches the optical output of the QD. After the addition
of the analyte, the aptamer desorbs and the QD’s energy can be detected. While molecular bea-
cons have been designed as both “turn off” and “turn on” schemes, to the best of my knowledge,
no “turn-off” GO sensor schemes have been demonstrated without labeling the sample with a bi-
omolecule [34,35].

In the present design, a “turn off” molecular beacon is fabricated and then anchored onto a
GO substrate. A linker aptamer is used to bind this ensemble onto GO. Since GO is known to be
a strong quencher [36,37], different linker lengths were used to study the quenching effect GO
has on the molecular beacon. Linker lengths of 51 bps, 35 bps, and 14 bps -- ~ 15 nm, 10 nm, 5

nm in length respectively -- were used.
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#1

#2

Figure 10: Sensors with linker lengths none, 51 bps, 35 bps, and 14 bps were used to study the quenching effect

of graphene oxide.

In the presence of Hg?*, the mercury ions bind to the thymine on the mercury target aptamer
[34]. The aptamer undergoes a conformational change, and due to the location of the thymine
groups, forms a hairpin structure through Thymine -- Hg?* -- Thymine base pairs [38,39]. This
conformational change decreases the distance between the AuNPs (quencher) and the QD (fluo-
rescent indicator). Since the AuNP is less than 1.5 nm in diameter, the interaction between the
QD and AuNP is FRET dominated. As the AuNP comes closer to the QD, the transfer efficiency
between the two increases and the resulting effect would be a decrease in emission from the 655

Qdot.
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Unergy Transfer

Figure 11: The theory behind the response of the sensor in presence of mercury (1) ions.

Since graphene oxide is also present, quenching between it and the QD may occur. Due to
the size of the GO flakes (0.5 um x 0.5 um), the energy transfer between the two will is NSET.

The efficiency of the energy transfer, however, will be dependent on the linker length.

4.2 Aptamer Selection

Hg?* has a strong affinity toward thymine bases; thus, to create optimal sensitivity in the
sensor scheme, a thymine rich aptamer should be chosen to maximize the amount of mercury
binding sites. The length of the aptamer is also of importance since FRET is most efficient
within 10 nm [40]. Hg?" binds with two thymines forming a Thymine -- Hg?* -- Thymine base
pair. By positioning the thymines symmetrically along the aptamer, this enables the formation of
a hairpin structure upon the addition of mercury. This conformational change will shorten the

distance between a conjugated fluorescent indicator and a quenching acceptor. The sequence 5° d
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Amino C6- TTT TTA GGT TGG TGT GGT TGG Thiol C6 SS 3’ was chosen, adding functional
groups to the ends to allow for binding of nanoparticles.

In determining the sequence for the linker DNA strands, three elements were taken into con-
sideration: 1) Minimizing affinity toward mercury (1) ions 2) Minimizing the possibility of a
stem-loop, heterodimer, and homodimer formation and 3) Avoiding the formation of a G-quadru-
plex. By having a thymine free aptamer sequence, the probability of the aptamer’s affinity to-
ward mercury was minimized. To test for potential stem loops, M-Fold Software was used. IDT
OligoAnalyzer 3.1 was used to test for heterodimers and homodimers, and QGRS Mapper soft-
ware was used to predict the possibility of a G-quadruplex formation. All possible dimer for-
mations had a Gibbs Free Energy of around -2.0 kCal/mol -- making it unlikely for formation
(~-9.0 kCal/mol needed). Linkers of 14 base pairs (bps), 35 bps, and 51 bps with a sequence of
5’ d Pyrene - dU - (AG), A -Amino C7 3’ were ordered from LGC Biosearch technologies (No-
vato, CA).

4.3 Nanoparticle Selection

Two critical considerations were taken place during nanoparticle selection: 1) Having appro-
priate functional groups for bindings purposes and 2) Overlapping emission and absorption spec-

trum between the donor and the acceptor respectively.
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Figure 12: Absorption spectra as given by Nanoprobes (Yaphank, NY, USA).

Qdot® 655 ITK™ carboxyl quantum dots were purchased from Thermo Scientific Fisher Scien-
tific (Waltham, MA, USA). The Qdots have a core made up of CdSe nanocrystals and are coated
with a thin layer of ZnS. They are also functionalized with carboxyl groups to allowing for cou-
pling with amine during EDC/Sulfo-NHS chemistry. When excited, the QD releases photons
with a peak 655-nm wavelength. The quencher, AuNPs, needs to be able to absorb these pho-
tons.

