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SUMMARY

The utilization of DNA aptamers and semiconductor quantum dots (QDs)

for the detection of ions and biomolecules was investigated. In recent years,

there have been many studies based on the use of DNA and RNA aptamers,

which are single stranded oligonucleotides capable of binding to biomolecules,

other molecules, and ions. In many of these cases, the conformational changes

of these DNA and RNA aptamers are suitable to use fluorescence resonant

energy transfer (FRET) or nanometal surface energy transfer (NSET) techniques

to detect such analytes. Coupled with this growth in such uses of aptamers, there

has been an expanded use of semiconductor quantum dots as brighter, longer-

lasting alternatives to fluorescent dyes in labeling and detection techniques of

interest in biomedicine and environmental monitoring. Thrombin binding aptamer

(TBA) and a zinc aptamer were used to detect mercury, lead, zinc, and cadmium.

These probes were tested in a liquid assay as well as on a filter paper coupon.

Biomolecules were also studied and detected using surface-enhanced

Raman spectroscopy (SERS), including DNA aptamers and C-reactive protein

(CRP). Raman spectroscopy is a useful tool for sensor development, label-free

viii



detection, and has the potential for remote sensing. Raman spectra provide

information on the vibrational modes or phonons, between and within molecules.

Therefore, unique spectral fingerprints for single molecules can be obtained.

SERS is accomplished through the use of substrates with nanometer scale

geometries made of metals with many free electrons, such as silver, gold, or

copper. In this research silver SERS substrates were used to study the SERS

signature of biomolecules that typically produce very weak Raman signals.



1 INTRODUCTION

1.1 Background

The topic of this research is the utilization of aptamers and semiconductor

guantum dots (QD) for the detection and monitoring of ions and biomolecules. In

recent years, there have been many studies based on the use of DNA and RNA

aptamers that bind to biomolecules, other molecules, and ions. In many of these

cases, the conformational changes of these DNA and RNA aptamers are suitable

to use fluorescence resonant energy transfer (FRET) and electron transfer

(electron donor) technigues to detect the indicated analytes --- biomolecules,

other molecules, and ions. As will be discussed in this document, such single-

molecule and single-ion detection techniques have enormous potential in

biomedical applications ranging from laboratory research to portable self-

administered tests, as well as environmental testing of toxins and exposure

effects. Indeed, in this document, the use of aptamers to detect analytes in

human saliva will be discussed in some detail (1-10). Coupled with this growth in

such uses of aptamers, there has been an expanded use of semiconductor

guantum dots as brighter, longer-lasting alternatives to fluorescent dyes in

labeling and detection techniques of interest in biomedicine (11-21).



1.2 Motivation

The detection of toxic heavy metal ions in biological fluids or

environmental samples is useful in determining human exposure levels and if

that exposure is going to be damaging. Mercury (Hg) exposure, which can cause

neurological problems, is mainly from fish consumption and possibly dental

amalgams (22). Lead (Pb) is also an extremely toxic heavy metal ion worth

monitoring. Detection of potential toxins in the environment and in biological

samples such as urine, blood, or saliva that can be done in a fast and

inexpensive manner would have great value. In the case of highly toxic heavy

metals, detection at low concentrations would be necessary. In addition to testing

biological media for toxins, biomarkers that are related to toxicity could also be

measured to determine early signs of toxicity before any permanent damage

occurs. Metallothioneins for example, are a family of proteins in humans

produced in response to heavy metal exposure (23). The protein itself could

potentially be measured with an aptamer, however a simpler biomarker would be

the transcript or the sequence of mMRNA which could be done using a molecular

beacon (24). In fact, metallothionein mRNA in peripheral blood lymphocytes is

considered a biomarker for cadmium (Cd) exposure (25). Moreover, single



nucleotide polymorphisms (SNPs) in genes can also be detected with molecular

beacons. A SNP in the metallothionein gene 2A has been studied by McElroy et

al. (26) and it is possible that this SNP could be a contributor to the variability of

cadmium concentrations in tissues. All of these biomarkers are extremely well

suited to detection with DNA-based QD nanosensors.

Moreover, there are indications that cancer biomarkers in saliva,

especially mRNA, (27) may be detected using these aptamer-based

nanosensors. In addition, there is some prospect of using known aptamers to

detect C-reactive protein (CRP), which is a biomarker for inflammation and

cardiovascular disease (28). A 44-base RNA aptamer has been selected for

CRP and has demonstrated CRP sensing with surface plasmon resonance

(SPR) (29). A DNA aptamer that is 72 bases long has also been selected (30).

Other possible analyte candidates for detection using these nanosensors

are: (a) anthrax biomarker calcium dipicolinate, which is a component of the

anthrax spore (31); (b) B2-microglobulin and retinol binding protein as cadmium

exposure biomarkers; and (c) alpha-glutathione S-transferase levels in urine has



been shown to correlate with the early stages of nephrotoxicity due to lead

exposure (32).

Finally, as will be discussed, these nanosensors may be used to detect

ions of interest such as mercury, lead, zinc, and cadmium (33, 34). Toxicity from

the heavy metal ions lead (Pb), mercury (Hg), and cadmium (Cd) can all result in

renal dysfunction (35). While zinc is an ion required for normal physiological

function, it can also result in toxicity upon excessive supplementation (36).

Toxicity from the heavy metal lead (Pb) can adversely affect several organs and

body systems and potentially cause cardiovascular disease, hypertension, renal

dysfunction, Autism and Parkinson’s disease. Determination of lead exposure

can be done through measurement of blood, urine and bone Pb levels. These

species are biomarkers for lead poisoning. Blood-Pb is an indicator for recent or

acute exposure and urine-Pb levels provide information on the body burden over

a longer period of exposure. The bone-Pb level tells what the body burden dose

was from Pb over the lifetime of exposure. An independent study shows high risk

of cardiovascular disease for individuals with a Blood Lead Level (BLL) < 5

pg/dL. 15% of Pb exposed workers had BLL above OSHA (Occupational Safety



and Health Association) permissible limits. In another independent study of lead
mobilization test on children, multiple positive correlations were found between
the severity of autism and the urinary excretion of toxic metals. WHO and OSHA
safety level for Pb are 1.45 uM (30 pg/dL) and 1.93 pM (40 pg/dL) respectively

(37). Above these safety levels concentration of lead in the body can be toxic.

Concentrated mercury poses serious problems to human health, as
bioaccumulation of mercury within the brain and kidneys ultimately leads to
neurological diseases. To control mercury pollution and reduce mercury damage
to human health, sensitive determination of mercury is important (22). The
concentration of mercury in drinking-water sources is usually less than 0.5
pg/liter, but sometimes groundwater can have higher concentrations. Many
studies involving the observation of more than 1000 individuals indicate that the
classical signs and symptoms of elemental mercury vapor poisoning (objective
tremors, mental disturbances and gingivitis) may be expected to appear after
chronic exposure to air mercury concentrations above 0.1 mg/m? (38). Ingestion
of 500 mg of mercury (Il) chloride causes severe poisoning and sometimes death

in humans. Acute effects result from the inhalation of air containing mercury



vapor at concentrations in the range of 0.05-0.35 mg/m°. Exposure for a few
hours to 1-3 mg/m® may give rise to pulmonary irritation and destruction of lung
tissue and occasionally to central nervous system disorders (38). Among the high
consumers of fish, the median concentrations of mercury were 8.6 ug/L in blood,
2.4 ug/g in hair, 10 pg/L in end-exhaled air, and 1.1 pg/g creatine in urine. The
relationship between freshwater fish consumption and mercury was significant in
all biological media. The high-consumption group had much higher mercury
levels in blood (9-fold), hair (7-fold), alveolar air (3-fold), and urine (15-fold) than

the low-consumption group (39).

Cadmium is a contemporary metal with many industrial uses, and
cadmium emissions to the atmospheric, aquatic, and terrestrial environment have
increased over the years (40). The kidneys are usually the most critically affected
organs in occupational exposure to Cd; known to adversely interfere with the
renal handling of plasma derived proteins. Tubular proteinuria should also be
considered as an adverse effect attributed to Cd exposure, because it can lead to
irreversible renal damage associated with an exacerbation of the age-related

decline in glomerular filtration rate and a decrease in the filtration reserve



capacity. The biological exposure thresholds for controlling health significant

nephrotoxic effects in adults occupationally exposed to Pb and/or Cd are 700 ug

Pb/L in blood and 5 ug Cd/L in blood (32). The table below summarizes the toxic

effects of the metals discussed.

Heawvy Sources of Toxicity Levels Toxicity Effects
Metal Exposure
Lead (Pb) Occupational, | WHO: <1.45 uM (30 ug/dL) Cardiovascular disease,
drinking OSHA: <1.93 uM (40 ug/dL) hypertension, renal
water dysfunction, Autism,
Parkinson’s disease
Mercury Fish, drinking | OSHA: <0.1 mg/m? (time Cardiovascular disease,
(Hg) water, dental | weighted avg.) renal dysfunction,
amalgams EPA: max. contamination level Autism
for drinking water is 2ug/L (10
nl)
Zinc (Zn) Supplementa | 100-300 mg Zn/d associated Copper deficiency,
tion (RDA is with toxicity neutrapenia, anemia,
15 mg/day) adverse effect on ratio
of LDL/HDL cholesterol
Cadmium Occupational, | OSHA: 5 mg/m? Renal dysfunction,
(Cd) Cigarette ACGIH: Threshold Limit Values proteinuria,
smoke; food/ | are 10 pg/m? total, 2 pg/m? hepatotoxicity
drink inhalable fraction

Table 1. Summary of heavy metals detected using DNA-based nanosensors.




As a final example, of the potential uses of these nanosensors, it is noted

that they are potentially well suited for detecting biomarkers in saliva, where

concentrations are typically much lower than serum (41).

In developing these aptamer-based nanosensors it is essential to have

methods of assessing the success of synthesis techniques as well as measuring

physical signatures corresponding to specific nanostructures and biomolecules.

