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ABSTRACT

Single-cell oligonucleotide quantification holds great promise to
understand diversity among a homogeneous cell population, but
the methodology to perform such assays in these samples in a
reproducible, quantitative and parallel fashion remains a challenge.
Amongst the various oligonucleotides (RNA/DNA) being studied,
micro-RNA (miRNA) detection is of great significance. The miRNAs
are short RNA sequences, ~18-24 nucleotides long, which are
important in regulating the expression of other genes involved in
physiological and disease processes. Due to the short length of
miRNA,
it
is
challenging
to
detect
them
by
conventional RNA detection methods, as most existing methods
require longer receptor sequences for efficient capturing.
Traditional oligonucleotide quantification techniques such as
microarrays, Reverse Transcription-quantitative Polymerase Chain
Reaction
(RT-qPCR)
and
Northern
blotting
require
purified RNA extracts from complex biological fluids such as cell
lysate to overcome non-specific binding of proteins and other cell
debris. The cell debris interferes with the receptor molecules on
the sensor surface, making it unavailable for miRNA target to bind.
Although RT-qPCR remains the gold standard due to its high
specificity and sensitivity for miRNA quantification, it still involves
the reverse transcription of miRNA to complementary DNA (cDNA),
which leads to several false copies. An ideal miRNA quantification
assay must address several key factors. First, these assays should
enable the direct measurement of miRNAs without reverse
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transcription to cDNAs. Second, the assay should be highly specific
in order to discriminate a single nucleotide polymorphism (SNP) in
short miRNAs and avoid false positives. Finally, they should be able
to detect miRNA targets in complex biological liquids such as in cell
lysate without additional sample processing, as processing normally
leads to decreased target concentration due to dilution with other
buffers. By addressing the above needs, the biosensor developed in
this thesis forms a foundation for an oligonucleotide quantification
assay of short sequences (~24 nucleotides).
In this thesis, I report a scattering-based detection assay that I have
developed to quantify the oligonucleotides of interest using DNA
functionalized gold nanoparticles (DNA-AuNPs) as the biosensor.
The assay results in AuNPs forming particle pairs via side-by-side
hybridization between the capture DNA on the AuNP and the
complementary DNA target. The entire assay is performed in PDMS
wells with microliter volumes containing DNA-AuNPs, DNA targets
(analyte) and other accessory components for DNA hybridization
(buffer). The assay takes place all in one pot without any rinsing
steps.
The AuNPs used in this assay have a high local concentration of
receptors (in this case DNAs) on the sensor surface, leading to an
increase in the sensitivity of the sensor. Every binding event
between a receptor and a target has certain on/off rate; however,
when there is a high local concentration of the receptor the chance
for a re-binding event is much higher due to the proximity of the
receptor. This high local concentration increases the retention of
the target in the proximity of the AuNP and facilitates a faster
rebinding. This observed phenomenon is called attinebility (from
Latin origin attinere meaning retain), coined here at the Laboratory
of Biosensors and Bioelectronics.
V

I also demonstrate the phenomenon of attinebility experimentally
with 50 nm AuNPs, which are functionalized with thousands of
capture DNA molecules making it possible to behave as an artificial
receptor scaffold resulting in unusually high binding efficiency. In
the assay, half of the nanoparticles are functionalized with capture
DNAs complementary to half of a DNA target molecule, while the
remaining particles are functionalized with capture DNAs
complementary to the other half of the target. The binding of the
target (half-complementary to each capture DNA sequence) brings
the nanoparticles in close vicinity to each other (< 5 nm). The
plasmonic properties of AuNPs enable the straightforward
assessment of the number of such aggregates as optically coupled
particles have a red-shift in their scattering spectra. Sub-picomolar
detection sensitivity is achieved and the sensitivity range for the
target detection is tuned by adjusting the number of capture
probes per particle.
I have also shown the performance of the developed DNA
quantification assay with cell lysate in a single pot, demonstrating
that the assay can also be applied to quantify oligonucleotides in
the presence of complex biological samples.
The DNA detection assay developed during my thesis is based on
the scattering property of AuNPs, which I normally measured using
a darkfield microscope. To relieve the reliance on darkfield
microscopy and to parallelize the read-out, I have designed a novel
microwell array with in-built darkfield condensor. These microwells
have reflective sidewalls, tilted at an angle of 45° and a beam
blocker on top to function as darkfield condensor. The base of the
microwell is designed to be optically transparent. In the absence of
scatter objects in the microwell, the incoming light rays are
reflected back following a predictable path. On the other hand, in
the presence of scattering objects (e.g. AuNPs), the light rays are
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scattered in all directions. Some of the scattered light reaches the
bottom of the microwell and is collected by the detector. I also
show the compatibility of the microwell array with my DNA assay
using a simple optical microscope.
In conclusion, I believe that the AuNP based DNA sensing in
combination with the microwell array design will find future
applications in miRNA detection in single cells and in other complex
biological samples (serum, plasma etc.) where ultra-low sensitivity
and high specificity are required.
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ZUSAMMENFASSUNG

Die Einzel-Zell Oligonukleotid Quantifizierung birgt großes Potential
die Vielfalt zwischen menschlichen Zellpopulationen zu verstehen.
Allerdings ist die Methodik diese Analyseverfahren auf
reproduzierbare, quantitative und parallele Weise durchzuführen
weiterhin eine große Herausforderung. Unter den verschiedenen
untersuchten Oligonukleotiden (RNA/DNA), ist die Mikro-RNA
(MiRNA) Detektion von besonderer Bedeutung. MiRNAs sind kurze
RNA Sequenzen, ~18-24 Nukleotide lang, welche eine wichtige
Rolle in der Regulierung der Herstellung anderer Gene, welche in
physiologische und Krankheitsprozesse involviert sind, spielen.
Aufgrund der kurzen Länge der MiRNA, ist die Detektierung mit
herkömmlichen RNA Detektierungsmethoden schwierig, da die
meisten existierenden Methoden längere Rezeptorsequenzen für
effektives Erfassen benötigen. Traditionelle Oligonukleotid
Quantifizierungstechniken wie Mikroarrays, RT-qPCR und Northern
Blotting benötigen purifizierte RNA Extrakte aus komplexen
biologischen Flüssigkeiten wie Zelllysat, um unspezifisches Binden
von Proteinen oder anderen Zellfragmenten zu verhindern. Diese
Zellfragmente interferieren erheblich mit den Rezeptormolekülen
auf der Sensoroberfläche und machen sie somit unverfügbar für die
Ziel-miRNA.
Auch wenn RT-qPCR, wegen der hohen Spezifizität und Sensitivität
für miRNA Quantifizierung, der Goldstandard ist, führt die Reverse
Transkription von miRNA zu komplementär cDNA (cDNA) zu
mehreren Falschkopien. Ein ideale miRNA Quantifizierungverfahren
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muss mehrere entscheidende Eigenschaften haben. Erstens, diese
Analyseverfahren sollten die direkte Messung von MiRNA ohne
Reverse Transkription zu cDNA ermöglichen. Zweitens, das
Analyseverfahren sollte sehr spezifisch sein um einzelne
Nukleotidpolymorphen (SNP) in kurzen MiRNAs zu unterdrücken
und um falsche Positive zu vermeiden. Zu guter Letzt, es sollte dazu
fähig sein miRNA aus komplexen biologischen Flüssigkeiten wie
Zelllysat, zu detektieren ohne zusätzliche Probenbehandlung, was
normalerweise zu einer verminderten Konzentration des zu
detektierenden Stoffes führt, bedingt durch die Verdünnung mit
Pufferlösungen. Durch Angehen dieser Anforderungen, formt der
Biosensor, der in dieser Dissertation entwickelt wurde, die
Grundlage für eine Oligonukleotid Quantifizierungsverfahren für
kurze Sequenzen (~24 Nukleotide).
In dieser Dissertation zeige ich ein auf Streuspektra basierendes
Detektionsverfahren zur Quantifizierung von Oligonukleotiden,
welches DNA funktionalisierte Goldnanopartikel (DNA-Au NPs) als
Biosensor verwendet. Das Verfahren resultiert in Goldnanopartikel
die Partikelpaare durch Seit-zu-Seit Hybridisierungen der DNA auf
dem Goldnanopartikel und der Komplementär DNA-Zielsequenzen.
Das gesamte Verfahren findet in PDMS Vertiefungen mit
Mikrolitervolumen statt, welche DNA-AuNPs, DNA-Zielsequenzen
(Analyt) und andere Komponenten der DNA Hybridatisierung
(Puffer) enthalten. Alles findet in einem einzigen Behälter statt
ohne Spülschritte. Die in diesem Verfahren verwendeten
Goldnanopartikel haben lokal eine hohe Konzentration von
Rezeptoren (in unserem Fall DNA) auf der Sensoroberfläche, was zu
einer mehrfachen Verstärkung der Sensorsensitivität führt. Jede
Bindung zwischen einem Rezeptor und der Zielsequenz hat eine
Bestimmte „on/off“ Rate; allerdings wenn eine hohe lokale
Rezeptorkonzentration vorherrscht, ist die Wahrscheinlichkeit auf
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eine neue Bindung erhöht auf Grund der unmittelbaren Nähe des
Rezeptors. Diese hohe lokale Konzentration verstärkt die
Erhaltung/Retention der Zielsequenz in der unmittelbaren Nähe
des Gold Nanopartikels und erleichtert somit eine schnellere
Wieder-Bindung. Dieses beobachtete Phänomen heisst Attinebilität
(aus dem Lateinischen, attinere: festhalten, es wurde zuerst
geprägt am LBB).
Ich zeige weiterhin das Phänomen von Attinebilität experimentell
mit 50 nm Gold Nanopartikeln, welche mit Tausenden von DNA
Molekülen funktionalisiert sind, was es ermöglicht es als
künstliches Rezeptorgerüst zu gebrauchen was in einer
ungewöhnlich hohen
Bindungseffizient resultiert. Bei dem
Verfahren sind die Hälfte der Nanopartikel mit der Ziel-DNA
Sequenz funktionalisiert, während die andere Hälfte mit der dazu
komplementären DNA funktionalisiert ist. Die Bindung zwischen
diesen komplementären DNA Sequenzen bringt die Nanopartikel in
nächster Nähe zu einander (< 5 nm). Die plasmonischen
Eigenschaften der Goldnanopartikel ermöglicht eine direkte
Analyse der Anzahl der Aggregate, da optisch gekoppelte Partikel
eine Rotverschiebung im Streuspektrum aufweisen. Die Sensitivität
der Detektion liegt im Subpikomolarbereich und der
Sensitivitätsbereich der Zieldetektion kann durch die Anzahl der
Einfangmoleküle (DNA Sequenzen) pro Partikel eingestellt werden.
Ausserdem zeige ich die Leistung des entwickelten DNA
Quantifizierungsverfahren mit Zelllysat in einem einzelnen Behälter,
was zeigt dass dieses Verfahren auch angewendet werden kann um
Oligonukleotiden aus komplexen biologischen Proben zu
detektieren.
Das
in
meiner
Doktorarbeit
entwickelte
DNA
Quantifikationsverfahren basiert auf dem Streuverhalten von
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Goldnanopartikeln,
welche
ich
normalerweise
mit
Dunkelfeldmikroskopie
messe.
Um
unabhängig
vom
Dunkelfeldmikroskop zu messen und um die Datenauslese zu
parallelisieren, habe ich eine neuartiges Verfahren mit Microwells
und eigebauten Dunkelfeldkondensator. Diese Microwells haben
reflektierende Seitenwände mit einer Neigung von 45° und auf
ihnen befindet sich ein Strahlblocker der als Dunkelfeldkondesor
fungiert. Die Unterseite der Microwells ist optisch transparent.
Wenn im Microwell keine Streupartikel vorhanden sind, werden die
einfallenden Lichtstrahlen wieder zurückreflektiert. Andererseits,
wenn Streuobjekte (z.B. Goldnanopartikel) vorhanden sind, wird
der Lichtstrahl in alle Richtungen gestreut. Ein Teil dieses
Streulichts erreicht die Unterseite des Behälters und wird vom
Detektor eingefangen. Auch zeige ich mit dem Gebrauch eines
einfachen Lichtmikroskops die Kompatibilität des Microwell Arrays
mit meinem DNA Quantifikationsverfahren.
Zusammenfassen glaube ich, dass das Goldnanopartikel basierende
Detektieren in Kombination mit dem Microwelldesign in Zukunft
weitere Anwendungen in der miRNA Detektion in Einzelzellanalyse
und in anderen komplexen biologischen Proben (wie Blutserum
oder -plasma), wo eine extrem niedrige Sensitivität und hohe
Spezifikation nötig sind, finden wird.
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1 INTRODUCTION

In this chapter, I provide the reader with a literature overview in
the field of oligonucleotide sensing using gold nanoparticles
(AuNPs). To begin, I give a general introduction on the importance
of biosensors in diagnostics. I then describe the basic operating
principle of the biosensor and its various types, particularly
focussing on optical biosensors. Later, I give a detailed overview on
AuNPs and its photophysical properties particularly Localized
Surface Plasmon Resonance (LSPR).
In the second part, I elucidate in detail on oligonucleotide sensing
using DNA-AuNPs, the pioneering work of Chad. A. Mirkin and his
co-workers, which forms the basis of my thesis. Later, I give a brief
overview on Single Nucleotide Polymorphism (SNP) detection and
the importance of any biosensor to differentiate SNPs from
completely matched oligonucleotide targets.
Subsequently, I introduce the reader to the current state of the art
in DNA sensing technologies and explain the principle behind the
technologies that do not require the use of Polymerase Chain
Reaction (PCR).
I conclude this introduction chapter with a short overview on the
challenges that needs to be addressed to make an ideal
oligonucleotide biosensor. I then explain how my work forms a
foundation to address these challenges.