Figure 12 shows that the AuNPs from Nanoprobes (Yaphank, NY, USA) absorbs light cover-
ing the entire visible spectrum. Additionally, it emits thermal energy-- making it an ideal candi-
date to use as a quencher. The AuNPs are coated with a mono-maleimido group to allow for
binding. Graphene Oxide flakes (0.5 um x 0.5 um) from Graphene Laboratory Incorporated

(Calverton, New York, USA) were used.
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4.4 Target Analyte

Mercury is a toxic chemical additive that is used in a wide range of industries such as cos-
metics and agriculture [41]. Unfortunately, the use of mercury has led to environmental pollution
that has caused neurological, reproductive, immunogenic, and carcinogenic effects among hu-
mans and other animals [42]. Inorganic mercury, such as mercury (I1) ions, can be transformed
into the more toxic methylmercury -- the organic form --- through microorganisms that live-in
water. Mercury’s ability to climb up the food chain creates the necessity to keep the environ-
ment mercury free [43]. For example, 80-90% of organic mercury found in the human body is
through the consumption of fish and shellfish [44]. Most developed countries have mercury regu-
lations; however, this hasn’t prevented contamination in places like Japan, Peru, and the United

States of America [45].

To prevent future contamination, improvements in methods of mercury detection need to be
made. Current technigues, such as atomic absorption spectroscopy (AAS), Inductively Coupled
Plasma Emission Spectroscopy (ICP-ES), and X-ray fluorescence require rigorous training, are
expensive, and lack sensitivity [46]. Additionally, they have an inability to provide rapid on-site
testing. Biosensors might be able to overcome these limitations, making them an important field

of research.
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V. Fabrication
“Simplicity is the ultimate sophistication” Leonardo De Vinci

5.1 DNA Preparation

Both mercury sensitive and linker aptamers were dissolved into separate TE buffers (10mM
Tris, ImM EDTA, pH 8.0) to create a 100 M concentration solution. TE buffer protects the ap-
tamers from degradation and denaturation. Ethylenediaminetetraacetic acid (EDTA) deactivates
DNase -- which are enzymes that cleave the phosphodiester linkages. Phosphodiester bonds
form when two hydroxyl groups in phosphoric acid react to form two ester groups. These bonds

appear on the backbone of DNA strands.

Figure 13: Phosphodiester bond that appears on the backbone of DNA. EDTA deactivates DNase to avoid cleavage
of the bond.

26



5.2 Mercury Aptamer to AUNP

20 uL (2 nmoles) of mercury target aptamer was placed into an aliquot. The mercury aptamers

were thiol modified to provide a disulfide on the 3’ end.
OH
&' ol m-g'wgwaﬂgw
Figure 14: Diagram of thiol modification as provided by DNA Technologies Inc (Coralville, lowa).

9 uL Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) was used to reduce the disulfide
group of the mercury target aptamer. After about 30 minutes of incubation, the disulfide bond is
broken. One vial (6 nmols) of mono-maleimido coated AuNP was diluted with 100 uL of deion-
ized water. The diluted AuNPs were then introduced to the aliquot and binding to the reduced
groups takes place. AUNPs were introduced in a 3:1 ratio in respect to the mercury target ap-
tamer concentration because the system contains two reduced groups--creating 2 potential bind-
ing sites for the AuNP. The aliquot was then incubated at room temperature to allow for the

binding to occur.

5.3 Mercury Aptamer — AUNP to Linker and Quantum Dot

After 30 minutes, the Aptamer--AuNP complex was centrifuged at 3,000 RPM. A 3kDalton
molecular weight cut off (MWCO) was used to filter out any unbounded material.
9 uL (0.9 nmols) of linker aptamer was taken out, to create a 7:3 aptamer to linker ratio on the
Qdot. 13 uL (0.1 nmols) of Qdot was diluted to 100 L with a 10-mM borate buffer, pH 7.4.
The Qdot and linker DNA were subsequently added to the Aptamer -- AUNP complex. Car-

bodiimide crosslink chemistry was used to bind the aptamers onto the quantum dot.
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As previously mentioned, the Qdots were coated with carboxyl groups. Carboxyls can be ac-
tivated in the presence of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). Unfortu-
nately, this creates an unstable o-Acylisourea intermediate that in the presence of water under-
goes hydrolysis. To stabilize this product, N-hydroxysulfosuccinimide (Sulfo-NHS) was simulta-
neously used to create a stable intermediary. This intermediary binds to the amine groups of the
functionalized aptamers. 23 uL of 4 ug /uL of EDC/Sulfo NHS (Pierce Biotechnology, Rock-

ford, IL, USA) was introduced to the aliquot. The reaction was kept for 2 hours.