Optical technigues such as Raman scattering and photoluminescence (PL) are

widely appreciated as potent tools for the study of the optical, electronic, and

vibrational (thermal) properties of materials including those relevant to these

studies including: semiconductor nanostructures such as quantum dots;

biomolecules including DNA, RNA, and aptamers; and nano-complexes based

on constructs that incorporate both semiconductor nanostructures and

biomolecules. Moreover, surface-enhanced Raman scattering (SERS) provides

a map of the vibration modes of a nanostructure or a biomolecule that may be

used in assessing the success of synthesis techniques as well as measuring

physical signatures corresponding to specific nanostructures and biomolecules.

In this study, techniques for advancing the state-of-the-art in the use of these



optical tools will be explored to facilitate the step-by-step diagnosis and analysis

of the nanoconstructs being fabricated for biomedical applications such as

detection of ions and biomolecules using potentially self-administered tests.

SERS-related techniques will be given a high priority in the cases where SERS-

active structures can be successfully designed. Progress in the use of SERS is

illustrated by the fabrication of SERS substrates using silver (42-44). Moreover,

SERS has been considered as a possible basis for chemical and biological

nanosensors (45). Furthermore, the fundamental role played by plasmons in the

SERS process has been considered by a number of authors including Ref. (46).

Techniques for enhancing Raman signals through substrate fabrication include:

(a) nanosphere lithography to produce a silver film over nanospheres (AgFON)

(47), (b) silver nanorod (AgNR) arrays fabricated with the Oblique Angle

Deposition (OAD) technique at University of Georgia —Athens (42) and used to

detect trace levels of viruses by Shanmukh et al. 2006 (48), (c) optical antennas

(49), (d) metal doped sol-gels (50), and (e) gold core with silver shell

nanoparticles (NP) (51, 52).
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The long term goals of this research are to develop a sensitive and

selective sensor for biomedical testing that are rapid, low-cost and have the

ability to be integrated into a portable hand-held device or used by individuals

without special training or as self-diagnostic tests. The use of aptamers and QDs

as a detection platform along with the advantages of SERS allows for many

possibilities for detecting toxins, pathogens, and different types of biomarkers,

including proteomic and transcriptomic (mMRNA) markers in the environment and

in biological fluids, especially saliva. Additionally, the study of Raman signatures

for important biomarkers and toxins will contribute to the body of knowledge of

specific molecular signatures. This will help further efforts in biosensing

techniques which are label-free, non-invasive, and potentially remote (53).

1.3 Objectives

In this document, a research program using both aptamers and

semiconductor quantum dots and Raman spectroscopy for biomedical

applications and environmental testing will be investigated. Specifically, the

following research topics will be explored: ion and biomolecule detection using

aptamer-based optical nanoconstructs; the optimization of synthesis parameters
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for optical aptamer-based probes, fabrication of surface enhanced Raman

scattering (SERS) substrates using silver; and SERS signatures of selected

biomolecules. The detection schemes investigated in this study will be used as a

platform for the design of a portable hand-held device or for point of care

diagnostics.

1.3.1 Design, fabrication, and testing of DNA aptamer-based ion detection
assays for integration into a portable handheld testing device.

1.3.2 Advancing techniques for using Raman and PL analyses for the
study of: (a) DNA aptamers (DNA in nano-complexes used as probes
for _single-biomolecule and _single-ion _detection) (b) analytes
(including C-reactive protein).

1.3.3 Design of DNA aptamer-based nano-complexes for optical detection
of analytes in saliva.




2 NANOMATERIALS

There has been a large increase over the past decade in the development

of nanomaterials and their applications in sensors. These nanomaterials can be

used as building blocks in the design of nanosensors for the detection of a vast

range of analytes and various signal transduction methods.

2.1 DNA Aptamers

Aptamers are single stranded DNA or RNA molecules that have an affinity

for certain targets, which can include metal ions, small molecules, nucleic acids,

proteins, and even complex structures such as cells. This binding capacity is

based on the tertiary structure of the folded sequence. DNA is typically more

stable than RNA, however modifications can be made to RNA aptamers to

improve robustness. Aptamers are also easily conjugated to nanomaterials via

functional groups such as carboxyls or amines or dithiols. Oligonucleotides have

been used as molecular recognition elements in a broad range of detection

schemes and targets. Molecular beacons are hybridization probes that detect

particular sequences of single stranded DNA. These probes have enough

12
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specificity to distinguish between two strands of DNA with only one differing

nucleotide as a result of their stem-loop structure (24).

2.1.1 SELEX — Aptamer Synthesis

SELEX or the systematic evolution of ligands by exponential enrichment
was initially described in 1990 by Ellington and Szostack as well as by Tuerk and
Gold (54, 55). This chemical process has fewer limitations than the biological
selection process used for creating antibodies. Furthermore, an aptamer can be
selected for toxic compounds, such as heavy metals because they are selected
for through an in vitro chemical process, whereas antibodies are created using

an in vivo biological process (56).

SELEX involves the selection of relatively short nucleotide (nt) sequences
from large libraries (10*°) of single stranded DNA or RNA. The basic steps of the
SELEX process are described below, but there are many variations, as it can be
tailored for specific requirements. The starting pool of random oligonucleotide
sequences is chemically synthesized. Also, the range of targets for aptamers is

quite varied including peptides, proteins, carbohydrates, whole cells and small
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molecules like metal ions and the smallest identified ethaneolamine. The five-

step process used in iterative rounds is described here (57):

1. Binding — target is incubated with random pool; the random

sequences are typically 20-80 nucleotides with a constant region on

either end (18-21 nt), which contains primer binding sites needed

for polymerase chain reaction (PCR) in the amplification step.

2. Partition — target immobilization on matrix material or in affinity

chromatography column or with magnetic beads; ultra filtration

based on molecular weights with nitrocellulose paper is also used

to separation without immobilization

3. Elution — the bound oligonucleotides are eluted for further

processing

4. Amplification — enrich selected pool with PCR and attach functional

groups for detection, immobilization and enlargement

5. Conditioning — dsDNA from previous step has to be either

transcribed into sSRNA or separated into SSDNA for the next round

Once the affinity of the selected oligonucleotides cannot be increased

more, the selection process is over and cloning and characterization are
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performed. This usually occurs after 6-20 rounds. The number of different

sequences that are cloned can vary greatly but is very often in the neighborhood

of 50 or more. These aptamers are then sequenced and analyzed so sections

that are involved in target binding can be identified as they are usually

reoccurring segments among the final pool of aptamers. Another important part

of aptamer synthesis is post-SELEX modification. These modifications are made

in order to improve stability, increase binding ability, and/or allow for detection or

immobilization in applications. Several modifications made to confer nuclease

resistance include substituting the 2’-OH on the ribose with a 2’-F or 2’-NH, or 2’-

O-methyl, 3’-end capping with streptavidin-biotin or an inverted thymidine, and 5'-

end capping. Sequence truncation is also done to remove segments not involved

in target binding. An additional selection round is often required to ensure that

target affinity was maintained.

2.1.2 Aptamer Structure

The primary structure of DNA is the specific sequence of nucleobases,

Guanine (G), Cytosine (C), Adenine (A), and Thymine (T). This is what is

responsible for our genetic information and in that case a double-stranded helix
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forms the tertiary structure. In the case of DNA aptamers and RNA, which are

single-stranded, the tertiary structure as a result of base pairing can result in

motifs such as stem-loops, pseudoknots, or G-quartets. These tertiary structures

are what determine the binding characteristics of aptamers. The conformation of

an aptamer can be analyzed using a program like mfold, which was created by

Zuker and can be found online at

(http://www.bioinfo.rpi.edu/applications/mfold/dna/forml.cqi) (58). Mfold predicts

the folding of nucleic acids by way of an energy minimizing algorithm and takes

into account stems, loops, and bulges.

2.1.3 Aptamers versus Antibodies

Aptamers interact with analytes in a manner similar to antibodies.

However, the ability of aptamers to detect small molecules makes their

applications more diverse than antibodies. This broad range of targets gives

aptamers an advantage over antibodies, which bind with protein targets.

Moreover, aptamers have the capability of being selected for toxic targets, such

as heavy metal ions, due to the chemical synthesis process.


http://www.bioinfo.rpi.edu/applications/mfold/dna/form1.cgi
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Affinity Low nM-pM Low nM-pM

Specificity High High

Production In vitro chemical process In vivo biological system

Target range  Wide: ions, small organic Narrow: only immunogenic
molecules, proteins, whole cells, compounds
etc.

Batch to batch Little or no Significant

variation

Chemical Easy & straightforward Limited

modification

Thermal Reversible Irreversible

denaturation

Shelf-life Unlimited Limited

Table 2. Comparison of aptamers to antibodies.

2.2 Semiconductor Quantum Dots

Semiconductor nanocrystals (NC) or quantum dots (QD) are often used in

optical nanosensors where the photogenerated fluorescence is generally

enhanced or decreased (33, 59). Quantum dots are spherical nanocrystals

composed of semiconductors with size tunable optical and electronic properties.

These inorganic nanocrystals are similar to organic fluorophores, in that they

emit light upon excitation by a higher energy light source. However, QDs have

several advantages compared to organic dyes (60, 61) including 1) a broad
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excitation range which allows one light source to be used for a range of emission

wavelengths, 2) narrow, symmetric, and tunable emission peak allowing

multiplexing (62) and 3) they are more stable at higher temperatures and less

prone to photobleaching. CdSe quantum dots coated with a thin layer of ZnS

have quantum yields of 50%, which is quite high (63). These materials also

produce semiconductor nanocrystals that emit in the visible range like the PL

shown in Figure 1 for QDs that emit red light. This property is useful for imaging

and biosensing applications.

29500
—650 nm QDs in buffer
24500

19500

14500

intensity (a.u.)

9500

4500

-~
-500 -

500 550 600 650 700 750 800

wavelength (nm)

Figure 1. Photoluminescence spectrum of 650 nm CdSe/ZnS core/shell QDs in

Tris-acetate buffer at concentration 10 nM.
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Quantum dots have special properties due to their nanoscale dimensions.