1

1.1 BIOSENSORS IN DIAGNOSTICS
Early disease diagnosis plays a vital role in medicine with a huge
societal impact both socially and economically. In recent years,
diagnostics has grown tremendously leaving behind the times when
medical treatment was offered only after the onset of physiological
symptoms. These days, physicians rely on preventive medicines
after systematic and periodic bio-/chemical tests. For decades,
researchers have been working on the discovery of novel
biomarkers associated with various diseases. Due to this extensive
research on biomarkers, the number of biomarkers for various
diseases has increased vastly. Because of increased number of
biomarkers, novel assays can be designed with high sensitivity to
detect antigens at low concentrations enabling early screening of
disease. [1]–[3]. The increased number of biomarkers as well as the
demand for rapid and reliable assays is the driving force for the
development of novel analytical sensing approaches that can be
used in medical diagnostics. Apart from novel biomarker
discoveries and assay developments, medical diagnostics is rapidly
advancing due to the combined knowledge gained in the field of
biochemistry, molecular biology, material science, and physics (in
particular optics, acoustics and electronics) [4].
All medical research focusses towards providing human beings with
a healthy life span. To achieve this, disease must be diagnosed in a
very early stage for a successful treatment. During the early stages
of disease, biomolecules associated with the disease are in very low
concentrations in the human body. To detect the disease related
biomolecules, biosensors must exhibit high sensitivity and
specificity.
In addition to sensitivity and specificity, Point of Care (PoC) is a
developing concept in diagnostics that addresses the importance of
2

miniaturization, simplification and multiplexing possibilities in a
biosensor design [5], [6]. In such systems, biosensor arrays are
integrated on a simplified platform that includes the processing of
biological samples, the assay components needed to detect the
biomarker and a simplified readout method. PoC biosensors are
already widely used, for example, for glucose monitoring,
pregnancy tests etc.
Microarrays for different biomarkers can become a part of sensing
devices which can enable parallel read-outs [7], still these
techniques rely on sophisticated instrumentation. In order to
relieve the reliance on expensive instrumentation, there is still a
need for the development of a cheap and sensitive biosensing
platform for detecting biomolecules in ultra-low concentrations
using simple read-out methods.
Apart from the application of portable sensing platforms in disease
diagnostics, there is also a tremendous need for these biosensors in
environmental monitoring, process industries, drug discovery, food
and drug monitoring etc. [8]–[10].

1.2 OPERATING PRINCIPLE OF A BIOSENSOR
A biosensor is an analytical device which uses a biological or a
biologically derived recognition system (receptor), associated with
a physico-chemical transducer, to estimate the presence and/or
concentration of the target analyte. It translates biomolecular
interactions into a measureable physical signal. Figure 1.1 shows a
schematic representation of the components of a typical biosensor.
The two most important characteristics of biosensor are its
sensitivity and selectivity towards a target analyte. In majority of
the biosensors, selectivity relies mainly on the properties of the
receptor since that is where the target analyte interacts in the
3

biosensor. The sensitivity of the biosensor depends on both the
receptor and the transducer. For high sensitivity, it is important to
have an excellent recognition of the target analyte by the receptor
as well as a very efficient signal transduction to the output device.

Figure 1.1. Components of a typical biosensor (not drawn to scale). Adapted from
[11].

1.3 TYPES OF BIOSENSORS
Biosensors can be classified based on different criteria, e.g. by the
type of receptor, by the type of transducer etc [12]. In this section, I
will list the classification of biosensors based on the types of
transducers and give an exhaustive review on optical biosensors.
The transducer converts a biomolecular interaction into a
quantifiable physical signal in a biosensor, for instance, an optical
signal. To achieve this, interaction between the receptor and the
target analyte should occur on the surface of signal transducer or in
close proximity to it. Depending on the type of transducer, the
4

following kinds of biosensors are typically designed: optical
(luminescence, fluorescence, absorption, Raman, Surface Plasmon
Resonance), electrical and electrochemical (amperometric,
potentiometric, impedance-based etc.), mass-sensitive (surface
acoustic wave, microbalance, etc.) and thermal.

1.4 OPTICAL BIOSENSORS
Optical biosensors translate a biomolecular interaction into a
measureable optical signal. Different types of spectroscopy
(including absorption, scattering, fluorescence, phosphorescence,
Raman, refraction and dispersion spectrometry) with different
spectral properties (including absorption, scattering, polarization,
transmission and decay time) recorded can measure the signal
transmitted by the biosensor [13]. I will now explain the possible
optical signals measured and the corresponding biomolecular
interaction.
The wavelength of the electromagnetic radiation measured can
often provide information about changes in the local environment
surrounding the receptor on the surface of the signal transducer.
The decay time of a specific emission signal (i.e. fluorescence or
phosphorescence) can also be used to gain information about
molecular interactions since these decay times are very dependent
upon the excited state of the molecules and their local molecular
environment. The phase of the electromagnetic radiation or the
speed of incident light is altered when the refractive index of the
medium surrounding the receptor on the signal transducer changes
[13].
The DNA-AuNPs used during my thesis for DNA quantification relies
on the wavelength shift on the scattered spectra due to the
refractive index change in the local environment of the AuNPs.
5

1.4.1 Gold nanoparticles
AuNPs have the potential to become the next generation optical
biosensors [14]. In optical biosensing assays, AuNPs (typically 20-50
nm in diameter) serves as signal transducers, which can be
functionalized with peptides or oligonucleotides in order to achieve
target specificity [15]–[17]. AuNPs are well characterized and
widely applied for sensing and imaging purposes. The reasons for
the predominant role of AuNP in biosensing are their chemical
stability, functionalization via thiol-chemisorption, and the
possibility to fabricate nanoparticles with various geometries.
Different sizes and shapes such as spheres, shells, and rods have
been reported [18]–[20]. The possibilities to fabricate nanoparticles
in various sizes and shapes enable precise tunability of the optical
properties. In contrast to organic dyes, AuNPs are photostable.
AuNPs are also easy and fast to prepare [21], and allow
bioconjugation with both oligonucleotide and oligopeptide
moieties[22]–[24]. After synthesis, the particles have a negative
surface charge due to the citrate ions adsorbed on the surface. The
weakly bound citrate capping can be exchanged with the desired
biomolecule in a covalent manner [22].
Compared to gold, silver nanoparticles are less frequently used
due to the chances of chemical degradation, surface oxidation and
the more difficult functionalization with oligonucleotides [25].
AuNPs interact with UV-Vis-IR light radiations in the following four
ways as shown in Figure 1.2 [26]:
•
•
•

Absorption
Elastic scattering (Rayleigh or Mie scattering)
Re-emission of absorbed light (e.g. Fluorescence)

6

•

Enhancement of the local electromagnetic field of the
incoming light via the excitation of LSPR (which in turn can
enhance spectroscopic signals of the molecules at the
materials surface).

Figure 1.2. Optical processes resulting from the interaction of light with a AuNP (not
drawn to scale). Adapted from [26]

1.5 LOCALIZED SURFACE PLASMON RESONANCE
Since the LSPR of AuNPs plays a major role in my thesis, in this
section, I give a detailed overview on the various approaches where
LSPR of AuNPs is used for biosensing applications.
The collective oscillation of the conduction electrons of a plasmonic
nanoparticle is called localized surface plasmon resonance (LSPR) as
shown in Figure 1.3. LSPR occurs in the UV-Vis-IR range. At the
resonance wavelength, light scattering is strongly enhanced, which
enables imaging and spectroscopy of single nanoparticles much
smaller than the incident light wavelength [14]. The ruby-red colour
of AuNPs is due to the resonantly increased scattering and
absorption of the green and portion of blue light by AuNPs. The
resonance condition is dependent on the nanoparticle shape, size,
7

geometry and surrounding medium. Due to the plasmonic coupling,
the local electromagnetic field strength between closely spaced
14
nanoparticles can be enhanced up to a factor of 10 [27]. The
enhanced scattering intensity is predicted by Mie theory for gold
nanoparticles [14], [26].

Figure 1.3. Illustration of the localized surface plasmon resonance. Conduction
electrons of the metal sphere oscillate collectively in the external electric field. The
resonance condition depends on the particle shape, size and surrounding medium
(not drawn to scale). Adapted from [28].

Mie scattering
Gustav Mie solved the Maxwell’s equations in spherical coordinates
without approximations and calculated the scattering and
absorption cross section of light scattering particles, which is
known as Mie scattering theory [14], [29], [30].
An important parameter that can be calculated with Mie theory is
the scattering cross section (σsca ), a geometrical quantity that
relates the intensity of incident light (Iinc ) and the scattered energy
(Psca ).
8

s sca =

Psca
I inc

To start with, a nanoparticle (50 nm) much smaller than the
illumination wavelength (550 nm) can be approximated as a dipole.
For spherical shaped particles and with the dipole assumption, the
scattering cross section(σsca ), of a metallic nanoparticle located in
a dielectric medium is approximated as:

′ − e diel ) 2 + (e met
′′ ) 2
3 ω  2
2 (e met
=
  e diel ⋅ V
′ + 2e diel ) 2 + (e met
′′ ) 2
2π  c 
(e met
4

s sca

where ω , c and V are the angular frequency, speed of light, and
volume of the particle respectively. ediel, emet’ and emet” represent
the dielectric constants of the surrounding medium, real and
imaginary parts of the metal [14]. From the equation for the
scattering cross section(σsca ), it is noted that the scattering cross
th
section is proportional to the square of the volume (or 6 power of
the radius of the nanoparticle), showing a strong dependence on
the particle size.
The LSPR occurs when

′ + 2e diel = 0
e met
When there is no magnetic material present (magnetic
permittivity=1), the dielectric constant and the refractive index is

′ + 2e diel = 0), it is
related as e = n . From the LSPR condition ( e met
2

seen that LSPR wavelength depends on the refractive index of the
surrounding medium. When the refractive index of the surrounding
increases, the resonance wavelength is red-shifted.
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Upon adsorption of any molecule to the surface of a AuNP, the
local refractive index increases in comparison to the buffer
resulting in a red-shift of the scattering spectra. The spectral shift
of the scattering peak allows label-free monitoring of various
adsorption processes to the AuNP surface. The typical scattering
wavelength shift for adsorption experiments is in the order of a few
nanometres to tens of nanometres depending on the material
adsorbed [24], [31], [32]. The exponential decay of the surfaceconfined electric field is a reason for the limitations in particle size
used for sensing applications. Smaller particles tend to show more
surface-confined electric field, or shorter decay length, than larger
particles. Experimentally, LSPR sensors typically lose their
sensitivity in the length range of 5-30 nm from the surface [33]. In
practice, 20 nm particles are the lower limit for scattering
experiments [14], [29]. Figure 1.4 shows typical scattering spectra
(simulated) of a single (50 nm diameter AuNP) and a coupled (two
50 nm diameter AuNPs) particle. When two nanoparticles are 1-2
nm apart a second resonance peak appears at higher wavelength
due to plasmonic coupling [14].
Using a darkfield microscope in Figure 1.5, I have confirmed
previous work that single nanoparticles of 50 nm diameter can
easily be observed as green coloured spots, and coupled particles
as yellowish spots on a black background and their corresponding
scattering spectra correlates to the simulated spectra (Figure 1.4).
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Figure 1.4. Schematics of a typical scattering spectra (simulated) of a single and
coupled particle (AuNPs of 50 nm diameter) (not drawn to scale). Adapted
from[14]

Figure 1.5. Darkfield spectral image (150 µm x150 µm) of 50 nm AuNPs. The top
scattering spectra corresponds to coupled particle and the bottom to a single 50 nm
particle.

When two AuNPs are in close proximity (< 2 nm) the plasmonic
coupling of AuNPs results in a second scattering peak at higher
wavelength and this can be used as an optical signal in sensing
applications [14].
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1.6 DNA FUNCTIONALIZED GOLD NANOPARTICLES
As I have mentioned in Section 1.5, the LSPR property of AuNPs is
used extensively in biosensing due to its highly sensitive plasmon
coupling mode when two particles are at close proximity (few nm
apart) [14]. This property could be useful for short sequence (18-24
bases) oligonucleotide biosensing, which are few nanometres long.
In order to make use of AuNPs for oligonucleotide detection, it is
important to efficiently functionalize oligonucleotides onto a AuNP
surface in a controlled manner. The concept of functionalizing
oligonucleotide sequences to AuNPs was first reported by Mirkin
and his co-workers for building controlled macroscopic material
[22]. Subsequently, they have demonstrated the use of these DNAAuNPs for oligonucleotide quantification assays as shown in Figure
1.6 [23]. Figure 1.7(A) shows the comparison of UV-Vis spectra of
13 nm diameter unmodified AuNPs and 13 nm diameter DNAAuNPs and Figure 1.7(B) compares the UV-Vis spectra of DNAAuNPs before and after treatment with complimentary DNA targets
showing a red-shift in the UV-Vis spectra due to AuNP
aggregation[24].
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Figure 1.6. Schematic representation of generating aggregates signalling hybridization
of DNA-AuNPs with DNA targets (not to scale). Reproduced from [23].

Figure 1.7. (A). Comparison of UV-Vis spectra of 13 nm diameter unmodified
AuNPs and 13 nm diameter DNA –AuNPs (B). Comparison of the UV-Vis spectra of
DNA-AuNPs before and after treatment with complimentary DNA targets.
Reproduced from [24].
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Since Mirkin’s pioneering work, DNA-AuNPs have attracted
attention for oligonucleotide sensing purposes [22]–[24]. Thiolated
DNAs can be immobilized onto a AuNP and the resulting DNA-AuNP
serves as a multivalent receptor to achieve specificity towards the
DNA target. A dense functionalization of the capture DNAs on the
AuNP surface is crucial for the sensitivity of the sensor, which is
explained in detail later in Chapter 4. Due to entropic and
electrostatic forces, these capture DNA functionalization
procedures need salt such as NaCl to achieve dense packing of the
+
DNA on the AuNP surface. The Na ions shield off the negative
charges of the DNA phosphodiester backbones and reduce
electrostatic repulsion between immobilized capture DNAs on the
AuNP and the incoming free capture DNAs resulting in dense
packing. In addition, sonication of the samples increases the
surface density in most cases [34].
The commonly used AuNPs for DNA functionalization are
synthesized by reducing HAuCl4 using sodium citrate. The resulting
AuNPs have negatively charged citrate weakly adsorbed on its
surface for charge stabilization [35]. Then, a thiol functionalized (SH) DNA sequence can form a covalent bond to the AuNP surface
as shown in Figure 1.8.
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Figure 1.8. Illustration of functionalization process of thiol DNAs to a citrate capped
AuNP (not drawn to scale). Adapted from [36]

The capture DNAs functionalized to AuNP surface can specifically
bind to complementary DNA targets in solution and form double
strands according to nucleotide base pairing rules [37]. Once the
DNA target base pairs with the two complementary capture DNAs
on the AuNP, the AuNPs comes in close proximity and a red-shift in
their scattering spectra is detected. Table 1.1 shows the various
DNA detection schemes using AuNPs in the literature. Their limits
of detection (LOD), dynamic ranges and the read-out methods are
indicated.
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Method

Type

LOD

Dynamic range
(M)

Reference

Imaging SPR

DNA receptor; DNA target

10 nM

NA

[38]

AuNP amplified
imaging SPR

DNA receptor; DNA target;
AuNP–DNA

10 pM

10−8 → 10−14

[39]

AuNP amplified
imaging SPR

PNA receptor; DNA target;
AuNP–DNA

1 fM

NA

[40]

Bio barcode

AuNP–DNA receptor; DNA
target; silver staining

7 aM

10−15 → 10−17

[41]

2 AuNP proximity

AuNP–DNA receptor; DNA
target; AuNP–DNA

∼10 pM

10−11 → 10−13

[42]

2 AuNP proximity;
parallel detection

AuNP–DNA receptor; DNA
target; AuNP–DNA

10 fM

10−12 → 10−15

[31]

Table 1.1. Comparison of various DNA sensing schemes based on AuNPs. Adapted
from [31]

Although state of the art has shown to have a low limit of detection
and a broad dynamic range still more simplified assays are required
which includes: minimum sample handling (without intermediate
rinsing or addition steps such as silver staining), parallel read-out
methods and relieve the reliance on sophisticated instrumentation.
The DNA sensing developed during my thesis aims to address these
requirements.
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1.7 SINGLE NUCLEOTIDE POLYMORPHISMS
In this section, I explain in detail the importance of a high specificity
in a biosensor. One such area is the detection of SNPs that are of
great biological significance, in oligonucleotides sensing.