EDC/Sulfo-NHS

/\/\ Linker
Quantum Dot Aptamer

/\/\ Mercury Target
Gold

Aptamer
Nanoparticle

Amine Pyrene A
Carboxyl Grou
a roup vl roup

Figure 15: EDC/Sulfo-NHS were introduced simultaneously to avoid hydrolysis.

5.5 Molecular Beacon to Graphene Oxide

The solution was subsequently centrifuged 5 times at 7,000 rpm for 5 minutes in a 100kDal-
ton MWCO and washed with 80 uL of 50-mM borate buffer, pH 8.3. 1 mL of 500 mg/L of gra-
phene oxide (0.5 um x 0.5 um) was added to the beacon assay and incubated overnight to allow

for the interaction to take place. The linker aptamer strands have functionalized pyrene groups
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on their 5” end. Pyrene consists of four jointed benzene rings -- like the structure of graphene ox-
ide. Since both the molecular beacon and the GO contain benzene rings, in the presence of one
another, a phenomenon known as m — 7 stacking occurs. These benzene rings stack on top each
other due to attractive non-covalent interactions between pi bonds. After overnight incubation,
the solution was equally separated into 4 aliquots and diluted with micropure water to reach 1
mL. Centrifugation at 7,000 rpm was repeated until the resulting supernatant had no visible

quantum dots -- indicating disposal of any unbounded Qdots quantum dots.

Figure 16: Sensor assay under 365 nm UV light.
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VI. Characterization

"There are no shortcuts in evolution" - Louis D. Brandeis

6.1 Photoluminescence spectroscopy

Photoluminescence (PL) is the light emitted from an excited molecule. The intensity of this
light can be measured using photoluminescence spectroscopy. In photoluminescence spectros-
copy, a liquid assay inside a UV cuvette is placed inside a dark room. A light source excites the
assay, causing it to emit photons. The spectrometer then detects the emitted light, and the PL is

displayed on the screen.

Balanced Deuterium
Tungsten Source

Computer

00ceq
i Opﬂcr;

UV-VIS Spectrometer

1 cm Quartz Cuvette SR Fiber

SR Fiber Cuvette Holder

Figure 17: Diagram of Photoluminescence spectroscopy as provided by Ocean Optics (Dunedin, FL).

All photoluminescence measurements were taken using a USB4000 Ocean Optics (Dunedin,

FL, USA) spectrophotometer with a continuous LED 375 nm excitation. 750 uL of sensor as-
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say was placed inside the cuvette. HgCl, was dissociated in deionized water to prepare mer-
cury (11) ion samples of different concentrations. Mercury (1) ions were then added into the

assay, and the PL and concentration of mercury inside the assay were recorded.

6.2 Data Analysis

In the presence of the sensor, Hg?* ions form a Thymine- Hg?*- Thymine (T-Hg?*-T) com-
plex with the mercury target aptamer. This causes a conformational change in the shape of a
hairpin, and since the aptamer is conjugated to AuNPs, there is a decrease in distance between
the quencher and the excited QD. Consequently, this leads to decreases of the photolumines-

cence count.
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Figure 18: Predicted quenching of the sensor assay.