When excited by a source with higher energy than the emission wavelength, the

electrons in the conduction band are kicked up to the valence band. Once these

electrons recombine with the holes left in the conduction band, photons are

emitted with a wavelength that is dependent upon the size of the band gap

energy of the nanocrystal. For example, the excitation source for the QD

emission in Figure 1 is a 380-nm light emitting diode (LED). Therefore, the same

material can be used to fabricate quantum dots that emit at different

wavelengths.

Quantum dots are functionalized in order to form nanoconstructs for

sensing applications. Quantum dots used in biological assays must also have a

coating to make it miscible in aqueous solutions (64). In order to bind QDs to

biological molecules, such as DNA, they must be functionalized with a chemical

moiety like carboxyl groups or amine groups. These functional groups will form

covalent bonds with appropriately modified ligands, like nucleic acids. For

example, QDs coated with carboxyl groups will bind to reactive amines, which

can be found on proteins or as a functional group on the terminus of DNA. These
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bonds are formed with the use of cross-linkers like EDC (1-Ethyl-3-[3-

dimethylamino propyl] carbodiimide Hydrochloride) and Sulfo-NHS (N-

hydroxysulfosuccinimide ). In this work carboxyl-functionalized QDs will be used

for optical signal transduction through conjugation to DNA aptamers.

2.3 Gold Nanoparticles

Gold nanoparticles (AuNP) are used in this research as quenchers or

acceptors. A quencher absorbs energy from a donor molecule, such as a QD or

an organic fluorophore. This energy transfer phenomenon is known as

Fluorescence Resonant Energy Transfer (FRET). AuNPs absorb a much broader

range of visible light than organic quenchers such as lowa Black FQ, which

absorbs light between 420 — 620 nm. The UV/VIS absorption spectrum of the

Nanogold product that was used in this research is shown in Figure 2, as

provided by Nanoprobes Inc. It covers the entire visible spectrum.
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Figure 2. UV/Visible absorption spectrum of Nanogold (Nanoprobes Inc.

website).

This would simplify the development of multiplexed assays using QDs with

different emission wavelengths. AuNPs have also been shown to provide

superior quenching abilities compared with several organic quenchers by

Dubertret et al. (65). Their work demonstrated higher quenching efficiencies with

Nanogold particles over DABCYL (4-([4-(dimethylamino)phenyllazo benzoic acid)

for four different organic dyes.
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2.4 Energy transfer mechanisms between quantum dots and gold
nanoparticles

2.4.1 Fluorescence Resonant Energy Transfer (FRET)

FRET is an energy transfer phenomenon that occurs when an excited
donor molecule is in close enough proximity to an acceptor molecule or quencher
(66). Quantum dots can serve as a donor in this process. Organic dyes,
guenchers, and metal nanoparticles are all possible acceptors. FRET is modeled
as a dipole-dipole interaction and has an energy transfer rate with a 1/R°®
dependence, where R is the center-to-center distance between donor and

acceptor, also termed the Forster radius (67).

2.4.2 Nanometal Surface Energy Transfer (NSET)

NSET is similar to FRET in that they are both considered non-radiative

distance dependent energy transfer processes. The Strouse group has referred

to this energy transfer process as Nanometal Surface Energy Transfer (NSET)

when a AuNP functions as the quencher (68). In this case, the donor-acceptor

pair is approximated with a point dipole and an infinite surface (68, 69). This

gives the energy transfer rate
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N
N +(R/RO(NSET))4 @)

E (NseT) =

where N is the number of gold nanoparticles and Ronser) is the separation
distance where quantum efficiency is 50% for N=1. The energy transfer rate or
quenching efficiency for FRET has a 1/R°® distance dependence. Therefore, the

working range for NSET (22 nm) is more than double that of FRET (10 nm) (69).

Mattoussi et al. investigated the quenching of QDs by gold nanoparticles
by comparing models for FRET, NSET, and dipole-to-metal particle energy
transfer (DMPET). The NSET model fit the data better at larger distances when

compared to FRET (70).



3 ION DETECTION USING APTAMER-BASED NANOSENSORS

3.1 Design and Synthesis of Aptamer-based Sensors for lon Detection

3.1.1 Mercury (I) lon Nanosensor Design with Thrombin Binding
Aptamer

In addition to thrombin, the thrombin binding aptamer (TBA) has been

used to detect mercury and lead ions with organic dyes and quenchers

previously (71). The selectivity of the TBA for Hg and Pb has been previously

demonstrated by Liu et al. by testing against many other metal ions, including

Li, Na, K, Mg, Ca, Cu, Ni, Zn, Cd, Cr, Al, Fe, and Au (71). This research

focuses on demonstrating that sensors based on this aptamer are viable when

previously tested fluorescent dyes are replaced with QDs, which have superior

luminescence, photostability, and lifetimes. To protect the region of the aptamer

that is known to be active from any interference from the QD, a 12-Carbon

spacer has been used to separate the QD from the aptamer. For these reasons

the previously reported selectivity tests were accepted in this study. The

previous study showed some affinity for Ni and Fe, but after Pb the largest

affinity was for Hg.

24
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The folded structure caused by Hg is different from that of Pb, but it still
results in quenching via FRET. However, it was demonstrated that NaCN and
random DNA could be used as masking agents to greatly improve the
selectivity of TBA for Pb (71). The NaCN interacts with Hg, preventing it from
interfering with the Pb detection. To improve selectivity for Hg, phytic acid could
be employed as a masking agent. Therefore, the thrombin binding aptamer
functions as a very selective molecular recognition element for detecting Hg?*

and Pb?" ions.

Oligonucleotides can be used for Hg®* ion detection because they
interact with thymine (T) bases to create T-Hg®*-T structures (74). The TBA
sequence is 5’-GGT TGG TGT GGT TGG-3'. The symmetry of thymines in the
TBA sequence results in a folded hairpin structure when Hg?" is present. This
conformational change brings the QD within close enough proximity to the

AuNP for the luminescence to be quenched via NSET (Figure 3).
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.: eFluor® 650NC :Gold Manoparticle ©:Hg*

ST e DNA STGOTTOGGTGTGGTTGG-S

Figure 3. Schematic of the NSET based sensing mechanism of the AUNP-TBA-

QD bioconjugate probe for detecting Hg** ions.

Figure 4 shows how Hg ions interact with DNA through the nitrogen 3
atom of the nucleic acid thymine. This interaction is why a strand of DNA with 6
thymines in it will bind to Hg. Since the thymines are symmetric in their position,

the TBA folds in half when the thymine-Hg-thymine structures form.
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Figure 4. Mercury (1) ions interact with the nitrogen 3 atoms (N3) in the DNA

base thymine.

3.1.2 Lead (I) lon Nanosensor Design with Thrombin Binding Aptamer

Another important feature of the TBA is the position of several
deoxyguanosine (G) units, which interact specifically with Pb®* ions to form a G-
guartet. The quenching is a result of the G-quartet structure shown in Figure 5,
which consists of two square planar arrays of four Hoogsteen hydrogen-bonded
guanines. Since the G-quartet structure is stabilized by the Pb?* ion, this

conformational change maintains the close proximity of the QD and AuNP
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compared to the free coil state of the TBA. The light from the excited QD is

transferred via a nonradiative process to the AuNP without emitting any

photons. This results in a decrease in photoluminescence or quenching.

Before
F Y
> A o %/J Laser A
- >
» ¥ L)
. : eFluor® 630NC : Nanogold
e Thrombin Binding Aptamer A PbY

Figure 5. Schematic of the NSET based sensing mechanism of the AUNP-TBA-
QD bioconjugate probe for detecting Pb** ions. The Pb ion causes the G-

guadruplex formation seen on the right.



29

Recently Fu et al. have demonstrated Pb®" ion detection using the
thrombin binding aptamer as the molecular recognition element and resonant
Rayleigh scattering for signal transduction. While this method has the benefit of
being label free, it still requires the use of a laser for excitation. Quantum dots
can be excited with a simple and inexpensive LED, which makes them more
suitable for field use (72). Oligonucleotides known as DNAzymes have been
used with QDs to detect Pb*" ions. Wu et al. developed a sensor using a Pb
DNAzyme, QDs, and organic quenchers. The use of a DNAzyme adds an
additional step for hybridizing the two single stranded oligonucleotides (73). Wu
et al. also used two different organic quenchers for a multiplexed sensor. In the
current study, gold nanoparticles are used as quenchers. The advantage here
is that AuNPs can absorb light across the visible spectrum and be used for

multiple emission wavelengths.

3.1.3 Procedure for Synthesizing Nanosensor for Hg and Pb Detection

The probe is synthesized by two conjugation reactions. The AuNP

contains a maleimide group, which allows conjugation to the dithiol

functionalized TBA terminus. Carboxyl-functionalized CdSe/zZnS QDs are
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bound to the AuNP-TBA conjugates through the amine group on the opposite

TBA terminus. The TBA (5-/AmMMC12/GGT TGG TGT GGT TGG/3ThioMC3-

D/-3’) was obtained from Integrated DNA Technologies Inc. (Coralville, 1A). The

carboxyl-functionalized eFluor® 650 Nanocrystals (NC) or QDs were acquired

from eBioscience, Inc. (San Diego, CA). The carboxyl-functionalized eFluor®

650 Nanocrystals (NC) or QDs were purchased from eBioscience, Inc. (San

Diego, CA). They are composed of a CdSe core and a ZnS shell with a

hydrophilic coating. The emission wavelength is 650 +/- 3 nm, which is a direct

result of the nanocrystal size, which is 8.7 nm in diameter. The diameter of the

QD with its coating is 20-26 nm. The monomaleimido Nanogold® particles of

1.4 nm diameter were obtained from Nanoprobes, Inc. (Yaphank, NY). The

reagents TCEP (Tris(2carboxyethyl)phosphine) and EDC were purchased from

Pierce Biotechnology (Rockford, IL). Nanosep® centrifugal devices in 3K and

100K molecular weight cutoffs (MWCOQO) were acquired from Pall Life Sciences

(Ann Arbor, MI). Lead (IlI) chloride salt and Mercury (ll) Nitrate were obtained

from Sigma Aldrich (St. Louis, MO).
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The TBA was dissolved in Tris ethylenediamine tetraethyl acetate
(EDTA) (TE) buffer (10 mM Tris, 1 mM EDTA) at pH 7.4. EDTA aids in
protecting DNA from degradation by nucleases via chelation of divalent cations,
which are required for nucleases to function. The dithiol group on the TBA was
first reduced using TCEP and then mixed with activated Nanogold solution.
Gold nanoparticles and DNA were incubated at a ratio of 7:1 overnight at 4°C.
Excess gold was used to ensure that each TBA was conjugated to a AuNP.
This was done to aid in preventing false negatives, where QD
photoluminescence (PL) does not become quenched, despite the presence of

Hg*" or Pb® ions. An illustration of this is shown in Figure 11.