1.7.1 SNPs in the human genome
SNPs are the extensively occurring polymorphisms amongst various
other human genetic variations[43]. Only nucleotide variants with
frequencies higher than 1% in a population are called
polymorphisms. This is different from a mutation, which occurs de
novo and is in general not propagated in a population [44]. A SNP is
illustrated in Figure 1.9.

Figure 1.9. Illustration of a SNP: a GC base pair is replaced by an AT base pair (not
drawn to scale).Reproduced from [45]

In 2001, a SNP map was generated by the International SNP Map
Working Group and based on the discoveries The SNP Consortium
(TSC) and the public Human Genome Project (HGP) was published.
It revealed an average density of one SNP every 1.9 kilobases and a
total of 1.42 million SNPs in the human genome. Estimated from
these numbers, approximately 60’000 SNPs occur within coding or
untranslated regions of genes [46]. In the meantime, many more
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SNPs were discovered and it is estimated that the human genome
contains several million SNPs, with a frequency of approximately 1
SNP per kilobase [44]. Depending on the type and position of the
SNP, the effect on the gene function and the phenotype can vary
greatly. SNPs in coding regions can alter the amino acid sequence
of the encoded protein, thereby changing the three dimensional
protein structure and activity. Alternatively, it can lead to a
premature stop codon producing a truncated protein or to a frame
shift with a completely different product. Because of the
redundancy of the genetic code (three-codon combinations), the
polymorphism can also be silent, which means that the
corresponding amino acid remains the same. The alteration of
sequences at splice sites can cause a loss of entire protein regions
[47]. It is not surprising that many diseases, ranging from prostate
cancer [48], [49] and bipolar disorder [50] to obesity [51], are
directly associated with SNPs in susceptibility loci. Many new
associations are being constantly reported during the last decade.
Thus, SNP genotyping as a diagnostic, prognostic, or predictive
biomarker has become a powerful tool in medicine.
Due to the high biological importance of SNPs, a biosensor
designed for oligonucleotide detection must be selective to detect
SNPs. With this motivation, I have demonstrated SNP
differentiation throughout this thesis, in every stage of
development of this DNA-AuNP based biosensor.

1.8 STATE OF THE ART
In this section, I introduce the reader to the current state of the art
in oligonucleotide sensing technologies and explain the principle
behind the technologies that are Polymerase Chain Reaction (PCR)
free.
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1.8.1 Single cell RNA quantification
Amongst various oligonucleotides, the biological significance of
variations in RNA expression levels from cell to cell is still not
clearly understood and it is an active area of research today. To
characterize this cell-to-cell variation, high precision and high
throughput measurements of single cells are required. There is a
high variation in RNA levels between individual cells, even in a
seemingly homogeneous cell population. The critical part in singlecell RNA quantification analysis is the very low amount of RNAs
present, and therefore high variations are expected during the
quantification workflow. These variations can either be due to
natural biological variance of the expressed RNA or can be
introduced externally by technical setup, including sampling,
storage, nucleic-acid stabilization, extraction or reverse
transcription. Technically, such measurements are still very
challenging and here I describe state of the art techniques to detect
RNAs and other oligonucleotides particularly mRNA on the single
cell level based on various detection methods.
1.8.1.1
Single cell - RT- qPCR
RT-qPCR stands for Reverse Transcription quantitative real- time
PCR. RT-qPCR offers sufficient sensitivity and is a widely accepted
gold standard for mRNA quantification. When this method is
coupled to a technique to handle and collect individual cells,
quantification of mRNA in single cell is feasible. Previous studies
have indicated that single- cell RT-PCR involves laborious isolation
and purification steps of mRNA together with low signal to noise
detection [52], [53]. For single-cell mRNA quantification to become
common practice, simple methods are needed that does not
involve extraction and purification. The extraction and purification
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steps during sample processing causes dilution of the mRNA target
due to the buffers added during these steps. Lack of appropriate
controls for single-cell measurements makes it difficult to
guarantee mRNA integrity during collection and handling of cells.
There are several commercially available single cell RT-PCR Assay
Kits from Qiagen, Signosis, Life technologies etc. Although these
kits are widely used, there are certain disadvantages as they are
expensive and include extensive sample handling. Apart from the
advantages and disadvantages of the mRNA detection with RTqPCR, miRNA quantification is more challenging with RT-qPCR as
PCR based techniques require long receptor primers for efficient
capturing [54], [55]. The RT-qPCR is not a direct quantification
method and the miRNA is still reverse transcribed to cDNA, which
can lead to false positives.
1.8.1.2
In situ hybridization (ISH)
As discussed in the previous section, the gold standard for
oligonucleotide detection relies on averaging many cellular
responses or artificial amplification of cDNAs to reach a detectable
signal level. In situ hybridization techniques circumvent the
procedures of averaging information over cells or introduce
artificial amplification steps and yield direct single cell mRNA
information. Fluorescence in situ hybridization (FISH) is a popular
standard for localization of nucleic acids [56] without the need to
lyse, extract and purify mRNA. ISH is a technique that uses a
labelled (markers can include fluorescent or radioactive emitters)
complementary DNA or RNA strands (i.e. probe) to localize a
specific RNA sequence in a portion or section of tissue (in situ).
Recently, RNA ISH is also used to detect and localize mRNA
transcripts in single cells [57], [58]. For hybridization, sample cells
and tissues are usually treated to fix the target mRNAs in place and
to improve accessibility for the probe. The probe is either a labelled
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complementary DNA or a complementary RNA. The probe is
labelled with either radio- or fluorescent- bases which is localized
and quantified in the cell using either autoradiography or
fluorescence microscopy respectively. ISH can also use two or more
probes, labelled with different fluorescent labels, to multiplex RNA
detection, which enables the detection of two or more RNA
transcripts simultaneously. The main disadvantage of ISH is that it
can be performed mainly on fixed cells, which makes it difficult for
the user to be certain that if all the oligonucleotides are intact or if
there is some loss through the permeable cell walls. Second,
sophisticated instrumentation (a fluorescence microscope with a
sensitive detector such as a CCD camera) is needed to detect the
signal from a fluorophore as in the case of FISH.

1.8.2 Commercial technologies in today’s market
In this section, I present a non- exhaustive summary of the most
important commercial technologies in the market for
oligonucleotide detection (Table 1.2). Only the direct, PCR- free
optical detection methods are presented in detail. The other
technologies are all based on PCR, which involves indirect
measurements, by reverse transcription of RNA to cDNA and the
artificial amplification of the cDNA copies to reach detectable
signals.
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Yes
No

Yes
No

NA
400

Unknown

1

30 min
Variable*#

Unknown

20 min

30 min

2h
Unknown
20 min*#

QF-PCR
Microarray

Unknown

Microarray

QF-PCR

Microarray
Microarray
Melting

QF-PCR
Microarray

Sequencer
Sequencer

55 min*#$
4 h#
30-40 min
5 h#

Assay format

Assay time

Fluorescence
Fluorescence

Unknown

Electrical

Fluorescence

Electrical
Electrical
Fluorescence

Fluorescence
Electrical

Prosequencing
Prosequencing

Detection Method

Handheld
Desktop

Handheld

Unknown

Handheld

Desktop
Mid-sized
Desktop

Desktop
Mid-sized

Desktop
Desktop

Portability

Table 1.2. Summary of commercial oligonucleotide detection technologies in today’s market. Reproduced
from[122].

Nanomix Sensation
No
No
Unknown
Unknown
Microarray
Electrical
Unknown
Technology
Nanosphere Verigene
No
Not Required
Unknown
<35 min#
Microarray
Densitometry
Desktop
system
*#
Osmetech eSensor®
No
No
36
20 min
Microarray
Electrical
Desktop
*-Not including PCR, # Not including DNA/RNA preparation, $- sample clean up accounts for 45 min, pyro sequencing takes 10 min approximately, NA- Not Applicable, QFQuantitative fluorescent

Not Required

Unknown

NA

Yes
Not Required

No

Yes
Unknown
No

Yes
No
No

Yes

99
20x96*
96

Yes
No

Yes
No

NA
12544

No
Yes

No
No

Number of
position on the
Array
NA
NA

PyroMark MD System
454 Genome
Sequencer
Cepheid GeneXpert®
CombiMatrix
ElectrasenseTM
Directif lab-on-a-chip
GeneOhm ePlex
Idaho Technology
Lightscanner®
Idaho Technology
RAZOR®
Integrated NanoTechnologies
Ionian Technologies
Inc./HISS
IQuum Liat Analyzer
Nanogen NC 400

Integrated PCR

Integrated DNA
preparation

System

There are two main oligonucleotide detection technologies that do
not require PCR and can measure DNA/RNA directly without any
amplification steps. They are described below.
1.8.2.1
Integrated Nano Technologies: BioDetect Analyzer
The BioDetect Analyzer is based on the ability to metalize strands
of DNA across a pair of metallic electrodes. The metallization
process reduces the resistance of the DNA bridge formed over a
gap between two metallic electrodes [59], [60]. The recently
published proof- of concept measurements detected, 5.6-kb
plasmid insert using 27- mer capture DNA. The electrode gap was 1
µm apart. It can detect as little as 200-ng of DNA in a volume of 60
µl in 20 min. The device is manually operated and caries 200 pairs
of electrodes in every cartridge. The limitations of this system are
its low sensitivity, inability to detect shorter oligonucleotides of few
bases (< 24 bases) such as miRNA (across 1 µm long gaps between
electrode pair) and SNP detection.
1.8.2.2
Nanosphere, Inc.: Verigene® System
The Verigene® System has demonstrated to detect DNA and
protein in approximately 100 min. It is a PCR-free detection method.
The DNA analysis can be performed on oligonucleotides of 300-500
bases long. The DNA target is hybridized to a complementary
capture DNA that is immobilized on a glass microarray slide. A
rinsing step follows to remove any non-specific DNA analytes. This
step is then followed by hybridization of the DNA target to a 15 nm
DNA-AuNP at the other end. Later, silver staining is performed to
amplify the scattered signal from the 15 nm AuNPs [61], [62]. The
two-step hybridization method avoids the need for a PCR. There
are also reported publications for multiplexing possibilities to
detect multiple oligonucleotide targets simultaneously [63].
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The Verigene® System consists of glass slides that can be printed
using a microarray spotter. The system consists of two instruments;
the Verigene Processor, which automates the sample processing,
hybridization steps and labelling of the DNA-AuNPs and the
Verigene Reader, consists of a CCD camera and can take an image
of the complete microscopy slide (also functioning as a waveguide)
with a 75-W halogen lamp or LED illumination. The limit of
detection using this system is reported as 200 fM in a 50 µl sample
volume [64].
The major disadvantages of Verigene system is so far, there is no
proof-of-concept reported on the application of this system for
shorter oligonucleotides and other being its reliance on
sophisticated instrumentation.

1.9 CHALLENGES IN BIOSENSOR DEVELOPMENT
The development of biosensors for medical diagnostics involves
some specific problems that have to be addressed to ensure
reliable sensing. For example, biological molecules present in
complex sample mixtures such as protein, cell debris etc., can
affect the performance of the sensor by degrading its structure or
blocking the accessibility of the receptor to the target analyte. This
can result in loss of receptors that leads to unreliable
measurements. It is especially important to overcome these
problems in the case of biosensing in real biological samples where
prior sample processing and purification is not possible. Due to
these problems, the biosensors in diagnostics should be highly
stable and specific to the target analyte. It is also advantageous if
the sensor components have a reasonable shelf life and simple
instrumentation for signal read-out.
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2 SCOPE OF THE THESIS