To normalize between different sensors, percent decrease in photoluminescence was measured. The met-

ric quenching efficiency (QE) was calculated by:
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(PLy— PL,)
= " x

E
Q X PLO

100 (17)

PLy = Photoluminescence count at no analyte

PL, = Photoluminsecence count at concentration x

QE was calculated over a range of different analyte concentrations. The slope of the calibration
curve determines the sensitivity (QE/nM) of the system. The following expression was used to

find limit of detection (LOD):

3% SDPLO

Senstivity

LOD = (18)

SDp;, = Standard deviation of the PL, before the addition of analyte
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VIl. Results and Discussion

“If we knew what it was we were doing, it would not be called research, would it? ” — Albert Einstein

7.1 Sensor Sensitivity

The sensor’s sensitivity is defined as its ability to detect the target analyte. In this study, mer-
cury was added and the calibration curve for each sensor was graphed as seen in Figures 19 and
20. Graphene oxide behaves as a substrate for the molecular beacon and previous studies have
illustrated its strong quenching ability [36,37]. This quenching should affect the performance of

the sensor, so linkers with varying lengths were used to study the extent.
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Figure 19: Calibration curve for the no GO (Molecular Beacon) and 51 bps linkers.

Testing was done in the nanomolar range, and all four sensors demonstrated a strong linear rela-
tionship (r2 > 0.99) between mercury concentration and QE. The sensitivities of the no (0.02884
+ 4.91E-4) and 51 bps (0.02992 + 5.77E-4) linkers were within the error range of each other,

suggesting at 51 bps ( ~15 nm) apart, GO does not have a statistically significant quenching ef-

33



fect on the molecular beacon. The sensor with a 35 bps linker (0.02638 + 7.89e-4) had a sensitiv-
ity slightly lower than the previous two. A 35-bps linker is about 10 nm in length and, at this dis-
tance, the results suggest that the quenching effect of GO on the system is minimal at best. How-
ever, at 14 bps, the sensitivity (0.02331 + 3.73E-4) of the sensor significantly decreased. These
results suggest that at 14 bps (~ 5nm), graphene oxide has a much higher degree of quenching on
the molecular beacon compared to the 35 bps (10 nm) and 51 bps (15nm) linkers. The LOD sen-

sors were found to be 16.5 nM, 38.4 nM, 9.45 nM, and 11.38 nM from no linker to 51 bps link-

ers respectively.
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Figure 20: Calibration curves for 14 bps and 35 bps linkers

Two predominate energy transfers are taking place: FRET and NSET. FRET, as modeled by
equation 14, takes place between the QD and AuNP. NSET, due to graphene oxide’s large sur-

face, happens between the QD and GO and is modeled by equation 17. At 51 bps, the GO and
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QD are too far apart for NSET to have an effect of the system. However, at 14 bps, the GO dis-
rupts the energy transfer between the QD and AuNP by creating additional decay paths for the

emitted QD energy.
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Figure 21: Comparison of all 4 sensors

Since graphene oxide (0.5 uM x 0.5 uM) is much bigger than the AuNPs (1.4 nm), the energy
transfer between the QD and GO (NSET) has a dominating effect over the QD — AuNP (FRET)
interaction, making the 14 bps system’s photoluminescence less dependent on quenching be-
tween the AuNP and the QD. Thus, in the presence of mercury, the conformational change bring-
ing the quencher closer to the QD would have a smaller effect on the PL. This results in a de-

crease in the sensitivity of the sensor as observed.

The Debye Screening Length, named after Peter Debye, measures the length in which a

charge separation can occur. By calculating this value, the visibility -- or range of influence -- of
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a charged carrier is found. Take a pool of negatively charged particles and positively charged

particles (Figure 22).

Particle of Interest
(Negative Charge)

Negative

Positive

>0

o A

Figure 22: Debye Length of a negative particle.

Opposite charges attract and liked charges repeal, thus the expectation is that the negatively
charged particles are shielded from one other and surrounded by positively charged carriers.
Therefore, within a certain distance from the negatively charged particles, there will be a surplus
of positive charges. This distance represents the Debye Length and is found by the equation be-

low:

&, = dielectric constant of the medium

&, = permittivity of free space
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B = Boltzmann constant
T = absolute temperature
N, is Avogadro’s Number
e = electron charge
I = ionic strength of the matrix

¢; = molar concentration * number of ions

z; = charge of the ion

Based on the equation 19, the Debye Length of a charged carrier is inversely dependent on the
ionic concentration of the matrix. Aptamers are negatively charged biomolecules, so in the con-
text of an aptasensor, the ionic concentration of the medium effects the sensitivity of the sensor.
If an aptasensor is in a matrix consisting of high ionic concentrations, the positively charged non-
target ions form a shield around the negatively charged portions of the aptamer [47]. This will
decrease the Debye Length of the aptamer, effectively reducing the sensor’s ability to “see”. The
decreased screening length will make it more difficult for the aptamer to bind to the target ana-
Iyte, lessening the sensitivity of the system. In Figure 23, a 51 bps sensor with a screening

length of 1 um (no ions, pH 7.4) was compared with a sensor having a Debye Length of