Next, the solution was filtered using a 3K MWCO centrifugal device at
14,000 x g for 15 minutes, to remove the excess TCEP. The TBA-AuNP
conjugates were then resuspended in Borate buffer. Borate buffer is suitable for
use in the QD conjugation step, as it contains no amines, which could bind to

the functionalized QDs.
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3.1.4 Procedure for Gold Nanoparticle and DNA Conjugation

The following procedure was adapted from the Nanoprobes Inc. protocol

for binding the Nanogold to a target. The ratio of gold nanoparticles to target

molecule is dependent upon the molecular weight (MW) of the target. The

procedure below was used for synthesis of the mercury and lead ion sensor

using the modified thrombin binding aptamer (TBA), which has a MW of 5233.7

Da. This small MW would indicate an excess of DNA be used, but it was

determined that an excess of AUNPs would ensure that all DNA are conjugated

(see Figure 11).

1) Dilute stock DNA to a working concentration of 10 uM using TE

buffer, pH 7.4.

2) Reduce the disulfide bond on the DNA using TCEP by adding the

following to an eppendorf tube:

a. 86 ul DNA

b. 7 ulof 0.2 M EDTA

c. 6pul TCEP

3) Let sit for 5 — 10 minutes to allow bonds to break

4) Dissolve Nanogold in 20 ul isopropanol and 180 ul Milli-Q water.
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5) Once dissolved add to the reduced DNA solution and incubate at

4°C for 24 hours or 2 hours at room temperature.

6) Filter solution for 15 minutes at 14,000 x g using a 3K MWCO

centrifugal device to remove the salts (unbound AuNPs will be

removed at a later step).

7) Wash twice with Low Sodium PBS Buffer (pH 7.4).

8) Resuspend retentate in Borate buffer (50 mM, pH 7.2).

3.1.5 Procedure for binding DNA-AuNP Nanoconstructs to OD

Two ratios of TBA-AuUNP structures to QDs were tested for the TBA to

QD conjugation, 10:1 and 5:1. The carboxyl groups on the QDs are activated

with the cross-linker, EDC. Once activated, they are mixed with the amine-

functionalized end of the TBA and allowed to react for two hours at room

temperature while gently mixing. This is done in a glass vial. The solution was

then filtered with a 100K MWCO centrifugal device at 5,000 x g for 10 minutes

to remove any unbound TBA-AuNP complexes (33). This was followed by a

washing step. The washed conjugate was then suspended in TE buffer for

testing or storage at a concentration of 1uM.
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The ratio of DNA-AUNP conjugate to QD is an important parameter in

this conjugation step because it determines the average number of

nanoconstructs that are bound to each QD. There is not a uniform number due

to the many carboxyl groups on the surface of the QD. Therefore the number of

aptamers per QD follows the Poisson distribution. The closer to a 1:1 ratio that

can be obtained while minimizing the number of QDs with zero conjugates

attached is optimal. For this reason the 5:1 ratio was also tested.

3.1.6 Zinc and Cadmium lon Detection with Zinc Aptamer

The aptamer Zn-6m2, which was selected for zinc by Rajendran and

Ellington, also has an affinity for cadmium ions (34). They found the kinetics to

be different for the two ions however, with the reaction being faster for zinc. A

truncated version of this aptamer was evaluated as the molecular recognition

element in an optical probe for the detection Zn and Cd ions. The truncated

form of the Zn-6m2 aptamer was only 50 bases in length, but contained the

nucleotides involved in the folding and binding to zinc ions, was purchased from

Integrated DNA Technologies Inc. (Coralville, IA). Mfold was used to show the

predicted folded structure of the truncated aptamer, which is the structure with
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the lowest free energy as shown in Figure 6 (58). It was functionalized on the 5’

terminus with a disulfide group and the 3’ end contained an amine modification.

Gold Manoparticle —

MSET
_;3'- +In L

+ Cd

Truncated Zn-6m2 Aptamer

Figure 6. Schematic of the optical detection technique used for the AUNP-Zn
aptamer-QD probe for Zn and Cd ion detection. Folded aptamer structure was

predicted by mfold.

The carboxyl-functionalized eFluor® 650 Nanocrystals (NC) or QDs

were acquired from eBioscience, Inc. (San Diego, CA). These QDs have a

CdSe core and a ZnS shell with a polymer coating and an emission wavelength
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of 650 +/- 3 nm. The Monomaleimido Nanogold® particles of 1.4 nm diameter

were obtained from Nanoprobes, Inc. (Yaphank, NY). The reagents TCEP and

EDC were purchased from Pierce Biotechnology (Rockford, IL). Nanosep®

centrifugal devices in 3K and 100K molecular weight cutoffs (MWCQO) were

acquired from Pall Life Sciences (Ann Arbor, Ml). Zinc chloride solution (0.1 M)

and cadmium nitrate solution were obtained from Sigma-Aldrich (St. Louis,

MO).

For the DNA-AuUNP conjugation a ratio of 7:1 gold to DNA was used and

the reaction was incubated at room temperature for 2.5 hours. The mixture was

filtered using the 3K MWCO centrifugal device at 14,000 x g for 15 minutes,

then resuspended in borate buffer. Borate buffer is used because it does not

contain amine groups, which could interfere with the QD conjugation. The DNA-

AuNP nanoconstruct was then conjugated to the QDs at a ratio of 10:1 DNA-

AuNP to QD. After activating the carboxyl groups on the QD surface using

EDC, the DNA-AUNP was added and the mixture incubated for 2 hours while

gently mixing. The reaction mixture was then filtered using a 100K MWCO

centrifugal filtration device at 5,000 x g for 15 minutes to remove any unbound
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DNA or AuNPs. The filtration step was repeated twice using borate buffer to

further wash away any unbound materials.

3.2 Photoluminescence Measurement Results for Liquid Assays

The PL measurements were taken with a USB4000 Ocean Optics

(Dundelin, FL) spectrometer with the SpectraSuite software. The light source

was a 380-nm LED, also purchased from Ocean Optics. Both components are

small enough to be portable and the spectrometer can easily be integrated with

a tablet computer or smart phone for field use. A diagram of the set up used is

illustrated in Figure 8. The liquid assay was placed in a UV cuvette for PL

measurement. In order to decrease the amount of excitation light received by

the detector, the source and detector fiber optic cables were oriented at right

angles. A filter was also used to reduce the UV frequencies. Finally, the

software was used to subtract the background from the spectra.
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spectrometer

light source

optical fiber

cuvette holder

Figure 8. Diagram of the Ocean Optics spectrometer set up for PL

measurements using cuvette for liquid samples.

3.2.1 Liquid Assay PL Results — Hg Detection

Three aliquots of TBA probe (10 nM) were prepared for analysis, one
without Hg**, one containing 500 nM Hg*" ions, and the third containing a large

excess of 824 uM Hg®" ions. The sample volume used was 100 pL.
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Figure 8. Fluorescence spectra of AUNP-TBA-QD nanoconstruct (10 nM)
control (blue), 500 nM Hg®* (red) and 824 pM Hg®" (green). There is a blue shift

between the control and the 500 nM Hg spectra.

Figure 8 shows the photoluminescence spectra of the three samples,
where a decrease in photoluminescence peak is seen with Hg?* ions present.
The quenching efficiency was calculated as [(lo - Ing)/lo], Where |y is the peak
luminescence intensity without Hg®* for 10 nM TBA probe and lhg is the peak

luminescence intensity with Hg?* ions present. The 500 nM Hg?* ion sample
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had a quenching efficiency of 62%. This was comparable with the work of Liu
et al. who obtained 66% quenching efficiency using the TBA with the donor
carboxyfluorescein (FAM) and the acceptor DABCYL for Hg** sensing at 500

nM (71).

In addition to the luminescence quenching seen with Hg®" present, there
was also a blue shift between the unquenched and quenched samples. The
peak for ‘O Hg' in Figure 8 is at 648 nm, whereas the peak for the quenched
state with 500 nM Hg, is shifted 13 nm to 635 nm. This decrease in emission
peak has been demonstrated previously in our group through an investigation
of the energy transfer process between QDs and AuNPs, where a 12 nm blue
shift was seen (18). In both cases, 1.4 nm diameter Nanogold particles and

CdSe/ZnS QDs were used.

3.2.2 Effect of Hg on OD PL

When the nanosensor was tested against a large excess of Hg?" ions,
824 uM, there was no peak detected. It is unlikely that complete quenching

would be achieved by the probe mechanism because statistically there are a
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small number of unconjugated QD present in the assay. Using a ratio of
TBA:QDs of 10:1 gives a distribution of QDs with different quantities of TBA
attached and there would be less than 0.01% of QDs with no TBA bound. The
Hg2+ ions would not be able to cause quenching through the expected
mechanism for those unconjugated QDs. There would still be some
fluorescence emission from the unbound QDs. There would have to be another
means of extinguishing the fluorescence. Alternatively, the complete quenching
observed could be the result of the Hg2+ ions interacting with the surface of the
QDs and thereby affecting their emission. A quenching effect was seen in other
work using L-cysteine capped CdS QDs when exposed to Hg2+ ions (16).
Moreover, the heavy metals Cu?*, Fe®*", and Zn?** have been shown to eliminate
QD fluorescence irreversibly (78). Therefore, it is possible that the extinguished
photoluminescence could be the result of mercury ions interacting with the

QDs.