This doctoral work is motivated by the need to design a novel
biosensor in order to directly quantify oligonucleotides without
reverse transcription of RNA (e.g. miRNA ~18- 24 nucleotides long)
to cDNA in complex biological samples using a simple read-out
system. My research is inspired by the work of Mirkin and his coworkers, who first demonstrated in 1997, the use of AuNPs for
colorimetric DNA sensing. AuNPs are notable because of their
interesting spectral properties and the ease to functionalize
molecules to them using the facile thiol chemistry. In particular,
thiol-modified oligonucleotides can be loaded onto the surface of a
AuNP by direct covalent interaction. The DNA-AuNPs are
extensively applied in various oligonucleotide biosensors and as
carriers for drug delivery.
In this thesis, I use DNA-AuNPs to detect short DNA targets (24
bases). The detection is based on the use of a darkfield (DF)
microscope coupled to a spectrometer to study the scattering
spectra of several AuNPs. The DNA quantification assay involves
using AuNPs functionalized with thousands of capture DNA
molecules. Half of the nanoparticles are functionalized with capture
DNAs complementary to half of the DNA target while the remaining
particles are functionalized with capture DNAs complementary to
the other half of the DNA target. The binding of the DNA target
brings the nanoparticles close to each other (< 5 nm). The
plasmonic properties of AuNPs enable the straightforward
assessment of the number of such aggregates, as aggregated
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particles will have red-shifted scattering spectra. By analysing the
full spectra or recording the intensity at specific wavelengths, the
amount of coupled or aggregated particles can be assessed.
In Chapter 3, I show the proof-of-concept experiments for the DNA
sensing assay where target concentrations down to sub-picomolar
range can be detected in a single step without rinsing. This chapter
also reports a series of studies designed to optimize the
aggregation assay for a decreased limit of detection (LOD) and
increased stringency towards polymorphs. I have optimized a
number of parameters including the ionic strength of the buffer
favourable for increased target binding and the stringency towards
SNP detection, the length of the unpaired region in the DNA target
with the capture DNA (gap size) and the density of the capture DNA
on the nanoparticle.
Chapter 4 is an outcome of my interest to understand the
phenomenon behind the unexpected increase in apparent affinity
of DNA-AuNPs found in Chapter 3. In the initial stages, I had
attributed this effect to the multivalency of a DNA-AuNP with
thousands of capture DNAs on the surface making it a multivalent
receptor scaffold. The multivalency of the DNA-AuNPs may lead to
multiple DNA targets being involved in holding two particles
together. Multivalency is defined as a simultaneous receptortarget interaction in which multiple target-binding sites on the
receptor simultaneously interact with multiple targets. For example,
the antibody IgM with 10 antigen-biding sites is a multivalent
receptor. However, in this assay, it became clear that as the DNA
target concentrations used in parts of my experiments is lower than
the total number of AuNPs involved in the assay. Therefore, the
probability to have multiple DNA targets holding a particle pair in
this concentration regime is negligible. As a result, the observed
affinity improvement in such experiments is not because of
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multivalency but it is due to another effect that I termed as
attinebility (ability to retain or hold back). The attinebility of a DNAAuNP is the capability of the overcrowded capture DNAs on the
AuNP surface to retain the DNA target in the close proximity. After
any transient unbinding event between a capture DNA and a target,
the probability of the target diffusing away from the AuNP is
comparatively smaller than for a AuNP with less denser capture
DNA functionalization. The koff (dissociation rate constant) value is
decreased thereby decreasing the equilibrium dissociation constant
(K) of the reaction.
In Chapter 4, I start by first optimizing the time required by the
assay to reach equilibrium. The optimized time is then applied to
demonstrate the effect of attinebility experimentally at equilibrium.
The attinebility experiments are performed using AuNPs
functionalized with thousands of capture DNA molecules with
various ratios of specific to non-specific capture DNAs of same
length. The effect of attinebility on the K value of the dose
response curve of the sensor is explained in this chapter. Subpicomolar detection sensitivity is achieved and the dynamic range
of the sensor is tuned by adjusting the number of capture DNAs per
particle.
In order to meet the design demands for an optimum sensor for
detecting DNA in biological samples, I present a model system in
Chapter 5 where I quantify short DNA targets (24 bases or
nucleotides long) as an analogue to miRNA in the presence of cell
lysate. In addition, I compare the sensitivity of the sensor and the
effect of non-specific binding due to proteins and other cell debris
on the sensor performance. The stringency of the sensor for single
mismatch differentiation is also investigated in the presence of cell
lysate. The model DNA assay shows that the assay could be applied
to detect short miRNA sequences directly in cell lysate samples
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without the need for extraction of miRNA. I also demonstrate that
the detection range in this assay with cell lysate is in the
comparable range of expected miRNA levels in single cellular level
(picomolar miRNA corresponding to tens of miRNA copies per
single cell with a volume of few picolitres).
Apart from the optimization and application studies performed as
in Chapters 3 and 5, in Chapter 6, I present my design of an
innovative microwell array, where the DNA assay can be performed
with faster read-out time and minimum instrumentation. Metal
substrates with drilled holes with a sidewall angle of 45° are used
as prototype to demonstrate the proof of concept. The base of the
microwells is optically transparent and the top has a beam blocker
to function as the darkfield condensor. In the absence of scattering
objects (e.g. AuNPs), incoming light rays will be completely
reflected and no light rays will be collected at the objective lens,
resulting in a dark image. In the presence of scattering objects, light
rays will be scattered and light signals will be collected at the
detector. At the same time, this microwell design can parallelize
the read-out and reduce the cost of instrumentation significantly.
In this thesis, I emphasize the importance of combining both the
optimized assay parameters and an innovative microwell design
where one could detect short oligonucleotides using scatteringbased AuNP assay in biological samples rapidly with minimum
instrumentation. Although the application of this assay in biological
samples is demanding with some prior sample processing (e.g.
protein digestion of serum or plasma), it is possible in the near
future to have a novel sensing platform to detect very low
concentrations of miRNA targets in biological samples with high
throughput. The oligonucleotide biosensor reported here will
create an impact due to its simplicity and cost effectiveness in the
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field of medical diagnostics where highly sensitive DNA/RNA
detection is important.
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3 OPTIMIZATION OF ASSAY PARAMETERS
FOR DNA SENSING USING GOLD
NANOPARTICLES
*

*
This chapter serves the basis of a manuscript to be submitted to Colloids and Surfaces B:
Biointerfaces by P. Rajendran, J. Vörös, S. Kauffmann, M. Zenobi Wong, and L. Demkó.
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In this chapter, sequence-specific DNA detection using DNA-AuNPs
that orient in tail-to-tail fashion in the presence of a DNA target is
presented. In this two nanoparticle based DNA sensing system,
AuNPs (50 nm) are functionalized with capture DNAs that
hybridizes to a 24 nucleotide long DNA targets to form dimers. The
binding of the DNA target to the capture DNAs on the AuNP during
the assay brings the nanoparticles close to each other (< 5 nm). Due
to the proximity effect, they become optically coupled, creating a
more enhanced field and giving a red-shift in the scattering peak
depending on the interparticle distance. In order to achieve high
sensitivity and specificity of this sensor, I have studied some critical
factors such as effect of salt on sensitivity and single mismatch
discrimination, target gap size dependence on the K value and the
optimal capture DNA density on the AuNP to study any effect of
steric hindrance. It is found that a low limit of detection of 10 fM
can be achieved working at a ionic strength of 1 M. At 1 M, the
sensor also differentiates single nucleotide polymorphs (SNPs) from
completely matched DNA target at 1 nM concentrations or below
which is in the concentration regime of interest. It is also seen that
the K value decreases with the decrease in the gap size of the
target. Finally, capture DNA density studies show that there is no
significant steric hindrance present and 100% capture density is
used for future experiments due to simplicity reasons.

3.1 NEED FOR AN OLIGONUCLEOTIDE BIOSENSOR
Since the completion of the Human genome project,
oligonucleotide diagnostics has undergone tremendous growth due
to the valuable information it can reveal about organisms at the
genetic level [65], [66]. The genetic information is vital to the
understanding of transcription of genes to Ribonucleic Acid (RNA)
and the modifications (polymorphisms) they undergo [67].
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Amongst the various nucleotide polymorphisms such as insertions,
deletions, duplications of one or more bases, SNPs are the most
frequently occurring [43], [44], [68]. The genetic variability as a
result of SNPs have been linked to an individual’s susceptibility to
several diseases such as cancer[48], [49], [69], diabetes [70],
obesity [51] etc,. These medical applications have been the reason
for the growing interest in inventing novel tools for genetic analysis
[71]. Due to the importance of genetic information in disease
diagnostics where millions of sequences have to be analysed, it is
essential that the oligonucleotide sensors are developed to allow
rapid testing and be highly sensitive, specific, and preferably, lowcost.
To date, conventional oligonucleotide quantification methods are
dominated by fluorescence-based microarrays or indirect
measurements that use RT-PCR-based detection techniques such as
quantitative real-time PCR (qPCR) etc. [7], [72], [73]. The method of
indirect measurement involves the reverse transcription of RNA to
cDNA which inevitably leads to a higher likelihood of false copies
[74]. Although at present PCR is the gold standard, there is
substantial research on direct, PCR-free detection schemes [75] to
prevent the generation of false DNA copies. Such direct
oligonucleotide quantification assays can be more attractive since
they offer the potential to quantify nucleic acids such as messenger
RNA (mRNA), micro RNA (miRNA), short interfering RNA (siRNA)
directly without the need to reverse transcribe or amplify them
[76].
Amongst the recent optical detection methods, the LSPR property
of AuNPs is used as an alternative tool for oligonucleotide sensing.
The localized surface plasmon resonance, resulting from the
collective oscillation of conduction electrons, can give rise to a
strong increase of the scattering intensity of AuNPs on light
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incidence [26]. The resonance condition depends on the size, shape
[19], and surrounding medium of the nanoparticles [32].
The unique physical and chemical properties and cost effectiveness
of AuNPs have made it an integral part in biomedical applications
including sensing of biomolecules [22]–[24], [32], gene delivery [77],
[78] and molecular imaging [79], [80]. Apart from their interesting
optical and spectral properties, AuNPs are notable because of the
ease with which functional molecules can be attached to them
using the well-known thiol chemistry[22]. The thiol-modified
oligonucleotides can be loaded onto the surface of AuNP by direct
covalent interaction. These DNA-AuNPs are extensively applied in
making various colorimetric biosensors [22], [23] and as carriers for
drug delivery [78]. In all such applications, it is important to
optimize parameters that play a crucial role in the sensor’s
performance.
In this study, I use DNA-AuNPs to detect short DNA targets (24
bases) in the sub-picomolar range. The detection is based on the
use of a darkfield (DF) microscope coupled to spectrometer to
study the scattering spectra of several AuNPs. The DNA
quantification assay involves using AuNPs functionalized with
thousands of capture DNA molecules. Half of the nanoparticles are
functionalized with capture DNAs specific to the DNA targets. The
binding of the DNA target (half-complementary to each capture
DNA sequence) brings the nanoparticles in close to each other (< 5
nm). The plasmonic properties of AuNPs enable straightforward
assessment of the number of such pairs, as coupled particles will
have red-shifted scattering spectra in comparison to single AuNPs.
Apart from the proof-of-concept experiments, where I detect DNA
target concentrations down to the sub-picomolar range in a single
step without rinsing, this chapter also reports a series of studies
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designed to optimize the aggregation assay for a decreased limit of
detection (LOD) and increased stringency towards polymorphs. The
various parameters studied are the ionic strength of the buffer
favourable for target binding and its stringency towards SNPs, the
length of the unpaired region in the DNA target with the capture
DNA (gap size) and the density of the capture DNA on the AuNP.

3.2

EXPERIMENTAL PROCEDURE FOR ASSAY OPTIMIZATION
STUDIES

3.2.1 Materials used for assay optimization
10

Citrate capped AuNPs, 50 nm average size, (4.5x10 colloids/ml) is
purchased from British Biocell International (Cardiff, UK). Thiolated
oligonucleotides (DNAs) are purchased from IBA International,
Göttingen, Germany. Tris (2-carboxyethyl) phosphine (TCEP),
sodium dodecyl sulphate (SDS) , glycerol, sodium chloride (NaCl),
phosphate buffered saline (PBS) and HPLC grade ethanol are
purchased from Sigma–Aldrich, Switzerland. Cobas Integra Cleaner
is purchased from Roche Diagnostics. Poly (dimethylsiloxane)
(PDMS) is purchased from Dow Corning (Sylgard 184, USA). All
aqueous solutions are made with purified Milli-Q water from RiOs
Elix-5 Millipore water purification system. All buffers used for AuNP
functionalization and the assay are filtered with Minisart NML 0.2
µm filters prior to use.
3.2.1.1
DNA Sequences
Table 3.1 contains the sequences of the oligonucleotides that are
used in the experiments in this chapter.
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Name
Capture DNA
A
Capture DNA
B
Poly-A
Target (T)
Target 1MM
(T1MM)
Target
2bases
(T2bp)
Target
4bases
(T4bp)
Target
4bases 1MM
(T4bp1MM)

Linker
(site)
Thiol (3’)

Sequence (5’-3’)

Thiol (5’)

AAA AAA AAA ACG CAT TCA GGA T

Thiol (5’) or
Thiol (3’)
None

AAA AAA AAA A

None
None

TCT CAA CTC GTA AAA AAA AAA A

TAC GAG TTG AGA ATC CTG AAT
GCG
TAC GCG TTG AGA ATC CTG AAT
GCG
TAC GAG TTG AGA GG ATC CTG
AAT GCG

None

TAC GAG TTG AGA GGGG ATC CTG
AAT GCG

None

TAC GCG TTG AGA GGGG ATC CTG
AAT GCG

Table 3.1. Shows the DNA sequences and the functionalizations used in this chapter.
The underlined DNA base shown in red depicts the mismatch for SNP studies.

3.2.1.2
Buffers
Hybridization buffer
This buffer contains 1 M NaCl and 10mM PBS. The final DNA-AuNPs
preparation is suspended in this buffer. The DNA targets at various
concentrations is aliquoted using this buffer.
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Glycerol Buffer
Glycerol buffer contains 30% glycerol in 1 M NaCl and 10mM PBS
(hybridization buffer). The glycerol buffer is added prior to loading
the assay mixture into the microwells to prevent sample drying
during the overnight waiting time for the particles to settle down
and during measurements. The final concentration of the glycerol is
15% of the total assay volume.

3.2.2 Capture DNA functionalization on gold
nanoparticles
3.2.2.1
Thiol DNA Reduction
Prior to thiol DNA functionalization to the AuNPs, the protecting
disulphide groups on the DNA sequences (see Table 3.1) are
cleaved using a TCEP solution. A volume of 100 μM DNA in Milli-Q
is mixed with TCEP (2 mM in 10 mM phosphate buffer pH 8.5) in a
ratio of 3:1, resulting in a final TCEP concentration of 0.5 mM
followed by incubation at room temperature for 90 min. The final
concentration of the reduced thiol DNA aliquot is 75 µM.
3.2.2.2
Functionalization of thiol DNA to AuNPs
DNA-AuNPs are constructed by conjugation of various thiol DNA
(capture DNA A/capture DNA B/ poly-A) to AuNPs in bulk by preincubating a 1 ml of AuNP solution (75 pM) with 66 µl of reduced
thiol DNA (75µM). 10 µl of the mixture is collected and centrifuged
(20 min at 14500 rpm) and the supernatant is collected for DNA
quantification in UV-Vis spectrophotometer (NanoDrop 1000). The
solution is adjusted to 0.01% SDS and sonicated for 10 s, followed
by overnight incubation. After incubation, PBS (pH 7.4) is added to
a final concentration of 10 mM. The mixture is sonicated for 10 s.
For the salt aging in order to achieve dense packing of DNA on the
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AuNPs, NaCl additions are performed in regular time intervals
followed by sonication for 10 s in steps of 0.1 M every hour until 1
M is reached over a period of 12 hours. Care is taken to see that
after every salt addition, the AuNP solution stays pink. When the
solution turns purple due to aggregation, the proceeding salt
addition time is doubled. The final mixture is left for overnight
incubation. After incubation, 10 µl is collected and centrifuged (20
min at 14500 rpm) as before for DNA quantification by UV-Vis.
Subsequently, three washing steps are done at 14500 rpm for 5
min replacing the supernatant with 1 ml of Milli-Q water. After the
final wash, the pellet is resuspended by adding 1 ml of
hybridization buffer. The quantification of the DNA density on
13
13
AuNP shows an average coverage of 4.7x10 to 4.9x10 DNA
2
molecules/cm . See Section 3.5 for supporting information on
estimation of capture DNA density on AuNPs.

3.2.3 Assay procedure
3.2.3.1
Substrate cleaning
The glass slides and the coverslips are cleaned with particle free
wipes using diluted Cobas Integra Cleaner (1:10 in Milli-Q), rinsed
with ethanol followed by Milli-Q thrice and finally dried with
nitrogen. Special attention is given to the cleaning procedure, as
the glass cleanliness is crucial for scattering measurements to
enable uniform background. The glass substrates are stored in petri
dishes until further use. The wells of 2.5 mm diameter are punched
on the PDMS (PDMS thickness~ 2.5mm). The PDMS wells are
cleaned with Cobas Integra Cleaner (1:10 in Milli-Q), then is rinsed
with water followed by ethanol thrice and allowed to dry in a
laminar flow hood until further use.
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3.2.3.2
Assay
For typical sensing experiments, 10 µl of DNA-AuNPs mixtures
containing both capture DNA A and capture DNA B is mixed with 10
µl of DNA target at various concentrations. The sample is vortexed
and subjected to a heat cycle for 15 min on a BiometraT
temperature-controlling device. The temperature cycle consists of
an initial heating step of 75 °C for 5 min, followed by 25 °C for 10
min. Later, 20 µl of 30% glycerol buffer is added. The final particle
concentration is 11000 particles/nl. Glycerol at a final
concentration of 15% is used to prevent drying during overnight
waiting time and during measurements. In the laminar flow hood,
PDMS wells are mounted on a microscopy glass slide. The assay
mixture is vortexed for few seconds and 10 µl of the mixture is
added per well. Each well is then covered with a cleaned coverslip.
The glass slide is left overnight in a petri dish to allow the particles
to settle down on the glass slide. The following day the coverslip
and PDMS is carefully removed and a clean coverslip is placed on
the droplet. The sample is then imaged in the darkfield microscope.