2.85nm (ionic concentration: 11.34 %f)
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Figure 23: Response of the sensor depending on the Debye Length

7.2 Sensor Specificity

Specificity was defined as the sensor’s affinity toward non-target analytes — or the false posi-
tive rate. To test the specificity of the system, non-target metal ions: Na*, K*, Zn?*, Li®*, Mg?*,
Cd**, and Co?* where introduce into the assay. High concentrations (>500 uM) of each ion was
added. As Figure 24 shows, non-target metal ions had a miniscule effect on the photolumines-

cence of the system.
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Figure 24: Non-target metal ions

Since the non-target ions were added at such high concentrations, the small change in photo-
luminescence might not be due to a conformational change in the aptamer. If the aptamer under-
goes a conformational change, theoretically, a higher quenching efficiency should be observed.
At ~ 500 uM the quenching efficiency of the non-target metal ions were under 10%. In compari-
son, at 6 uM of mercury, the sensor exhibited about a 60% decrease in photoluminescence. If the
non-target metal ions cause a conformational change to the aptamer, the quenching efficiency of
a similar magnitude would be observed. Thus, the change of photoluminescence can be poten-

tially attributed to something other than an aptamer conformational change.
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Previous studies have shown that DNA loses its persistence length as the salt concentra-
tion increases [48,49]. Murphy et al. 2004 suggested that the decrease in persistence length can
be attributed to binding of the ions or screening of electrostatic repulsion [46]. As noted earlier,
DNA has a phosphodiester bond which contains a free oxygen group on the backbone. This al-
lows the backbone of the DNA to be highly negatively charged — causing electrostatic repulsion
between the negative regions of the DNA backbone. These free-floating ions form a shield
around these negative regions of the DNA [47]. This shield of positively charged ions causes a
screening between the negative regions of the DNA creating an increase in flexibility. This
change in flexibility will cause a change in distance between the donor and the acceptor, but is
not large enough to create a conformational change — as seen by small change in photolumines-

cence.
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VIIl. Conclusion

“You can never plan the future by the past” - Edmund Burke

The results of this work have demonstrated the fabrication, functionality, and working
principle of a graphene-oxide based “turn off” sensor. It is shown that anchoring a molecular
beacon onto a graphene oxide substrate does not impede the functionality of the sensor at 35 and
51 bps. Additionally, at 14 bps, the sensor’s performance was hampered but still displayed func-
tionality. All sensors behaved linearly in the nanomolar range and the sensor displayed low sen-

sitivity toward non-target metal ions -- indicating strong specificity toward mercury.

Graphene oxide has been used for biosensing purposes, but previous studies have shown
GO’s ability to be used for drug delivery as well. GO’s honeycomb like structure allows for the
adsorption of other aromatic compounds. In the case of this research, pyrene was functionalized
on the 5’ end of linker aptamer. This allowed for the adsorption of pyrene through pi staking,
which anchored the molecular beacon onto the graphene oxide substrate. Anticancer drugs doxo-
rubicin (DOX) and camptothecin (CPT) contain benzene rings in their molecular structure, and
have been shown to adsorb onto GO as a method of controlled loaded [50,51]. Pairing this
knowledge with the results presented in this work can potentially lead to theragnostic devices as

a method of simultaneously providing detection and therapeutics.
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Figure 25: Potential multianalyte detection system on graphene oxide

By replacing the mercury sensitive aptamer with an aptamer of different sensitivity, the
system can be expanded for different sensing applications. Additionally, the sensor described
herein can potentially be extended to a multiple analyte sensor on the same GO flake by using a
variety of different molecular beacons — where different aptamers are paired with different quan-
tum dots that emit light at different wavelengths — on the same GO substrate. This multianalyte
device can be beneficial for industrial applications and water testing when multiple poisonous
molecules (such as mercury and lead) have potentially contaminated the environment. However,
to reach clinical applications, additional specificity testing should be done over a wider range of
non-target analytes and further understanding of the mechanism behind false positives needs to

be developed.
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