This was tested by exposing unconjugated QDs to mercury (Figure 9).
The photoluminescence was measured for a solution of 10 nM QDs (no TBA-

AuNP nanoconstruct attached) as control. Next the QD solution was exposed to
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the same Hg2+ ion concentrations tested against the sensor. As shown in
Figure 9 below, the peak intensity for the QDs alone and the QDs with 500 nM
Hg2+ ions is effectively the same. Interestingly, the addition of 824 uM Hg2+
resulted in the complete quenching of the QD luminescence. At a certain
concentration, Hg®" ions also eliminate QD fluorescence, but below this level

the aptamer-based probe is necessary for detection.

S5IHH

Intensity (arbitrary units)
T

Ll TA] [SA] T

Wavelength (nm)

Figure 9: Fluorescence spectra of (a) QDs (10 nM), (b) QDs with Hg** (500

nM), and (c) QDs with Hg?* (824 uM) present.
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A range of Hg concentrations were tested against unconjugated QDs to
find what level eliminated fluorescence completely and at what concentration
do Hg®" ions begin to interfere with QD PL. For a 10 nM sample of QDs
complete inhibition of fluorescence occurs between 45 and 55 uM mercury (I1)

ions (Figure 10).
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Figure 10. Photoluminescence (PL) peak intensity of 10 nM QD650

versus Hg ion concentration from 0.5 uM to 55 pM.
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The PL intensity at 1 uM and 10 uM Hg are not significantly different and

the peak intensity at 0.5 uM actually increases. However, at 20 uM Hg there is

a significant change in PL of -29%.

3.2.3 Synthesis Optimization for Gold Nanoparticle Conjugation

While detection of mercury ions has been demonstrated, there has been

variability in the probe performance. It was hypothesized that using an excess

of DNA in the conjugation of the gold nanoparticles to the DNA may improve

performance. This was based on the actual probe configuration as shown in

Figure 11 where each QD has approximately 10 DNA strands attached. The

ideal configuration would be just one DNA sequence per QD. However, the

difficulty in separating QDs with different numbers of DNA strands attached

prevents this. Given this configuration it is important that each strand of DNA is

conjugated to an AuNP. If not, false negatives are more likely, as illustrated in

the bottom row of Figure 11, where the QDs are not quenched in the presence

of Hg. If Hg ions interact with DNA that does not have a gold nanopatrticle

attached, then the folding event will not result in quenching.
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Quenching with Hg induced folding

False negative: No Quenching with Hg induced folding

Figure 11. Actual probe configuration when using 10:1 DNA to QD ratio.
lllustrates possible scenario if some DNA aptamers do not have a gold

nanoparticle attached; a false negative could result.

In order to ensure that all DNA are conjugated to a AUNP, an excess of
gold (10-fold) was tested in the gold conjugation step. Since the AuNPs are
1/20" of the diameter of the QDs, they will be removed during the filtration step
of the QD conjugation. The excess gold showed better results so different ratios
were tested. In addition to the 10:1, 7:1, 5:1, and 3:1 were evaluated. This was

done to reduce materials used if possible. A ratio of 7:1 for AUNP:DNA was
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found to have the most consistent results and all future probe fabrication was

done using this optimized parameter.

The ratio of DNA to QD used in the second conjugation step was also
investigated through testing of DNA:QD ratio 5:1 against the control ratio of
10:1. A 5:1 ratio would produce mostly QDs containing 5 DNAs attached to
each. The liquid assay probe was tested in triplicate at a range of
concentrations for Hg** and Pb?" ions, between 100 nM to 10 uM for both DNA
to QD ratios. The PL intensity at 650 nm was recorded for the probe and the
probe plus mercury. The average of three measurements was taken to gauge
the uniformity of the probe. Quenching efficiency (n%) was calculated using the

formula,

n=>-1,)/1, @

where |y is the intensity of the nanosensor assay and | is the intensity of
the assay exposed to target ions. This results in a decrease in

photoluminescence or quenching so n is given as a negative percent.
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ratios in liquid assay
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Figure 13. Quenching efficiency of the probe at different Pb concentrations for

different DNA to QD ratios tested in a liquid assay

Figure 13 shows the results of the liquid assay probe being tested
against different concentrations of lead from 50 nM to 1 uM for 10:1 and 5:1
DNA to QD ratios. Initially, a ratio of 10:1 was used for DNA to QD conjugation
reaction. This results in an assay in which the majority of the QDs have 10
TBAs bound to the surface. The 5:1 ratio was tested to determine if it would
improve the sensor sensitivity by presenting only five aptamers per QD

available for interaction. The more TBA-AuNP conjugates bound to each QD,
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the lower Iy will be, based on equation (1), where the energy transfer rate is
proportional to the number of AuNPs. Since only one Pb?" ion is required to
change the TBA from a random-coil to a G-quartet, it may perform with greater
sensitivity with fewer aptamers per QD. TBA also interacts with K* ions to form
a G-quartet, but this conformation requires two K* ions and forms a less stable

structure (77).

The quenching efficiency was calculated for three sets of readings and
the average was taken. The error bars represent the standard deviation. The
quenching efficiency observed at 1 yM Pb?" ion for the 5:1 and 10:1 ratio
assays was -41% and -39% respectively, as shown in Figure 13. The probe
was tested at this particular concentration range because the OSHA and the
WHO safety levels for lead intake are 30 pg/dl (1.45 pM) and 40 pg/dl (1.93
MM), respectively (37). Blood lead levels above these thresholds are cause for
concern. Therefore, a significant quenching efficiency would be required for this
range. Based on these results, there is not a significant increase in quenching
efficiency for the 5:1 compared to the 10:1 at 1 yM. However, the 10:1 assay

has greater variability between readings. Moreover, the 500 nM test did show
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greater quenching for the 5:1 sample. The decrease in DNA:QD ratio does

appear to improve sensor performance slightly. Reference (71) reports

detection levels of 300 pM; however, the sensor developed in this study

incorporates QD tags, which have superior anti-bleaching properties and are

brighter than fluorescent dyes.

3.2.4 Effect of Pb on OD PL

The QD650 fluorescence was also measured against lead (ll) ions to

determine if there was interference with the QD luminescence and at what

concentration threshold. PL also decreased for Pb, but much less effectively

(Figure 14). A nearly 50% reduction was seen at ca. 6 uM, but PL was not

completely eliminated at 900 puM.
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Figure 14. Photoluminescence (PL) peak intensity of 10 nM QD650 versus Pb

ion concentration from O (1o0=18,808 a.u.) to 900 pM.

QDs exposed to 1 yM Pb?* ions had a quenching efficiency of only -
1.3%, compared to approximately -40% for the nanosensor at the same
concentrations. The QD photoluminescence was affected at higher lead
concentrations, with the quenching efficiency being -47% at just below 6 uM
Pb®" ions. This lead level is approximately five times the safety level. This

demonstrates that the probe performance for detecting Pb** ions at 1 yM was
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not due to the interaction of Pb?" ions with the QDs. Rather; significant

decreases at 1 uM lead are a result of the energy transfer process of the probe.

The extremely high surface area to volume ratio of quantum dots results
in large surface state effects. The photoluminescence could be affected by

interactions with the surface of the quantum dot (79).

3.2.5 Liquid Assay PL Results — Zn/Cd Detection

Samples were prepared for testing the Zn-6m2 probe against zinc and

cadmium. 200 uL samples with a probe concentration of 10 nM were prepared.

Each sample was comprised of 2 uL of probe and between 178 uL and 196 uL

of Tris-acetate buffer at pH 7.35. After the control intensity was measured, the

zinc or cadmium solution was added to make 200 uL. For Zn 100 uM, 800 uM,

and 10 mM concentration was evaluated based on the upper limit of normal

blood-Zn levels being approximately 20 uM. The calculated quenching

efficiencies are shown in Figure 12 below. The integration time was 500 ms.

Two measurements were taken for each concentration and averaged.
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Figure 15. Zn-6m2 aptamer probe tested against different concentrations of

zinc (1) ion in a liquid assay. Upper limit for normal blood Zn levels is ~ 20 uM.
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Figure 16. Zn-6m2 probe tested against different concentrations of cadmium

(I ion in a liquid assay.

For cadmium a lower concentration range was tested. These samples

also had a final volume of 200 pL and contained 10 nM concentration of probe.

The quenching efficiencies are shown in Figure 13 for 100 nM up to 400 uM

Cadmium ion concentration. Two measurements were taken and averaged.

The Zn-6m2 probe performed well at 100 uM and 400 uM Cd concentrations

with significant quenching efficiencies of -35% and -55% respectively.
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3.3 Filter Paper Coupon Fabrication

Metal ions are also detected by applying the probe to a filter paper

coupon, which could potentially be used in a handheld device. The filter paper

used was Immobilon®-FL filter paper from Millipore Corporation (Billerica, MA).

The Immobilon®-FL filter paper is meant for use in fluorescence

measurements, as it has low auto-fluorescence. The coupon is made by

adhering filter paper to a plastic cover slip for rigidity. Two pls of the probe

assay are then pipetted onto the filter paper and allowed to dry. Each dot

contains 0.6 pmoles of probe. The peak fluorescence intensity of the dot is

measured. After the control intensity is recorded a metal ion solution is applied

to the dot via pipette and the intensity is measured again. The metal ion target

solution concentrations were determined to provide equivalent exposures as

the liquid assays. Measurements were taken in duplicate for the filter paper

testing.