3.2.4 Instrumentation and data analysis
3.2.4.1
Instrumentation
A hyperspectral nanoscale optical imaging system based on an
Olympus BX53F microscope, an enhanced darkfield optical
illumination system (NA=1.2– 1.4, CytoViva Inc., Auburn, AL, USA),
a 60x oil immersion objective (Olympus UPlanFLN 60x/1.25 Oil Iris),
a Specim V10E imaging spectrograph (Specim, Oulu, Finland), and a
pco.pixelfly CCD camera (PCO AG, Kelheim, Germany) was used for
image acquisition in transmission mode. The frame size of each
scan was 150 μm x 150 μm consisting of 696 lines, and at the
beginning of the experiments the acquisition time for measuring
the spectral information was set to 0.015 s per line in order to have
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the scattering intensity of samples with the highest target
concentration (i.e. with the highest level of aggregation and thus
with the highest intensity) at around 80% of the detection limit.
Representative colour images were generated by using the spectral
intensity values at 641, 550, and 459 nm as red, green, and blue
channels, respectively.
3.2.4.2
Data analysis
The data analysis for all the experiments is performed as follows in
all chapters except from Figure 3.4-Figure 3.6 in this chapter where
all possible spectral analysis are done on the scattering spectra. The
presented method of data analysis is opted over the other spectral
analysis due to its possibility to give signal output using a simple
camera where the intensity at two wavelengths can be recorded
whereas for the other spectral properties one needs a
spectrometer to obtain the complete spectrum. After each full
frame scan of 150 µm x 150 µm of the sample, the spectral file is
converted to a tiff image and processed using ImageJ. As shown in
Figure 3.1, first, the background is removed by subtracting 25 units
(< 10% of maximum intensity pixel of 255 units) for each pixel. By
doing so, any unwanted background due to dust is removed leaving
only the pixels of the AuNPs. The resulting background subtracted
image is split into red, green and blue channels. The mean
intensities for the red and green images are determined. The ratio
of mean intensity of red and green is taken as a measure for the
degree of particle aggregation. The higher the number of
red/yellowish pixels, the stronger is the particle aggregation, which
is expected to increases with the increasing DNA target
concentration. The error bars for each data point are calculated
from the same assay preparation added in multiple PDMS wells.
The number of wells measured to obtain the error bar for each
experiment is mentioned in the corresponding figures. The dose
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response curves for such experiments are then fitted with a
sigmoidal curve to calculate the equilibrium dissociation constant,
K. The K value calculated from the sigmoidal fits is defined as the
DNA target concentration at which the signal of the sensor is half of
the maximum.
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟𝑟𝑟
)=
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Figure 3.1. Darkfield image processing for data analysis. Left- Raw darkfield image of
50 nm DNA-AuNPs in the presence of 1 µM DNA targets, middle- darkfield image in
the green channel and right- darkfield image in the red channel.

3.3 RESULTS FOR OPTIMIZATION STUDIES
3.3.1 Gold nanoparticle assay system
In the present study, the assay system as shown in Figure 3.2
consists of a two-particle system functionalized with thousands of
capture DNA molecules each. Half of the nanoparticles are
functionalized with capture DNA A complementary to half of the
DNA target molecule while the remaining particles are
functionalized with capture DNA B complementary to the other half
of the DNA target sequence. In the presence of DNA target the two
nanoparticles assembles side by side of the DNA target molecule in
a tail-to-tail fashion (the nanoparticle core is called the ’head’ and
the immobilized capture DNAs are called ’tail’). I have chosen to
use the tail-to-tail orientation throughout this thesis (except in
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Appendix A) as opposed to head-to-head or head-to-tail as it
introduces the least interparticle repulsion and leads to more
stable dimer formation [81]. I have chosen a DNA target of 24 bases
long as it is comparable to the typical length of miRNA and siRNA of
interest [82]. The capture DNA that is functionalized to the AuNPs
are 22 bases long consisting of 12 bases complementary to the DNA
target and a 10 bases of poly-A spacer tail to increase the
hybridization efficiency to the DNA target by reducing the steric
hindrance of the capture DNAs [83].

Figure 3.2. Schematics of the assay showing tail-to-tail orientation of AuNPs (not
drawn to scale)

3.3.2 Darkfield imaging
Figure 3.3 shows a typical darkfield image of AuNPs at various
aggregation levels (green or yellowish pixels) on the glass substrate.
Because of the polydispersity and basal aggregation during the
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capture DNA functionalization of AuNPs, a small portion of particles
are in different sizes even in the absence of DNA target but the
majority of the particles are green i.e. single (Figure 3.3 left). From
Figure 3.3, it is also noted that as the DNA target concentration is
increased from 0 M to 0.1 pM and 1 µM the amount of yellowish
pixels increases (Figure 3.3 middle and right) indicating that the
assay works. The spectral bands used to represent red, green and
blue are 640, 550, 460 nm respectively. These values give the true
colour representation of the sample. An increase in particle
aggregates leads to red-shift of the scattering spectrum due to
increase in the aggregate dimensions.

Figure 3.3- Darkfield images with a typical scanning area of 150 µm x150 µm with 50
nm DNA-AuNPs on a glass slide. From left to right- DNA-AuNPs with increased DNA
target concentration of 0 M, 0.1 pM and 1 µM respectively.

3.3.3 Spectral analysis
In this section, I demonstrate all the possible spectral analysis that
can be done on the scattering spectra and the process of removing
the background for the spectral analysis in detail. Several spectral
analysis are performed to see which spectral property gives the
best signal with minimum error and mainly for easier data analysis
which is compatible for simple and faster read-outs for future
applications.
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At the beginning of the spectral analysis, pixels having maximum
spectral intensity (i.e. the highest value within the spectrum) lower
than 1% of the detector limits (4000 units) are considered as
background pixels. The intensity values of the non-background
pixels are then averaged together at each wavelength to calculate
the raw spectrum of the images. This raw spectrum similar to the
one depicted in Figure 3.4 (black curve) still contains a signal
component representing the dark current of the detector, a
baseline constant for all the wavelengths but fluctuating over time,
which is approximated and removed by fitting an exponential
function (green dashed curve) to the raw spectrum above 800 nm.
The resulting real spectrum (red curve) is then analysed by fitting a
second-order polynomial function (green continuous curve) to the
maximum and its 30 nm range to determine the maximum position,
and maximum value of the spectrum. The full width at half
maximum (FWHM) is obtained from the half of the maximum value
(obtained from the peak fit -green continuous curve), followed by
calculating the difference between the abscissas of the points at
this half value on the spectrum (on both sides of the peak) after
interpolation to the x-axis. The calculated real spectra from a set of
experiments studying the dose-response curve in the case of the
optimized assay are shown in Figure 3.5. Figure 3.6 plots the
calculated properties of the spectra as functions of the DNA target
concentration demonstrating the possibilities to depict the dose
response curve of the sensor.
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Figure 3.4. Baseline removal from a raw spectrum (black) to obtain the real spectrum
shown in red, from which the maximum position, maximum value, and full width at
half maximum (FWHM) of the average scattered signal is calculated.

Figure 3.5. Shows all the calculated real spectra from a set of experiments studying
the dose-response curve in the case of the optimized assay. The spectral curves are
incrementally shifted by 10 a.u. on the intensity axis for better visibility.
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Figure 3.6. Dose response curves by plotting the calculated spectral properties of the
spectra depicted in Figure 3.5 as a function of DNA target concentration. Error bars
are calculated from triplicate measurements.

3.3.4 Effect of salt on sensitivity and SNP detection
In a previous study, salt induced SNP differentiation using 15 nm
DNA-AuNPs have been shown for salt concentrations from 0 to 0.5
M [84]. The effect of higher salt concentrations is not previously
studied. In this section, I have shown the effect of higher salt
concentration of 1 M in comparison to 0.3 M of NaCl on the limit of
detection of the DNA target and its stringency towards SNP
detection. As shown in Figure 3.7, I have modified the completely
matched DNA target by replacing one DNA base Adenine (A) with
Cytosine (C) for SNP detection. From Figure 3.8 the K value for 1 M
-10
and 0.3 M salts is approximately the same (K~10 M for both 1 M
and 0.3 M). Although the 0.3 M have a higher differentiation in
signal between a complete match and a single mismatched DNA
target (T4bp and T4bp1MM, blue and cyan curves respectively), the
dose response of the sensor at 1 M have a lower limit of detection
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-

of 10 fM. The K value of the sensor at 1 M salt is approximately 10
10
M and detects SNP at 1 nM and below which is in the
concentration regime of interest (Figure 3.8). Even though it gives
signal above 1 nM concentration, it is not interesting to detect SNP
in higher concentration ranges as they are usually less abundant in
real biological samples. Therefore, 1 M NaCl is suggested to be
used in such sensor designs due to its low limit of detection and
specificity to SNPs. The DNA targets used in this section for salt
optimization studies has a gap of 4 bases (G’s) in the middle that
does not base pair with capture DNAs. This is adapted from a
previous work that demonstrated femtomolar sensitivity using DNA
targets with gaps [31].

Figure 3.7. Schematics of the assay showing single mismatch (SNP) in the DNA target.
The modified base C instead of A (T4bp1MM) in the complete match DNA target
(T4bp) is highlighted in green (not drawn to scale).
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Figure 3.8. Effect of salt concentration at 0.3 M and 1 M NaCl on DNA hybridization
efficiency with complete match DNA target (T4bp) and single mismatched target
(T4bp1MM). Error bars are calculated from triplicate measurements except for the
blue curve, which is calculated from duplicate measurements.

3.3.5 Effect of gap insertions in DNA target on sensor
performance
In the majority of previous studies, the DNA target is completely
base paired to the two capture DNAs without any gaps in between.
It may be interesting to understand the K value dependence when
the number of non- pairing bases to capture DNA are varied in the
middle of the DNA target to see how the distance between the
particles influences the signal once the dimer is formed. In this
section, I systematically studied the effect in the sensor
performance by introducing shorter gaps of 0, 2 and 4 bases of
Guanine (G) in the DNA target (Figure 3.9). From Figure 3.10, it is
clearly seen that with the least the gap size of 0 bases, the K value
-11
is the minimum around 10 M agreeing with previous work
47

showing the nanoparticle pair formations decreased with increase
in the DNA target gap size [82].

Figure 3.9. Schematics of the assay showing gap insertions in the DNA target. The
underlined bases in black represent the inserted gaps in the DNA target (T2bp and
T4bp) (not drawn to scale).
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Figure 3.10. Dose response curve of the sensor comparing the effect of DNA target
gap size of 0 base, 2 base and 4 base insertions corresponding to T, T2bp and T4bp
DNA targets respectively. The inset shows the K value of the sensor as function of
gap size and T has the least K value of approximately 10-11 M. Error bars are
calculated from triplicate measurements.

3.3.6 Effect of capture DNA density on sensor
performance
As shown in the earlier studies [85], capture DNA densities can
plays a significant role in the efficiency of DNA target hybridization
efficiency. In order to study this effect in my system, I altered the
probe density on the AuNP surface in a controlled manner by
replacing some of the capture DNA A and capture DNA B with
shorter poly-A molecules. The schematic for the assay with 50%
capture probe density is shown in Figure 3.11. The method of
capture DNA functionalization with poly-A leads to different levels
of accessibility of (spacing between) the capture DNAs to the DNA
target. From Figure 3.12, it is seen that reducing the probe density
from 100% to 75% has no significant effect on assay performance
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indicating that there is no significant steric hindrance on the DNA
target hybridization. This effect seen here can be attributed due to
two reasons: First, the curvature of the particle favours the DNA
target to access the capture DNA as any two captures DNAs on a
AuNP surface are at an angle in comparison to capture DNA
functionalized to flat surfaces. Second, the assay is performed at 1
M salt, which shields any repulsive forces between DNA target and
capture DNAs. As the primary performance of the sensor relies on
measuring lower concentrations of DNA target (sub-picomolar),
100% capture DNA functionalization is considered optimum for
sensor design due to its simplicity.

Figure 3.11. Schematics of the assay showing 50% capture DNA density on the AuNP.
The 100%, 75%, 25% and 0% capture DNAs (not shown in the schematics) are also
functionalized for this study (not drawn to scale).
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Figure 3.12. Dose response curve of the sensor comparing the effect of capture DNA
density formed by functionalization with varying the ratio of poly-A as a function of
DNA target concentration. The inset shows the effect of capture DNA density on the
K value and shows no significant difference in the K value between 100% and 75%
capture DNA density. Error bars are calculated from triplicate measurements.

3.4 SUMMARY FOR OPTIMIZATION STUDIES
In this chapter, I have demonstrated a method to use the AuNP
aggregation assay in a single step to quantify short oligonucleotide
DNA targets from the scattering spectral shift of the AuNPs
measured by darkfield spectroscopy. This optimization study
lowered the LOD to 10 fM while maintaining a dynamic range
between femtomolar and nanomolar. A number of spectral analysis
on the scattering spectra have been presented.
I have also introduced the reader to a simpler method to read
spectral shifts by simply measuring the ratio of scattering intensity
at red (640 nm) and green (550 nm) wavelengths eliminating the
need for a spectrometer. This method could represent a
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breakthrough for simple read-out methods in biosensing: in the
future, one could measure DNA target concentrations simply as the
ratio of mean scattering intensities at two different wavelengths.
From the above study, I propose that when the whole assay is
performed at a high ionic strength of 1 M, the limit of detection is
pushed down to 10 fM (T4bp) without compromising the sensor
specificity to SNP detection (T4bp1MM) at 1 nM or below which is
in the concentration regime of interest. For the gap size insertions
in the DNA target, our findings show that the capture DNAs on the
two particles should be designed to match the DNA target without
any gaps because such an arrangement is expected to have the
lowest K value. Finally, maximum capture DNA density (100%)
should be used for simplicity reasons, as there is no steric
hindrance in the system.