3.4 Filter Paper Coupon PL Results

The probes synthesized for Hg and Pb and Zn and Cd detection were

applied to Immobilon®-FL (low auto-fluorescence) filter paper coupons. Each
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dot contained 0.6 pmoles of probe. Once dry, the peak fluorescence intensity of

the dot is measured and recorded as the control intensity or lo. After the control

intensity is recorded a volume between 2 pyL and 4 pL is applied to the dot via

pipette and the intensity is measured again in order to calculate the quenching

efficiency. The metal ion solution concentrations were determined to provide

equivalent exposures as the liquid assays. Measurements were taken in

duplicate for the filter paper testing. For Hg and Pb both DNA:QD ratios were

evaluated. In Figure 17 the filter paper coupons made with the TBA probe are

tested for a wide range of Hg concentrations. The quenching efficiencies were

not significantly different for the 10:1 and 5:1 DNA to QD ratios.
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Figure 17. Quenching efficiency of the probe at different Hg

concentrations for different DNA to QD ratios tested on filter paper coupon.

When tested against 1 yM Pb®" ion concentration, as shown in Figure
18, the quenching efficiency was -71% for the 5:1 sample and -60% for the
10:1. For both DNA:QD ratios, the standard deviation was below 0.5 for 1 yM
Pb?*. Optimal performance at 1 pM is desired for Pb detection based on the

WHO and OSHA standards. However, for the 1 pM Pb?* measurement where
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the variability between readings was lowest, the 5:1 showed a slightly greater

guenching efficiency than the 10:1 for the filter paper coupons.

The filter paper coupon was tested against Cd at three different

concentrations (Figure 19). All three concentrations had a quenching efficiency

of approximately -60%. The Zn-6m2 probe was also tested against Zn on the

filter paper coupons. The quenching efficiencies for 667 nM Zn, 67 yM Zn, and

3 mM Zn are shown in Figure 20.
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Figure 18. Quenching efficiency at different Pb concentrations on filter

paper for different DNA to QD ratios.
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Figure 19. Filter paper coupon tested for three concentrations of Cadmium (II)

ion.
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Figure 20. Filter paper coupon tested for three concentrations of Zinc (11) ion.

The liquid assay for Hg/Pb has been shown to be fairly stable after
storage at 2-4°C for 3 weeks when tested on filter paper for Hg concentrations
between 1.25 yM and 5 pM. The quenching efficiency for 2.5 yM was -56%
when tested 1 week after it was synthesized and only decreased to -33% when
tested 2 weeks later. The stability of the filter paper coupon dot was also
evaluated. In this test the detection of Cd was tested at day 1 for 67 nM

concentration with a quenching efficiency -59%. After making the coupons, they
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were stored at room temperature for 1 week, and then tested against the same

Cd concentration (Figure 21). The quenching efficiency decreased to -45% and

had more variability between measurements but still had detection capabilities

after being stored at ambient conditions for 1 week.

Quenching Efficiency for 67 nM Cd on
filter paper over time

10 [kay 1 Day 7

Quenching Efficiency (%)

Figure 21. Filter paper coupon assay tested against 67 nM cadmium at two

time points to evaluate stability of coupon.

The filter paper coupons were designed for use in a portable hand held

device that would contain a detector/filter and light source (LED). The design of

this device is shown below. Once the filter paper containing the assay is
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exposed to the sample, it would be placed in the device for reading. These filter

paper coupons would be disposable or single use sensors.

L. Detector

M Source [LED)

- Frame holding filter paper

Filter paper

B Spike Filter

Figure 22. Design of portable hand held device for heavy metal detection. Filter
paper frame moves to position each assay between LED and detector/filter for

separate readings at same wavelength.



4 THZ SPECTRAL ANALYSIS OF DNA APTAMERS

4.1 Surface-enhanced Raman Spectroscopy (SERS)

Surface-enhanced Raman scattering (SERS) is a phenomenon used to
enhance the signal produced by Raman scattering. Raman spectroscopy is a
useful tool for sensor development with potential for remote sensing. Raman
spectra provide information on the vibrational modes or phonons, between and
within molecules. Therefore, you can produce a unique spectral fingerprint for
single molecules. SERS is accomplished through the use of substrates with
nanometer scale geometries made of metals with many free electrons, such as
silver, gold, or copper. Silver is the best choice for frequencies in the visible
range and has the lowest damping rate when compared to Au, Cu, and Al (80).
These metals produce surface plasmons, which are oscillating electrons, when
excited with a laser. The predominant theory on why SERS causes large
enhancements of Raman signals is mainly explained by the electromagnetic
properties of nanostructures (81). The strong localized surface plasmons
produced on the surface of the metal by laser excitation enhance the Raman
scattering of the molecule near the metal surface. This enhancement is
important because Raman cross sections are between 10! and 10%°

64
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cm?/molecule, compared to fluorescence cross sections which are up to 10™°
cm?molecule. Furthermore, the Raman signal is proportional to the Raman
cross-section, the excitation laser intensity, and the number of molecules in the
field of detection. Therefore, by enhancing the signal via SERS, fewer

molecules are required for a sufficient signal to be produced.

Optical techniques such as Raman scattering and photoluminescence
are widely appreciated as potent tools for the study of the optical, electronic,
and vibrational (thermal) properties of materials including those relevant to
these studies including: semiconductor nanostructures such as quantum dots;
biomolecules including DNA, RNA, and aptamers; and nano-complexes based
on constructs that incorporate both semiconductor nanostructures and
biomolecules. In this study, techniques for advancing the state-of-the-art in the
use of these optical tools will be explored to facilitate the step-by-step diagnosis
and analysis of the nanoconstructs being fabricated for biomedical applications
such as detection of ions and biomolecules using potentially self-administered
tests. Of special emphasis in this portion of the research will be an attempt to

optimize Raman signature spectra for DNA aptamers using SERS substrates.
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Moreover, changes in the SERS signature of DNA aptamers with and without

the analyte present are investigated.

4.2 Zinc Aptamer on Silver Film Over Nanosphere SERS Substrate

In order to study the Raman signature of a DNA aptamer that was
selected for zinc, a AQFON substrate was used to enhance the signal. The
original aptamer, labeled Zn-6m2, that was selected by Rajendran and Ellington
was truncated to only include the segment involved in the folded structure (34).
The figure below shows the predicted structure of the aptamer when zinc is

present.
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Figure 23. Top is the DNA sequence of aptamer Zn-6m2 in its predicted folded
conformation with a dotted line indicating where the aptamer was truncated for
this experiment. Bottom is the schematic of the SERS substrate, which consists
of a layer of polystyrene beads covered with a thin film of silver (~100 nm). The

aptamer was placed on the surface for analysis.

4.2.1 Fabrication of AFON Substrate

The SERS substrate was created using nanosphere lithography as done

previously by Van Duyne et al. (82). Glass slides obtained from Fisher Scientific

were cleaned using Piranha (1:3 30%H,0,:H,SO,) solution and then rendered

hydrophilic by using 5:1:1 H,O:NH,OH:30% H,O, with sonication for 1 hour.

Surfactant-free, white carboxyl substituted polystyrene latex nanospheres with

diameters of 390 nm from Duke Scientific, were used undiluted at 2 pl (10%wt/
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wt %) and drop coated onto the glass slide. After drying, a thin layer (~100 nm)

of silver was thermally deposited on the microsphere mask using the Varian

ebeam deposition system. Once the substrates were prepared two samples

were tested; one with the aptamer only and the other with the aptamer plus 2

mM zinc ions.

4.2.2 Raman/SERS Results of Zinc Aptamer

The two spectra appear slightly different in the 1300 — 1600 cm™ range
as shown in Figure 24. The shifts in wavenumber could be indicators of
distortions of the DNA as a result of metal ion binding. A slight shift is evident
from 1323 cm™ for the aptamer alone to 1319 cm™ for the aptamer plus zinc.
This mode is attributed to the adenine mixed in-plane stretching mode of the 6-
member ring. Another adenine ring stretching mode at 733 cm™ shifted to 731
cm™ with zinc present. Zinc interacts preferentially with the N7 of guanine and
the N3 of cytosine (83). Therefore, the slight peak shift from 1332 cm™ to 1330
cm™, which is attributed to C-N stretching in guanine, could be a result of the

N7 interaction with the Zn?* ion.



Imtensity (3.0}

23000 7

13000

13000

2000

3000

Guanine C-N

siretching
~ & =1
DNA l it g

m
—DNA+Zn LE
Adaning mixsd in- el
plana stretching mation

of sik-mamber ring Purine line
Backbone (PO, WEG)
syrimetric stretehing l-
2 B
Adenine ring p— ¥am
atratching E 4|

Guanina in-phase

ring stretching
-

1 200-1600 cnv!

ring siretching madas
perturnecd by metsl on
Binding

Cytosine ring breathing

300 500 T SO0 1100 1500 1500 1700 1500

Wavenumber [cml)
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exposure time.
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Aptamer | Aptamer + Zn®* | Mode designation

B55 Guanine in-phase ring stretching of &-
member ring except C,C,

733 731 Adenine ring stretching

784 7a2 Cytosine breathing mode & symmetric
stretch of phosphodiester bond

187 788 Cytosine ring breathing mode

983 Cytosine C.H breathing mode

1216 Thymine ring & C.Me stretching

1323 1318 Adenine mixed in-plane stretching mode
of G-member ring

1332 1330 Guanine CyN, & N,C; stretching

1380 1373 Thymine C.-Me bending

1508 1509 Cytosine N,C, & N, C, stretching

1578 1576 Purine line (A & G)

Table 3. A comparison between the Raman modes of the zinc aptamer alone

and the modes produced by the zinc aptamer with zinc. Resolution of Renishaw

micro-Raman is 0.8 cm™.
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4.3 DNA Aptamers on Silver Nanorod Array SERS Substrate

AgNR arrays produce enhancement factors of 10 without the formation
of “hot-spots” (42) Chen et al. showed how an array of silver nanoparticles or
AgFON, has much greater enhancement where defects occur in the array (10°
compared with 10%), but these spaces only account for 0.3% of the excited area
(47). The more homogenous surface of the AgNR substrate in terms of
enhancement, allows for a more reproducible substrate to be fabricated.
Obligue angle deposition is a physical method using a modified E-beam
evaporation system developed by the Zhao group at the University of Georgia —

Athens (42).

The substrate was created by first applying a titanium adhesion layer,
followed by a 200 nm Ag-film base layer onto a glass slide. In order to form
silver nanorods, the substrate was positioned such that it formed an oblique
angle (4°) relative to the incident vapor. This caused the surface normal of the
substrate to be almost parallel with the incident vapor direction. While in this
arrangement 2000 nm of Ag was deposited to produce the nanorod array. This

process allows for the length and diameter of the nanorods to be controlled,
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which in turn means the aspect ratio of the nanorods is controlled. A higher

aspect ratio will produce a stronger enhancement effect (42, 84). The

enhancement factor is also influenced by the lateral arrangement of the

nanorods. The more overlap there was between nanorods, the greater the

SERS signal (42, 84, 85). This distance dependent effect, due to the coupling

of surface plasmons between nearest-neighbor nanorods, has also been shown

with Ag nanoparticles by Schatz et al. (86).

4.3.1 Sample Preparation and Equipment Parameters

The TBA is a 15-base sequence of single stranded DNA (ssDNA)

comprised of the bases thymine and guanine (5-GGTTGGTGTGGTTGG-3").

The second sample was a poly-thymine strand 15 bases long. The two samples

of ssDNA were prepared for analysis by first being dissolved in Milli-Q water at

a concentration of 10 uM. Then 20 pl of sample was pipette onto the SERS

substrate and allowed to incubate overnight, allowing the DNA to adsorb to the

silver surface. Next the samples were rinsed using Milli-Q water and dried with

compressed air. The rinsing step removed any molecules that did not adsorb to

the surface of the nanorods, leaving a monolayer. The two sequences were
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analyzed using a Renishaw micro-Raman system with an Ar* -ion laser (514.5
nm wavelength) and a 50X objective. The spectral resolution is 0.8 cm™. The
laser power measured 23 mW, but this was attenuated using the 1% neutral
density (ND) filter to make the laser power at the sample 0.23 mW. The power
density for each sample was 13,000 W/cm? and the acquisition time was 30

seconds.

4.3.2 Poly-thymine Sequence on AgNR Array

Figure 25 shows the spectrum obtained for a sequence of 15 thymine
bases. This spectrum illustrates modes that are characteristic of thymine
oligonucleotides, including multiple ring breathing modes at 610, 788, 1007,
and 1230 cm™ (87) (87). The line at 610 cm™ could also be attributed to the N3-
H wagging in thymine. This line is more prominent in the poly-T sample, where
there are a greater number of thymine bases. Table 4 lists the band

assignments for the Raman lines seen in Figure 24.
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Figure 25. SERS spectrum of single stranded poly-thymine sequence on AgNR

array substrate. Upper left is thymine and the deoxyribose sugar and

phosphate group, which comprise the DNA backbone.

The sharp peak at 1293 cm™ was attributed to ring distortion and anti-

symmetric bending of N3-H and C6-H (88). A vibration form the sugar-

phosphate backbone was also identified at 1184 cm™. In addition to the

detection of thymine, the vibrational modes also provide information regarding

the adsorption of the molecule to the substrate. The presence of a line for
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stretching of the single bond C2-O (1331 cm™) coupled with the absence of a
line for the double bond C2=0 indicates that thymine is adsorbing to the
nanorods through that atom. Shang et al. calculated the C2=0 stretching mode

for thymine in the gas phase to be 1733 cm™ (87).

SERS Band Position Band Assignments

(1/cm)

428, 595 Ring bending

610 N3-H wag, ring breathing

636 N1-C2-O -- N3-C4-0O bending, N3-H wag
777 In phase ring stretching

788 Ring breathing

984 Ring distortion, symmetry wag C-H

1007 Ring breathing

1184 Ribose-phosphate skeleton vibration
1230 Ring breathing

1273 Ring stretching, C-H bending

1293 Ring distortion, anti-symmetric bending N3-H, C6-H
1331 C2-0 stretching

1364 N3-H, C6-H anti-symmetric bending
1522 In plane ring distortion

1568 C=N stretching

1646 C4=0, C5=C6 stretching

Table 4. List of the prominent peaks for poly-thymine SERS with the associated

band assignments.
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4.3.3 Thrombin Binding Aptamer on AgNR Array

The TBA contains thymine and guanine bases and the SERS fingerprint
is below in Figure 26. The TBA spectrum also shows thymine ring breathing
modes at 611, 714, 1007, 1187, 1241, and 1399 cm™, but also shows ring
vibrational modes for guanine at 555 and 652 cm™. The sharp peak at 805 cm™
is attributed to the guanine bases in the TBA (89) and is not seen in the poly-
thymine sample. The sharp peak at 821 cm™ is most likely due to guanine,
since it is not shown in the poly-T spectrum. The band assignments for the TBA
spectrum are listed in Table 5. Both spectra show a peak for the N3-H/C6-H
anti-symmetric bending of thymine at 1364 and 1360 cm™ for poly-T and TBA
respectively, but the peak in the TBA spectrum is narrower and at a much

higher intensity. There could be contributions from guanine at 1360 cm™ also.

The SERS spectra collected for these two different sequences using
AgNR arrays demonstrate how a spectral fingerprint can be used to distinguish
between samples. It could also identify or detect targets with known SERS

signatures.
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Figure 26. SERS spectrum of DNA sequence TBA. Upper left is the base

guanine. Arrows indicate peaks associated with the base guanine.
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SERS Band Position

Band Assignments

(1/cm)

447 Ring bending

555 Guanine symmetric stretching of 6-membered ring
595 Thymine ring bending

611 Thymine N3-H wag, ring breathing

652 Guanine in phase ring stretching

805 Guanine or phosphate-ribose backbone vibration
1007 Thymine ring breathing

1059 Guanine

1187 Ribose-phosphate skeleton vibration

1251 Ribose-phosphate skeleton vibration

1334 Guanine C8-N9, C8-N7 stretching

1360 Guanine; Thymine in phase asymmetric bending N3-H, C6-H
1399 Guanine C2N3-C2(NHZ2) stretching

1437 Guanine N1C2-N1C6 stretching

1574 Guanine N3-C4, C4=C5 stretching

1603 Thymine ring distortion, C2=0 stretching

Table 5: List of the prominent peaks for TBA SERS with the associated band

assignments.
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Biosensing can be accomplished using Raman spectroscopy through the

use of SERS substrates like the AgNR arrays fabricated with the oblique angle

deposition technique discussed above. Moreover, it can be done using very low

sample concentrations, which is useful in biomedical applications where

samples can be expensive and limited. This also has applications in detecting

harmful toxins or viruses (48).



5 PROTEIN DETECTION AND ANALYSIS VIA SERS

Surface-enhanced Raman scattering (SERS) is a phenomenon used to
enhance the signal produced by Raman scattering. Raman spectroscopy is a
useful tool for sensor development with potential for remote sensing. Raman
spectra provide information on the vibrational modes or phonons, between and
within molecules. Therefore, you can produce a unique spectral fingerprint for
single molecules. The strong localized surface plasmons produced on the
surface of the metal by laser excitation enhance the Raman scattering of the
molecule near the metal surface. This enhancement is important because
Raman cross sections are between 103" and 10?° cm*molecule, compared to
fluorescence cross sections which are up to 10™° cm?molecule. Furthermore,
the Raman signal is proportional to the Raman cross-section, the excitation
laser intensity, and the number of molecules in the field of detection. Therefore,
by enhancing the signal via SERS, fewer molecules are required for a sufficient
signal to be produced. This is especially useful for samples such as saliva,
where concentrations of biomarkers are much lower than in blood, for example.

In this study the Raman modes of C-reactive protein are studied using silver

80
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nanorod array SERS substrates. A DNA aptamer with affinity for CRP is also

measured.

51 C-reactive Protein Detection on AgNR Array SERS Substrate

The AgNR array SERS substrates used to study CRP were the same as
those described in detail in section 4.3. All three samples were dissolved in
deionized water at a concentration of 3.8 uM or 0.5 mg/ml for C-reactive
protein. Then 20 ul of sample was pipette onto the SERS substrate and allowed
to incubate overnight at 4°C, allowing the sample molecules to adsorb to the
silver surface. Next the samples were rinsed using Milli-Q water and dried with
compressed air. The rinsing step removed any molecules that did not adsorb to
the surface of the nanorods, leaving a monolayer. The samples were analyzed
using a Renishaw micro-Raman system with an Ar" -ion laser (514.5 nm
wavelength) and a 50X objective. The spectral resolution is 0.8 cm™. The
power density for each sample was 13,000 W/cm? and the acquisition time was

30 seconds.
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The aptamers in this study are potentially adaptable for use in detecting

other analytes including those found in human saliva including biomolecules in

human saliva that are (a) indicators of past exposure to dangerous substances,

and (b) indicators of the onset of diseases in humans. C-reactive protein is an

acute-phase protein, which can serve as a biomarker for inflammation and

tissue damage (90). Increased levels of CRP have been correlated to

cardiovascular disease (CVD) (28). It is present in blood serum as well as

saliva. McDeuvitt et al. have studied its correlation with periodontal disease and

developed a lab on a chip assay for detection in saliva samples using

antibodies and organic dyes (91). In addition to antibodies that bind to CRP, an

aptamer-antibody on-chip sandwich assay (92) and an optical RNA-based

aptasensor (29) have been developed. Recently a DNA based aptamer has

been selected for CRP (30). This DNA aptamer and its interaction with CRO will

be studied using SERS.

Another method for detecting CRP or other biomarkers in saliva that

does not require application to a substrate is using Raman spectroscopy.

Raman spectroscopy has the potential to be used as a non-invasive method
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that does not require sample preparation. By shining a laser in a patient’s
mouth and detecting the scattered phonons one could identify various
molecules. In order to accomplish this type of detection, the Raman modes that
are prominent in the target molecule must be identified. For proteins, any
modes associated with the amide bond linking each amino acid will be evident.
The diagram below shows two common vibrational modes from this bond. The
amide 1 mode is mainly a result of the C=0 stretching and is typically in the
1630 — 1700 cm™ section. The amide 2 peak is mostly due to N-H wagging and

can be found between 1450 and 1550 cm™.