3.5 SUPPLEMENTARY INFORMATION
3.5.1

Estimation of the capture DNA density on gold
nanoparticles

The functionalization efficiency is estimated by measuring the
concentration of free DNAs in the supernatant before and after the
functionalization process. The difference corresponds to the
molecules stably adsorbed onto the particles (dilution due to salt
aging is taken to account as shown in Table 3.2. DNA quantification
is done with a NanoDrop ND 1000 Spectrophotometer, using the
ssDNA-33 setting. In this mode, the absorption at 260 nm is
measured by the spectrometer and the DNA concentration is
calculated using the standard calibration curve (Figure 3.13)
acquired at various known concentration. All NanoDrop
measurements are performed in triplicates.
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Figure 3.13. Calibration curve for capture DNAs A, B, and poly-A showing the
expected thiol DNA concentration as specified by the manufacturer and the
measured thiol DNA concentration using the Nanodrop ND 1000. All measurements
are performed in triplicates.

-11

2

The surface area of a single 50 nm diameter AuNP is 7.85x10 cm .
The total sample volume before the functionalization is 1066 µl
(AuNP solution-1000 µl and reduced thiol DNA-66 µl) and after the
functionalization 2396 µl (SDS-10 µl, PBS- 120 µl and 2M NaCl- 1200)
respectively.
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Capture
DNA

Free DNA
concentrati
on in the
supernatant
(Ct1) (ng/µl)

Free DNA
concentration in
the supernatant
after salting
(ng/µl)

DNA
concentration
after dilution
compensation
due to salting
(Ct2) (ng/µl)

Ct1 (µM)
*

Ct2 (µM)
*

Ct1-Ct2
(µM)

No. of
DNAs
/particle

Capture
DNA A
Capture
DNA B

40.22

16.79

37.74

4.616

4.330

0.286

~3800

37.82

15.81

35.54

4.620

4.340

0.280

~3700

Poly-A

30.46

12.68

28.51

4.615

4.320

0.295

~3900

*- calculated form the linear fit in the calibration curve Figure 3.13.
Table 3.2. UV-Vis absorbance value for DNA in the supernatant for capture DNA
functionalization studies for capture DNAs A, B, and Poly-A.

The capture DNA density on the surface of the 50 nm AuNP
13
calculated from the above table corresponds to 4.84x10
2
2
13
molecules/cm (80.3 pmol/cm ) for capture DNA A, 4.71x10
2
2
13
molecules/cm (78.2 pmol/cm ) for capture DNA B and 4.96x10
2
2
molecules/cm (82.3 pmol/cm ) for poly-A. For the various DNA
functionalized AuNP batches, the error in the DNA density on the
particle is around 5%. Due this low variation in the capture DNA
density it is assumed that the various capture DNA
functionalizations on the AuNP batches (including combining
various ratios of capture DNA and poly-A for capture DNA density
studies) used in this chapter are all in the same range. The capture
DNA functionalization density on the AuNPs seems to be
independent on the sequence used.
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4 GOLD NANOPARTICLES WITH TAILORED
ATTINEBILITY FOR DNA SENSING
†

†
This chapter serves the basis of a manuscript to be submitted to ACS Nano by P. Rajendran, L.
Demkó and J. Vörös.
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In Chapter 3, I have demonstrated that DNA detection using AuNPs
has a low LOD in the sub-picomolar range. In this chapter, I describe
the phenomenon behind this high sensitivity which is sometimes
misconceived as avidity due to the multivalency of DNA-AuNPs (DNAAuNP is considered multivalent due to thousands of capture DNAs on
the surface of a AuNP). Here, I introduce a novel phenomenon of
attinebility prevalent in such DNA biosensors and present the
corresponding experimental results to support this phenomenon.
First, I have optimized the time required by the assay to attain
equilibrium for various DNA target concentrations. After the assay
mixture is subjected to a heating step at 75 °C for 10 min, the signal
of the assay is measured at 25 °C at various time points. From the
time optimization results, it is shown that shortly after 2 hours the
assay reaches equilibrium, after which the signal remains stable. I
have chosen to use 4 hours at 25 °C as incubation time for all future
experiments as this time is observed to be sufficient for the assay to
reach equilibrium. Second, I have demonstrated the phenomenon of
attinebility experimentally by tuning the ratios of specific and nonspecific capture DNAs (of the same length) on the AuNPs. The effect
of the specific capture DNA density on the K value, is used as a
measure to explain attinebility. I have reported the dose response
curve of the DNA-AuNPs with 100%, 10%, and 0% specific capture
DNAs and the results show that the K value is shifted approximately
-12
-10
two orders of magnitude (from K~10 M to K~10 M) by changing
the specific capture DNAs from 100% to 10% respectively. Thus in this
chapter, I have optimized the time taken by the assay to reach
equilibrium and demonstrated the concept of attinebility
experimentally.
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4.1 ATTINEBILITY

OF

DNA

FUNCTIONALIZED

GOLD

NANOPARTICLES
Nanotechnology has brought new possibilities in the biosensing
field: the size of the receptor carrier (including nanoparticles,
nanorods and quantum dots) approaches that of the biomolecules
resulting in a high local concentration of the receptor (including
antibody, oligonucleotide and aptamer) on the carrier surface [23],
[31], [36], [78], [86]–[89]. These synthetic nano- carriers increase
the binding efficiency of the receptor to the target analyte by
severalfold in comparison to free receptors [90]. This phenomenon
is referred as avidity in the literature [88], [90]–[92]. Avidity is
different from affinity. Affinity is the strength of a single interaction
between a target analyte and a receptor whereas avidity
(functional affinity) is the accumulated strength of multiple
affinities [88]. Avidity is a characteristic feature of a multivalent
receptor, which has several target analyte recognition sites. At
times, the multivalent receptors are capable of several binding
events occurring simultaneously with multiple target analytes. This
phenomenon of avidity exists in nature e.g. the IgM antibody.
IgM possesses low affinity but high avidity due to its 10 weak
binding sites for antigen in comparison to the two stronger binding
sites of IgG, IgE and IgD with higher single binding affinities. In the
above example, IgM is multivalent as it has 10 binding sites for
antigen whereas IgG, IgE and IgD are bivalent.
In 1998, Whitesides and his co-workers, explained the
phenomenon of avidity and multivalency for biosensing
applications in detail [92]. Since the realization of the concept of
avidity, there have been numerous applications exploiting avidity in
the field of molecular chemistry [93], [94], cancer treatment [95]–
[97], immunology [98], [99], drug delivery [95], [100], [101], gene
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delivery[78] for enhanced docking between the receptor and target
analyte.
Due to the severalfold increase in targeting efficiency of
multivalent receptors when compared to free receptors[88], [90],
an optimal receptor density could be designed to increase the
binding efficiency. Extensive studies have shown the effect of
avidity on cell targeting and gene delivery using nanoparticle as a
scaffold to carry receptors specific to the target analyte on the cell
surface[95], [102].
In the beginning stages of my doctoral work, I attributed this
increase in sensitivity of DNA-AuNPs as an effect of avidity due the
multivalency of AuNPs carrying thousands of capture DNAs. In the
later phase, I realized that the phenomenon displayed by the DNAAuNPs is not due to avidity. In reality, although DNA-AuNPs are
multivalent, the DNA target concentration used in parts of my
experiments is lower than the total number of AuNPs involved in
the assay. As a result, the probability for multiple targets to be
hybridized between two AuNPs is negligible in these concentration
regimes. This realization led to the motivation to understand the
DNA-AuNP sensing system in depth and to demonstrate that the
phenomenon of high retention of the DNA targets exhibited by the
DNA-AuNPs is due to the high local concentration of capture DNAs.
In such a case, after every transient unbinding between a DNA
target and a specific capture DNA, the DNA target released is still in
proximity and the rebinding happens much faster than to a DNAAuNP where there is less specific capture DNAs on its surface (10%
or 0% specific capture DNAs on the AuNP).
Every binding event between a target analyte and a receptor has
certain on/off rate; however, when there is a high local
concentration of the receptor, the chance for re-binding after an
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unbinding event is much higher due to the proximity of the
receptor. In the sensing technique presented in this thesis, a AuNP
can be functionalized with thousands of capture DNAs making it
possible to behave as nano carrier with thousands of “receptors”
resulting in unusually high retention of DNA target. I call this
phenomenon of retention as attinebility.
In order to demonstrate experimentally that the increased
sensitivity in DNA-AuNPs is due to attinebility, AuNPs are
functionalized with various ratios of specific to non-specific capture
DNAs and its implications on the K value of the dose response curve
is studied experimentally. Although the primary goal of the
experiments presented in this chapter is to demonstrate the
attinebility concept, the results are also useful for applications:
Sub-picomolar detection sensitivity is achieved and the dynamic
range of the sensor can be tuned by adjusting the number of
specific capture DNAs on the AuNPs.

4.2 EXPERIMENTAL

PROCEDURE

FOR

ATTINEBILITY

STUDIES
Information concerning the materials used in this chapter, including
chemicals, DNA sequences, buffers and methods for thiol DNA
reduction, substrate cleaning, instrumentation and data analysis
are provided in Section 3.2. The additional DNA sequences used in
this chapter are shown in Table 4.1.
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Name

Linker
(site)

Sequence (5’-3’)

Capture DNA A’

Thiol (3’)

Capture DNA B’

Thiol (5’)

Target_2 (T’)

None

AGC ATG GTT GAT AAA AAA
AAA A
AAA AAA AAA ACA ACT CGA
TAG C
ATC AAC CAT GCT GCT ATC
GAG TTG

Table 4.1. DNA sequences used for attinebility studies. Target_2 (T’) is the target used
in control studies (see Section 4.7.1, T’ is half complementary to the capture A’ and
B’.

4.2.1 Functionalization of capture DNA to gold
nanoparticles for attinebility studies
DNA-AuNPs is obtained by functionalizing various capture DNAs
(capture DNA A/ B/ A’/ B’) to AuNPs. The procedure for the capture
DNA functionalization is shown in Section 3.2.2. In addition, I have
functionalized various ratios (75%, 50%, 25% 10% and 0%) of
specific to non-specific capture DNAs on AuNPs (capture A/A’ and
capture B/B’) for the attinebility studies.

4.2.2 Assay procedure for attinebility experiments
For attinebility experiments, 10 µl of DNA-AuNPs mixture
containing both capture DNA A and capture DNA B (for 10% and 0%
attinebility studies corresponding 10% and 0% specific capture DNA
functionalized AuNPs are used) is mixed with 10 µl of target at
various concentrations. The sample is vortexed and subjected to a
heat cycle on a BiometraT temperature-controlling device. The
temperature cycle consists of an initial heating step of 75 °C for 5
min, followed by 25 °C for 4 hours (except for Section 4.4, the assay
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mixture is subjected to various time points and Section 4.7.1 where
the assay mixture is subjected to 25 °C for 10 min (nonequilibrium)). Information concerning the following steps in the
assay is identical as explained in Section 3.2.3.

4.3 SCHEMATICS

OF THE ASSAY TO DEMONSTRATE

ATTINEBILITY
The information concerning the assay system used in this chapter is
shown in Section 3.3.1. In addition to the assay explained in
Chapter 3, I have functionalized two additional batches of AuNPs
with various ratios of specific to non- specific capture DNAs A/A’
and B/B’ at 10% and 0% respectively. Figure 4.1, shows the
schematics of 10% specific capture DNA-AuNP assay.

Figure 4.1. Schematics of the assay showing 10% specific capture DNAs on the AuNP
(not drawn to scale). The 100% specific capture DNA is shown in Figure 3.2. The 0%
where all the capture DNAs on the AuNP is capture DNA A’ and B’; (not shown in the
schematics) were also prepared for this study.
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From Figure 4.1, it can be predicted that when the specific capture
DNA density decreases, after any transient unbinding of the DNA
target there is less chance for a faster rebinding.

4.4 ASSAY TIME OPTIMIZATION
In Figure 4.2, I present the optimization study for the time required
by the assay to attain equilibrium at three different DNA target
concentrations of 0 M, 0.1 pM and 10 pM depicted in brown, green
and orange curves respectively. The connecting lines between the
data points are only used for guiding the reader. It is clearly seen
from Figure 4.2 that after 2 hours the assay signal stays stable for
any particular DNA target concentration. The time optimized here
corresponds to the incubation time at 25 °C for the DNA target and
capture DNA on the AuNPs to hybridize and reach equilibrium. The
incubation at 25 °C is preceded by 5 min heating at 75 °C for
opening up any hairpin structures formed within the DNA target or
capture DNA or any non-specific hybridization that has occurred.
All the experiments for DNA sensing assay from here on (exception
and Section 4.7.1) is performed with an incubation time of 4 hours
at 25 °C in order to measure the assay signal at equilibrium.
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Figure 4.2. Time optimization for the assay to attain equilibrium at various DNA target
concentrations of 0 M (brown), 0.1 pM (green), and 10 pM (orange) respectively. The
lines are only for guiding the reader. Error bars are calculated from duplicate
measurements.

4.5 TAILORING

ATTINEBILITY OF

DNA

FUNCTIONALIZED

GOLD NANOPARTICLES AT EQUILIBRIUM
In this section, I show the effect of the various ratios of specific (A
and B) to non-specific capture DNAs (A’ and B’) on AuNPs as a
function of DNA target (T) concentration. The K value (and the
dynamic range of the dose response of the sensor) significantly
shifts as a function of specific capture DNA density functionalized
on AuNPs. In Figure 4.3, for 100% and 10% specific capture DNA
-12
functionalizations, the K value is found to be approximately 10 M
-10
and 10 M respectively. It is shown that by tuning the specific
capture DNAs by an order of magnitude the K value shifts by two
orders of magnitude.
This effect as explained before in Section 4.1 is due to the decrease
in the rate constant for unbinding (koff) between DNA target and
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specific capture DNA. The decrease in the koff results in the
decrease of the K value from the following relationship
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝐾𝐾) = 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 /𝑘𝑘𝑜𝑜𝑜𝑜

where kon and koff are the rate constants for the binding and
unbinding between the DNA targets and the specific capture DNAs.
The unit for K is molarity.

Figure 4.3. Effect of specific capture DNA density as a function of DNA target
concentration. The red, blue and brown curve depicts 100%, 10% and 0% specific
capture DNAs on AuNPs. Error bars are calculated from duplicate measurements
except the red curve (100%) are from triplicate measurements. The red and blue
curves are the sigmoid fits to the data.

4.6 SUMMARY FOR ATTINEBILITY IN SENSING
This chapter demonstrates that the AuNPs can behave as a carrier
for multiple capture DNAs on their surface, which favours the
increase of its attinebility. As a result, several capture DNAs can
work in tandem to create a multivalent receptor, which has a high
retention capability on the DNA target. A quantitative effect on
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the K value and a systematic study of the attinebility effect for
a DNA biosensor is presented in this chapter.
A shift in the K value approximately two orders of magnitude from
-12
-10
10 M to 10 M is measured by lowering the specific capture
DNA density by ten times. The study indicates that the principle
of attinebility can be effectively employed to functionalize
other weak affinity receptors (including proteins, aptamers and
RNAs) on AuNPs resulting in a multivalent system to detect
biomolecules, which are in low concentrations.