0 0
1] 1 Il
-=C—M-- --C—N-- -=C—M--
| | |
H H H
Amide 1 Amide 2 Amide 3

Figure 27. Diagram of the vibrational modes in the amide bond in proteins.



84

Band Name Wavenumber Region (cm™) Vibrational mode

Amide 1 1630 - 1700 C=0 stretching
Amide 2 1450 - 1550 N-H bending
Amide 3 1200 - 1400 C-N stretching

Table 6. Amide bands and associated regions and modes.

In the following figure the SERS signature of CRP is shown. The third
amide mode is found in the region of 1200 — 1400 cm™. This is due mainly to
the in-phase and out-of-phase N-H bending and C-N stretching (93). In Figure
28 there are multiple peaks in this region, including 1263, 1300, 1332, and
1362 cm™. The 1332 cm™ peak has been attributed to C-H bending, while the
other three modes could be related to the amide bond. Podstawka et al.
reported an amide 3 mode at 1275 cm™ for a glycine homodipeptide and at
1304 cm™ for leucine. CRP contains approximately 8% glycine and 8% leucine,
which make them the third most prevalent amino acids. The peaks at 1263 and

1300 are likely amide 3 modes. The amide 1 mode is a shoulder at 1652 cm™.
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Figure 28: SERS signature of CRP measured on AgNR array substrate.

All amino acids contain a C-H bond and exhibit several C-H stretching
vibrational modes. These modes will vary between amino acids as the different
R-groups attached to the central carbon atom change. The C-H stretching
region is between 2800 and 3100 cm™. This region is shown in more detail in

figure 29.
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Figure 29: The C-H stretching region for the CRP SERS spectrum indicating

which amino acids are contributing to the signal.
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Raman Shift (cm™)

Assignment

734

1263

1300

1332

1362

1463

1634

2886

2928

2935

2970

3068

C-C stretching mode in amino acid backbone

Amide 3, C-N stretching

Amide 3, C-N stretching

C-H bending

Cp-H deformation of isopropyl group in valine

Amide 2, mainly N-H bending

Amide I, mainly C=0 stretching

C-H stretching Val Leu Lys

C-H stretching Ser

C-H stretching Met

C-H stretching Ser

C-H stretching Tyr Phe Trp

Table 7: Band assignments for SERS spectrum of CRP.

There are 18 serines and 17 valines out of the 183 amino acids that

make up CRP. These amino acids, along with glutamine, leucine and glycine
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are the most prevalent. There are two peaks with relatively high intensities due
to serine (2928 and 2970 cm™) and two due to valine (2886 and 2913 cm™), as

listed in table 7 (94).

5.2  Anti-C-reactive Protein Aptamer Spectral Studies

The DNA aptamer selected for CRP by Huang et al. was studied using

surface-enhanced Raman spectroscopy with and without CRP present. The

folded structure as predicted by mfold is shown in Figure 30.
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Figure 30: Tertiary structure of the anti-CRP aptamer with the lowest

Gibb’s free energy, as predicted by mfold.
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Figure 31: SERS spectrum of anti-CRP aptamer measured on AgNR array

substrate. A: adenine, G: guanine, C: cytosine, T: thymine.

The spectrum of the anti-CRP aptamer (Figure 31) contains many sharp
peaks for DNA. There is no prominent Amide 1 mode detected. While DNA
does have C=O stretching modes in the 1640 — 1680 cm™ region (89), they
may be affected by the adsorption to the substrate. There are several sharp
peaks in the ring breathing (600 — 800 cm™) and ring bending (400 — 600 cm™)

regions as outlined in Table 8.
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Raman Shift (cm-1)

Band Assignment

396

Guanine C2N14(b)+N9R(b)

Cytosine: N1C2N3(b)+C2N3C4(b) Adenine: C5C4N(b)--

550 C2N1C8(b)
581 Thymine N1C20(b)--C2N3C4(b)
593 Thymine ring bending
606 Thymine N3-H wag, ring breathing
Guanine in-phase ring stretching of 6-membered ring except
653 C4C5
716 Thymine ring breathing
735 Adenine ring breathing/stretching
769 Thymine ring distortion
772 Thymine ring breathing/in plane Ring Def
800 Cytosine ring breathing
807 G or Phosphate-deoxyribose backbone vibration
867 sugar vib (C3' endo)
1037 N-sugar stretching
1091 PO4 and sugar stretching
1295 T: Ring distortion, anti-symmetry bend N3-H,C6-H
1320 A&G: C-N stretching

1329 (shoulder)

A&G: C-N stretching

1397

deoxyribosyl (C5'H2) deformation

1454 Guanine C=N stretching
1563 Thymine: C=N stretching
1625 Cytosine: C2=0(s)--C2N3(s)

Table 8. Prominent vibration modes in anti-CRP aptamer SERS spectrum with

associated assignment.
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A sample of the anti-CRP aptamer with CRP was also analyzed for
comparison with the DNA spectrum. Figure 32 below shows both spectra with
the DNA with C-reactive protein on the bottom. The DNA with target protein
does not show the characteristic ring breathing and stretching modes that are
often seen with Raman of DNA. There are modes associated with the sugar
phosphate backbone of the DNA in both spectra, but they are somewhat shifted

with the CRP bound. Several of the shifted peaks are listed in Table 9.

[}

AEG:
C-M stretching

=]
= T: =M stretching
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Figure 32: SERS spectra of anti-CRP aptamer and the aptamer with CRP on

AgNR array substrate.
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Band Designation DNA Aptamer Aptamer + CRP
sugar vib (C3' endo) 867 856
N-sugar stretching 1037 1047
PO4 and sugar 1091 1083
stretching

deoxyribosyl 1397 1386
(C5'H2) deformation

Guanine C=N 1454 1456
stretching

Thymine: C=N 1563 1572
stretching

Table 9. Peak shifts for the anti-CRP DNA aptamer after interaction with CRP.




6 CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusion

The uses for DNA in nanoscale structures and devices have grown

significantly. Beyond just a carrier of genetic information, it has proved a useful

and potent molecular beacon for genes, a diverse molecular recognition

element in detection schemes as an aptamer, and served as a building block in

molecular structures, known as DNA origami. The applications of DNA are not

limited to strictly biological conjugations. It has the capacity to interface with

synthetic and inorganic materials.

Through the development and testing of optical DNA aptamer-based

nanosensors and the study of DNA and proteins through micro-Raman

spectroscopy in this research, the following conclusions can be drawn.

1. Semiconductor quantum dots perform as donors in FRET based

sensors constructed with DNA aptamers for the detection of heavy metal ions,

specifically mercury, lead, cadmium and zinc ions. QDs are larger in diameter

than organic fluorophores, but have several advantages including superior

94
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brightness, photostability, symmetric and narrow emission peaks, and a size

tunable emission wavelength. They also have a broad excitation range.

2. Gold nanoparticles function in optical sensors in conjunction with QDs

as robust and efficient quenchers where organic quenchers have been used.

3. Mercury (I) ions will completely eliminate the quenching of a 10 nM

solution of QDs at 55 uM. Above 10 uM the luminescence decreases linearly as

the mercury (II) ion concentration increases. Therefore QDs alone cannot

detect Hg at the necessary levels of toxicity, given the EPA’s drinking water

contamination level of 2 ug/L or 10 nM.

4. The increase in lead (Il) ions concentration causes the luminescence of

QDs (10 nM) to decrease exponentially, but still fluorescing at 900 uM. This

effect on QD fluorescence does not occur at the required detection levels for

lead where the aptamer-based probe would be needed.

5. The FRET based sensor designed for Hg and Pb detection using a 15-

base long aptamer conjugated to a gold nanoparticle and QD was also

successfully applied to the detection of Zn and Cd through the use of a 50-base

long aptamer. This shows the versatility of this detection platform.
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6. The heavy metal ion detection assays were applied to Immobilon-FL

(low auto-fluorescence) filter paper on cover slips, which demonstrates the

potential for creating disposable coupons for use in a portable hand held device

or self administered point of care diagnostics.

7. The low Raman cross section of DNA molecules and proteins can be

overcome at low concentrations through the use of surface-enhanced Raman

scattering (SERS) substrates, including silver film over nanospheres and silver

nanorod arrays. The AgNR arrays produced more distinct peaks at higher

intensities.

8. Characteristic Raman modes of several DNA aptamers and C-reactive

protein were identified using SERS. These unique signatures have potential in

noninvasive label-free detection techniques.

9. Shifts in prominent peaks for DNA aptamers were studied for changes

when bound to target. Changes in the sugar-phosphate backbone modes of the

anti-CRP aptamer were found after binding to CRP. This spectroscopic

technique showed how useful information can be provided for sensor

development.
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6.2 Future Directions

The future of healthcare is moving toward a more personalized

approach. The use of biomarkers like DNA, mRNA, proteins, metabolites, and

other compounds or ions play an important role in early detection of disease

and risk factor determination. More biomarkers are always being discovered for

different disease states and health metrics, just as elevated C-reactive protein

levels are used to assess periodontal and heart disease risk. This creates an

increased need for diagnostic devices, especially those that are low cost, easy

to use and potentially self-administered.

The flexibility and broad target range of aptamers will be very useful for

adapting to novel targets as they are discovered, developed, and tested to

serve as biomarkers. Aptamers also work well with QDs and gold nanoparticles

in FRET based sensor platforms. Another advantage of this sensing platform is

that it can be done rapidly. This creates potential for point-of-care diagnostics

and home use. If a patient has risk factors for heart disease, tracking specific

biomarkers for changes could inform patients and clinicians much earlier of an

increased risk for a heart attack.
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In order to take the diagnostic aspect of personalized medicine and

health monitoring a step further, techniques such as Raman spectroscopy and

SERS could be used as label-free and rapid remote sensing techniques. As

spectral fingerprints are determined for important biomarkers, especially those

in saliva, they can be used for the development of these non-invasive and

label-free detection methods. Perhaps a laser could be pointed in a patient’s

mouth to instantly provide important health information.
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