4.7 SUPPLEMENTARY

INFORMATION FOR ATTINEBILITY

STUDIES

4.7.1 Attinebility of DNA functionalized gold
nanoparticles at non- equilibrium
An additional study on the attinebility of DNA-AuNPs at nonequilibrium condition is presented here. The entire assay for the
experiment shown from Figure 4.4 to Figure 4.6 is the same as in
Section 4.2.2 except the incubation time at 25 °C is 10 min. From
Figure 4.4, a four orders of magnitude shift in the K value is
observed by tuning the specific capture DNA density by four times.
This shows that performing such assays in the non- equilibrium
state can have certain advantages: i) the total assay time becomes
much shorter; ii) the sensor can detect DNA targets over an
extremely broad dynamic range (ten orders) as per requirement. To
demonstrate attinebility at non-equilibrium the AuNPs are
functionalized with various ratios of specific to non-specific capture
DNAs and the change in the K value is studied as shown in Figure
4.4. The red curve (100% specific capture DNAs on AuNPs) has a K
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-11

value~ 10 M and the blue curve (25% specific capture DNAs on
-7
AuNPs) has a K value~ 10 M. The brown curve (0% specific capture
DNAs on AuNPs) shows no response to DNA target (T). The Figure
4.5 shows the control experiment of the same study performed
with the same particles but with DNA targets (T’) specific to capture
DNAs A’ and B’ (Target_2 (T’) is half complementary to capture
DNA A’ and B’). The red curve (0% specific capture DNA to T) has a
-11
K value~ 10 M and blue curve (75% specific capture DNA to T) has
-6
a K value~ 10 M. The brown curve (100% specific capture DNA to T)
shows no response to DNA target (T’). Figure 4.6 shows a plot of
sensor response at non-equilibrium conditions as a function of
specific capture DNA density for DNA target T at 0M and 1 nM
concentrations by combining data from Figure 4.4 and Figure 4.5.

Figure 4.4. Effect of the ratio of specific to non- specific capture DNA densities on the
dose response curve of the sensor at non-equilibrium. Dose response curve with DNA
target (T) specific to capture DNAs A and B. Error bars are calculated from triplicate
measurements. The red, orange, green and blue curves are the sigmoid fits to the
data.
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Figure 4.5. Control Experiment- Dose response curve with DNA target_2 (T’) specific
to capture DNA A’ and B’. Error bars are calculated from triplicate measurements.
The red, orange, green and blue curves are the sigmoid fits to the data.

Figure 4.6. Sensor response at non –equilibrium conditions as a function of specific
capture DNA density for DNA target T at 0 M (pink) and 1 nM (red) concentrations.
(control curves with target T’ blue and cyan curves are also shown for 1 nM and 0 M
concentrations of DNA target T’). This figure is obtained by combining data from
Figure 4.4 and Figure 4.5. Error bars are calculated from triplicate measurements.
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4.7.2 Estimation of capture DNA density for attinebility
studies
Information concerning the UV-Vis absorbance studies for the
estimation of the capture DNA functionalization density on AuNPs
is shown in Section 3.5.1. In this section, I show the estimation of
the additional non-specific capture DNAs (A’ and B’) density on
AuNPs used for the attinebility studies. Figure 4.7 shows the
calibration curve for capture DNAs A’ and B’ obtained from the
Nanodrop measurements.

Figure 4.7. Calibration curve for capture DNA A’ and B’ showing the expected thiol
DNA concentration as specified by the manufacturer and the measured thiol DNA
concentration using the Nanodrop ND 1000. Error bars are calculated from triplicate
measurements.

From Table 4.2, the capture DNA density on the surface of a 50 nm
13
AuNP calculated from Table 4.2 corresponds to 4.58x10
2
2
13
molecules/cm (76.04 pmol/cm ) for capture DNA A’ and 4.6x10
2
2
molecules/cm (76.37 pmol/cm ) for capture DNA B’.
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Capture
DNA

Free DNA
concentrati
on in the
supernatant
(Ct1) (ng/µl)

Free DNA
concentration in
the supernatant
after salting
(ng/µl)

DNA
concentration
after dilution
compensation
due to salting
(Ct2) (ng/µl)

Ct1 (µM)
*

Ct2 (µM)
*

Ct1-Ct2
(µM)

No. of
DNAs
/particle

Capture
DNA A’
Capture
DNA B’

38.53

16.14

36.28

4.617

4.346

0.271

~3600

37.66

15.77

35.45

4.614

4.341

0.273

~3650

*- calculated form the calibration curve
Table 4.2. UV-Vis absorbance value for DNA in the supernatant for capture DNA
functionalization studies for capture DNAs A’ and B’.

For the various DNA functionalized AuNP batches, the error in the
DNA density on the particle is around 5%. Due this low variation in
the capture DNA density it is assumed that the various capture DNA
functionalizations on the AuNP batches (including combining
various ratios of capture DNA A and A’ and capture DNA B and B’
for attinebility studies) used in this chapter are all in the same
range. The capture DNA functionalization density on the AuNPs
seems to be independent on the sequence used.
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5 DNA QUANTIFICATION AND SNP
DETECTION IN CELL LYSATE USING DNA
FUNCTIONALIZED GOLD
NANOPARTICLES‡

‡

This chapter serves the basis of a manuscript to be submitted to Biosensors and Bioelectronics
by P. Rajendran, L. Demkó, C. Lormeau and J. Vörös,
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In Chapters 3 and 4, I have demonstrated DNA quantification down
to sub-picomolar concentrations with purified DNA targets. In this
chapter, I extend this study further by demonstrating the optimized
DNA assay in a real biological sample- cell lysate. First, I have
developed a strategy to lyse cells and digest proteins to avoid
significant interference of the protein and cell debris on the DNAAuNPs still letting considerable number of capture DNAs on the
AuNPs to be available for the DNA targets. The sensitivity of the
DNA sensor in the presence of cell lysate is shown to be in the
picomolar range. This increase in the limit of detection in
comparison to purified DNA assay (no cell lysate) is attributed to
the decrease in the attinebility of the DNA-AuNPs. The decrease in
attinebility of the DNA-AuNPs between absence and presence of
cell lysate is shown by the shift in K value by two orders of
-11
-9
magnitude from 10 M to 10 M respectively. The assay in
hybridization buffer (purified DNA assay) when compared to cell
lysis buffer (control) has a shift in the K value by one order of
-12
-11
magnitude (from 10 M to 10 M). This shift could be due to the
difference in the composition of the cell lysis buffer (trypsin, SDS,
0.9 M NaCl instead of 1 M NaCl as in the hybridization buffer). To
conclude, the presence of cell lysate in the assay shifts the K value
due to the decrease in the attinebility resulting from non-specific
binding of the protein digests and cell debris to the capture DNAs
on the AuNPs. Quartz Crystal Microbalance (QCM) experiments are
also shown to qualitatively validate the shift in the sensitivity that is
observed in the assays in the presence of cell lysate. Furthermore, I
have studied the specificity of the sensor for SNP detection in the
presence of cell lysate, and demonstrated that the sensor can
differentiate single mismatch in the DNA targets at 5 nM or below
which is in the concentration regime of interest.
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5.1 OLIGONUCLEOTIDE DETECTION IN CELL LYSATE
Oligonucleotide detection is important for early diagnosis of several
diseases such as cancer [48], [49], neurodegenerative diseases [50]
and diseases related to genetic variations [51]. Amongst the various
oligonucleotides (RNA/DNA) widely studied, miRNAs detection is of
great significance. miRNAs are short oligonucleotides (~18-24 bases
long) and the detection of it is challenging by existing
RNA detection methods, as long DNA receptor sequences are
required for effective binding.
Conventional oligonucleotide quantification techniques such as
microarrays [103], RT-qPCR [104] and Northern blotting [89] have
been improved constantly in the last decades in order to
specifically detect and quantify miRNAs. These methods require
purification and extraction of miRNAs from complex biological
fluids such as cell lysate to overcome non-specific binding of
proteins and other cell debris present. These cell debris
significantly interfere with the receptor molecules of the sensor
making it unavailable for the miRNA targets [105], [106]. Although
RT-qPCR remains as the gold standard till date due to its high
specificity and sensitivity for miRNA quantification [107], it still is an
indirect measurement as it involves reverse transcription of
miRNAs to cDNAs which leads to several false positives [74].
In the last decades, novel optical sensing methods have been
developed which play a major role in oligonucleotide biosensing
due to its capability to detect miRNAs directly without reverse
transcription to cDNAs [108]. These optical methods include
nanomaterials such as nanotubes [109], nanorods [20],
nanoparticles (NPs) [22], [23] and thin films [110] to study
biomolecular interactions (including protein-protein, DNA-DNA and
DNA-RNA) in a bioassay.
Among all the nanomaterials,
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nanoparticles, in particular AuNPs, are extensively used due to their
easily controllable size distribution [111], high stability [112] and
compatibility with biomaterials, such as nucleic acids and proteins
with the facile thiol chemistry [22], [23]. The thiol-modified
oligonucleotides (including DNA and RNA) covalently coupled to
AuNPs are used as nanosensors to detect target oligonucleotides
based on complementarity due to Watson–Crick base pairing [75].
The miRNA assay using DNA-AuNPs is a direct oligonucleotide
detection technique, i.e., does not require the conversion of
miRNAs into cDNAs, target amplification and is highly specific to
detect SNPs [23], [24], [78]. Although SNP detection using AuNPs
has been reported in the past [61], [113], its detection in the
presence of complex biological solution still is a challenge.
In order to meet the demands of designing an ideal sensor as
previously stated, in this chapter I present a model system where I
quantify short DNA targets (24 bases long) as an analogue to
miRNAs in the presence of cell lysate. In addition, I compare the
sensitivity, the dynamic range of the sensor, and the effect of
proteins and other cell debris on the sensor performance (K value).
The stringency of the sensor for single mismatch differentiation is
also investigated in the presence of cell lysate. The model system
shows that this assay can be applied to detect short miRNA
sequences directly in cell lysate samples without the need for
extraction of miRNAs or its reverse transcription to cDNAs. I have
demonstrated that the detection range achieved in this assay in the
presence of cell lysate is in the comparable range for miRNA
concentrations expected in single cellular level (picomolar- tens of
miRNA copies in several picolitre volumes).
The AuNP assay system used in this chapter is explained in Section
3.3.1. In the presence of DNA target spiked in together with cell
lysate, the DNA-AuNPs hybridize in a tail-to-tail orientation (< 5 nm)
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resulting in a red-shift in their scattering spectra compared to the
free DNA-AuNPs. Using this spectral shift as sensor signal, the assay
can detect down to picomolar DNA target concentrations in the
presence of cell lysate.

5.2 EXPERIMENTAL PROCEDURE FOR DNA ASSAY IN CELL
LYSATE
Information concerning the materials used in this chapter, including
chemicals, buffers and DNA sequences are provided in Section 3.2.1.
The additional materials used are Trypsin and PBS buffer pH 7.4 is
purchased from Invitrogen. 35 mm cell culture dish is purchased
from Thermo Fisher Scientific.
Protocols used for thiol DNA reduction, functionalization of DNA to
AuNPs, substrate cleaning, instrumentation and data analysis are
provided in Section 3.2.

5.2.1 Cell lysis procedure
5.2.1.1
Cell lysis buffer
Cell lysis buffer contains Trypsin- SDS (10:1). This buffer is used for
cell lysis. The final NaCl concentration in the assay mixture (assay
mixture consists of DNA-AuNPs, DNA targets, cell lysate and
glycerol buffer) is 0.9 M NaCl whereas for all the experiments
performed with hybridization buffer (purified DNA assay) has a final
concentration of 1 M NaCl. The 0.1 M difference in NaCl is due to
the addition of cell lysate, which is prepared using Trypsin and SDS.
5.2.1.2
Cell lines, cell culture media and supplements
Studies are carried out using Chinese hamster ovary (CHO) cell lines.
Cell culture medium used is: Ham’s nutrient mixture F12,
purchased from Invitrogen, the growth medium is supplemented
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with glutamine and 10% FCS both purchased from Invitrogen. The
medium also contains antibacterial and antifungal products. The
cell culturing protocol is explained in Appendix B.
5.2.1.3
Cell lysate preparation
The Chinese hamster ovary cells (CHO) are cultured to confluence
in 35 mm cell culture dishes, the culture media is removed and the
cells are washed three times with PBS at pH 7.4. The cells are then
trypsinized with 3 ml of Trypsin. Following trypsinization, the cell
lysate is prepared in the same dish by adding 300 µl of 1% SDS (in
Milli-Q water). The cell lysate is collected in eppendorf tubes and
incubated at 37 °C for 24 hours for the proteins digestion by the
trypsin present in the mixture. The final concentration of cells in
6
the cell lysate mixture is ~2.6x10 cells /ml including the
trypsinization and lysis steps. The cell number is obtained from a
petridish of CHO cells cultured in duplicate using Countess
Automated Cell Counter (Life Technologies, Basel, Switzerland).
After protein digestion, the cell lysate is ready to be used in the
assay.
5.2.1.4
Optical images of cell lysate preparation
After the cells are grown to confluence, the cell lysis is performed.
First, care is taken when designing the cell lysis method such that
the resulting cell lysate should carry no visible cell debris that can
scatter under the darkfield microscope. Such cell debris can create
a high background noise to the image altering the AuNP spectra
considerably. Second, any cell debris after the cell lysis should not
contribute to a high basal aggregation of the DNA-AuNPs due to
non-specific binding in the absence of DNA targets. With the abovementioned requirements, I have designed a simple cell lysis
method where confluent cell culture is washed with PBS three
times as shown in Figure 5.1 (left). Later trypsinization leads to
lifting up of cells from the culture dish due to the digestion of the
75

proteins responsible for cell adhesion to the petridish (Figure 5.1,
middle). The last step is the lysis step with SDS resulting in the cell
lysis (Figure 5.1, right). All these steps are performed on the cell
culture dish directly. This method of cell lysis fulfilled the
requirements of no cell debris scattering under the darkfield
microscope and no significant basal aggregation of the DNA-AuNPs
in the absence of DNA targets.

Figure 5.1. Optical images of CHO cells- confluent cell culture after three PBS washes
(left), cells detached after trypsinization (middle) and cell lysis after SDS addition
(right). Scale bar- 100 µm.

5.2.2 Assay procedure in the presence of cell lysate
For a typical sensing experiment in the presence of cell lysate, 10 µl
of DNA-AuNPs mixture containing both capture DNA A and capture
DNA B is mixed with 10 µl of the DNA targets at various
concentrations premixed with cell lysate ( 5 µl of DNA target at
various concentrations and 5 µl of cell lysate). For the control
experiment, the cell lysate is replaced with 5 µl of cell lysis buffer.
The final concentration of the cells after all the dilution due to the
lysis step, addition of AuNP suspensions, DNA targets and glycerol
buffer is one cell per few nanolitre (~1 cell/3 nl). The sample is
vortexed and subjected to a heat cycle on a BiometraT
temperature-controlling device. The temperature cycle consists of
an initial heating step of 75 °C for 5 min, followed by 25 °C for 4
hours. Information concerning the following steps in the assay is
identical as explained in Section 3.2.3.
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5.3 SCHEMATICS OF THE ASSAY IN CELL LYSATE
In the present study with cell lysate spiked in measurements, the
AuNP assay design is the same as shown in Section 3.3.1. The
various assay conditions studied are shown in Figure 5.2, the left
PDMS well shows single particles in the absence of DNA target,
middle well shows the assay in the presence of DNA target in cell
lysis buffer (control) and the right well shows the assay in the
presence of DNA target together with cell lysate. As depicted in the
schematics, I assume the presence of cell lysate blocks several
capture DNAs on the AuNPs leading to decrease in the attinebility
of the DNA-AuNPs in comparison to purified DNA assays (in
hybridization buffer or in cell lysis buffer).

Figure 5.2. Schematics of the assay (not drawn to scale). Top- showing PDMS well
array of DNA-AuNPs in various environments (left well- assay with no DNA target,
middle well- assay in the presence of DNA target in cell lysis buffer(control), right
well- assay in the presence of DNA target with cell lysate). Bottom- Legend to the
schematics
.
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5.4 DARKFIELD IMAGES FOR CELL LYSATE EXPERIMENTS
Figure 5.3 shows a typical darkfield image of AuNPs on the glass
substrate at various DNA target concentrations. Due to
polydispersity, basal aggregation during capture DNA
functionalization process and some non-specific interactions with
cell lysate, a small portion of particles are in different size
aggregates even in the absence of DNA targets as shown in Figure
5.3 (left). An intensity ratio of red over green of 0.5 is set as the
minimum basal aggregation for any DNA-AuNP batch. Any DNAAuNP batch having an intensity ratio of red over green above 0.5 is
not used for further studies. From Figure 5.3, it is also observed
that as the DNA target concentration is increased from 0 M to 0.5
nM and 0.5 µM the level of aggregation increases showing that the
assay works in the presence of cell lysate (amount of yellow pixels
increases).

Figure 5.3. Darkfield images with a typical scanning area of 150 µm x150 µm with 50
nm DNA-AuNPs on glass slide. From left to right - AuNPs with increasing DNA target
concentrations from 0 M, 0.5 nM and 0.5 µM respectively. The acquisition time is
0.015 s per line

5.5 CELL LYSATE SPIKED IN ASSAY AND SNP DETECTION
In previous works, oligonucleotide quantifications have been
demonstrated in cell lysate but several extraction and purification
steps [105], [106] are required as working with complex biological
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solutions gave rise to various non-specific interactions. Therefore,
an oligonucleotide quantification assay in real biological samples
with high sensitivity remains a challenge. Here in Figure 5.4, the
blue and the orange curve shows the results of DNA assay in the
presence of cell lysate and cell lysis buffer (control curve)
respectively. The presence of cell lysate in a DNA sensing assay
-11
-9
shifts the K value by two orders of magnitude from 10 M to 10
M in comparison to purified DNA assay in cell lysis buffer. This is a
consequence due to decreased attinebility of the DNA-AuNPs. The
decrease in attinebility is attributed to the non-specific interactions
between the capture DNAs on the AuNPs and the cell lysate. The
cell debris and protein digests present in the cell lysate can cause
these non-specific interactions. To understand this more in detail, I
present a similar experiment with QCM using a step-by-step
measurement of the assay to demonstrate the non-specific binding
in the intermediate steps of the assay which could explain the shift
of the dose response curve to higher concentrations in comparison
to the purified DNA assay (Section 5.7). Apart from the proof of
concept in the presence of cell lysate, I also investigated the ability
of the DNA-AuNPs to differentiate SNPs in cell lysate. As shown in
Figure 5.4, the sensor can differentiate a single mismatch (T1MM)
in DNA target at 5 nM and below (cyan curve). Therefore, the
sensor reported in this chapter has a LOD of few picomolars and a
dynamic range from picomolar to nanomolar in the presence of cell
lysate.
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Figure 5.4. Effect of cell lysate on assay performance as a function of DNA target
concentration (T) (blue) and single mismatched target (T1MM) (cyan). The control
curve in the cell lysis buffer is shown in orange. The assay with hybridization buffer
with DNA target (T) and single mismatched target (T1MM) are shown in red and pink
curves respectively. Error bars are calculated from duplicate measurements except
the red curve (Hybridization buffer-T) are obtained from triplicates. The red, orange
and blue curves are the sigmoid fits to the data.

5.6 SUMMARY FOR DNA ASSAYS IN CELL LYSATE
In summary, I have demonstrated a proof of concept experiment
that the DNA-AuNPs can be used for short DNA target
quantification in the presence of cell lysate. I have demonstrated a
method for cell lysis, which renders no visible cell debris under the
darkfield microscope. I have shown that the DNA-AuNP assay
achieves high sensitivity in detecting as few as hundred DNA copies
in a single cell volume (picomolar). The sensor is also highly specific
and is capable of differentiating SNPs at 5 nM and below. The
decrease in the sensitivity of the sensor in comparison to purified
DNA assays is attributed to the decrease in attinebility of the DNAAuNPs as still there are some protein digests and cell debris, which
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interfere with the capture DNAs. This decrease in the attinebility of
the DNA-AuNPs in the presence of cell lysate is seen from a shift in
the K value by two orders of magnitude (orange and blue curve in
Figure 5.4). This experiment is supported by the QCM data (Section
5.7) that shows a frequency shift of 5 Hz in the presence of cell
lysate (due to non-specific binding) when compared to no shift in
frequency in a purified DNA assay. I believe that the DNA-AuNP
assay can also be applied for short oligonucleotide detection in
other biological samples including serum and plasma provided
effective protein digestion techniques be developed.

5.7 SUPPLEMENTARY

INFORMATION FOR ASSAY IN CELL

LYSATE
In this section, I present the QCM experimental procedure and the
results, as a complementary method to support the conclusion
drawn in this chapter on non-specific binding of protein digests and
cell debris to the capture DNAs leading to lower attinebility of the
DNA-AuNP based sensor.

5.7.1 Quartz Crystal Microbalance
QCM is an analytical technique that can be used to study in-situ
biomolecular interactions taking place at surfaces. The QCM
technique has been used in the past to study DNA-DNA interaction
in the presence of AuNPs at the surface of gold crystals [114]–[116].
The advantages of QCM in sensing includes label-free detection,
high stability, fast and live response. In this section, first, I use QCM
as a complementary technique to demonstrate a part of the assay
that is previously measured using an optical method (Darkfield
Microscope). Next, the QCM data is also used to explain the
difference in the attinebility of the sensor in the presence of cell
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lysate and other biological samples such as digested serum and
plasma compared to purified DNA assay.

5.7.2 Protocols for QCM experiment
5.7.2.1
Materials used in QCM experiment
All the chemicals, DNA sequences used in this experiment are
stated in Section 3.2.1. QCM experiments are performed on a QSense E4 (data acquired using Q-Soft software v2.5.15) using goldcoated sensors (100 nm gold layer thickness, 14 mm diameter,
code QSX301). The gold-coated sensors (QCM crystals) are
purchased from Q-Sense, Vastra Frolunda, Sweden.
5.7.2.2
QCM cleaning
Gold-coated sensors are cleaned with particle free wipes soaked in
Cobas Integra cleaner (1:10 in Milli-Q) by gently wiping the surface
and then rinsed with Milli-Q water. Subsequently, the surface is
thoroughly rinsed with 2- propanol and Milli-Q water and dried
using a nitrogen stream. Immediately before starting the
experiment, the surface is oxygen plasma cleaned (1 min, 30 W)
(PDC-32G, Harrick Plasma, Ithaca, NY). The QCM cells are cleaned
before and after the experiment with Deconex cleaner (4% v/v in
Milli-Q), rinsed with Milli-Q water, and finally dried using a nitrogen
stream.
5.7.2.3
Functionalization buffer
This buffer contains 1 M NaCl and 10mM PBS and 0.01% SDS
dissolved in Milli-Q water and filtered 0.2 µm filters prior to use.
5.7.2.4
Protein digestion in serum and plasma
Equal volumes of serum (foetal bovine serum, lot number 10270)
and cell lysis buffer (contains trypsin and SDS, see Section 5.2.1.1
for composition) are incubated at 37 °C for 24 hours for the
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proteins digestion by the trypsin present in the buffer. The same
procedure is also used for protein digestion in plasma (Frozen
human citrated blood plasma- ACD (Anticoagulant Citrate Dextrose)
stabilized purchased from the Blood Bank Zurich). The digested
serum and plasma are injected in two different QCM cells to study
the effect of non-specific binding of the proteins.

5.7.3 Experimental procedure for QCM study
In this experiment, I monitor the total mass and film thickness at
the surface of the gold crystal via the change in resonant frequency
(f). In contrast to the optical techniques, here I can measure the
frequency shift due to the change in total mass coupled on the
sensor surface.
After the crystal cleaning, the crystals are subjected to oxygen
plasma treatment for 1 min. The gold sensors are then mounted
into the four cells. Care is taken to see if all the cells are completely
dry. All the QCM flow through experiments is performed at room
temperature at a flow rate of 0.8 ml/min. The four QCM chambers
are first primed with functionalization buffer until a stable baseline
is reached (Figure 5.5- Step 1). The thiol capture DNA A (5 µM in
functionalization buffer) is injected simultaneously in all chambers
(Figure 5.5- Step 2). After signal saturation, flow chambers are
rinsed with functionalization buffer to remove any unbound
capture DNA A (Figure 5.5- Step 3). Following this step, I inject the
cell lysis buffer that is used to lyse the cell (and digest proteins in
serum and plasma) to prime the sensors for a stable baseline
(Figure 5.5- Step 4). Later, various samples cell lysis buffer (controlbrown), trypsinized cell lysate (blue), trypsinized serum (green) and
trypsinized plasma (red) are injected in cells 1,2,3,4 respectively.
These digested samples are incubated for 2 hours until the
frequency is stabilized (Figure 5.5- Step 5) and is followed by rinsing
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with cell lysis buffer (Figure 5.5- Step 6). The cells are now primed
with hybridization buffer before injecting the DNA target (Figure
5.5- Step 7). Later the DNA target (1µM in hybridization buffer) is
injected and left to hybridize to the capture DNA A without flow for
6 hours (Figure 5.5- Step 8) and then rinsed with hybridization
buffer. There was no frequency shift upon rinsing (~1 Hz) showing
that majority of the DNA targets are hybridized to the available
capture DNA A. Figure 5.5 shows the complete flow through
measurement of QCM with various addition steps. The main QCM
frequency shift results from the above experiment are summarized
in the Table 5.1 below (data from one experiment). It is seen from
Figure 5.5 and Table 5.1 that cell lysate after trypsinization for 24
hours for protein digestion still carries protein fragments and cell
debris that blocks the capture DNA A making them less attineble
than in the purified DNA system. This is the reason behind the shift
in the K value of the assay in the presence of cell lysate to higher
concentrations. This can be further justified by the higher
frequency shift of 10 and 35 Hz for serum and plasma respectively,
which contains more and different proteins than the cell lysate. The
serum and plasma have a total protein content of 60-80 g/l
whereas the cell lysate has 0.16 to 5 g/l total protein (for CHO cell
line)[117].

84

Figure 5.5. Frequency shift for DNA target hybridization to capture DNA A in the
presence of various biological samples after protein digestion (cell lysate, serum and
plasma, control- cell lysis buffer).
The intermediate steps in the figure are as follows:
1- Priming with functionalization buffer
2- 5 µM of thiol capture DNA A in functionalization buffer
3- Rinsing with functionalization buffer
4- Priming with cell lysis buffer
5- Biological sample in cell lysis buffer (blue- trysinized cell lysate, greentrysinized serum, red- trysinized plasma and brown curve- cell lysis buffer
(control)
6- Rinsing with cell lysis buffer
7- Priming with Hybridization buffer
8- DNA target (1µM in Hybridization buffer)
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Steps

Cell lysis
buffer

Trypsinized
cell lysate

Trypsinized
serum

Trypsinized
plasma

Thiol DNA
functionalization
(Step 2)

~25 Hz

~25 Hz

~25 Hz

~25 Hz

Protein
Adsorption
(Step 5)

~0 Hz

~5 Hz

~10 Hz

~35 Hz

Target (1 µM)
(Step 8)

~28 Hz

~20 Hz

~20 Hz

~15 Hz

Table 5.1. Summary of frequency shift in various QCM cells.

86

6 MICROARRAYS WITH IN-BUILT
DARKFIELD CONDENSOR FOR
DIAGNOSTICS§

§

This chapter contains information that is intended to be filed as a patent and will be published
in Review of ScientificInstruments.
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This chapter presents a prototype design and fabrication of a novel
microarray consisting of several microwells with in-built darkfield
condensor with a motivation to parallelize the read-out method of
a scattering-based AuNP biosensor. The microarray design is also
aimed to significantly simplify the instrumentation needed for the
assay read-out. The array design consists of several microwells to
hold microliters of assay mixture. Each well includes all the
structural components in-built for an optical readout (excluding the
light source and the detector). The microarray prototype presented
here is obtained by micromachining and polishing a brass substrate
to have reflective sidewalls tilted at an angle of 45° and a beam
blocker on top to function as a darkfield condensor. The base of the
microwell is optically transparent to transmit the scattered light
signal to the detector. Although the results presented in this
chapter are preliminary, they nevertheless clearly indicate that
apart from differentiating buffer solution from the AuNP
suspensions, the microarray enables to read-out the DNA
quantification assay based on the increase in AuNP aggregation.
The assay when performed in these microwells has two main
advantages. First, using these microwells for assay measurements
provides the same information as the scattered spectra measured
using a darkfield microscope i.e. ratio of scattered intensity at two
wavelengths (green and red) without the need for a darkfield
microscope. Second, the assay measurements can be performed in
solutions without the need for focussing. Based on the results
shown in this chapter, I believe that these microarrays will play a
significant role in parallelizing and simplifying assay measurements
when coupled with a light source and a simple detector.
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6.1 MOTIVATION

FOR A NOVEL MICROARRAY DESIGN IN

GOLD NANOPARTICLE BASED SENSING
Since the first successful development of optical biosensors based
on the scattering property of AuNPs, DNA-AuNPs have
demonstrated to have a low LOD in the femtomolar range for
oligonucleotide biosensing [31]. However, a drawback of this
method is that in most cases they require the use of sophisticated
and complex read-out systems such as darkfield microscopes [31],
[32], [118]. To relieve the reliance on darkfield microscope, in this
chapter, I present a read-out platform with an array of microwells
with in-built darkfield condensor for scattering-based DNA sensing
using AuNPs, which would significantly speed up the data
acquisition, simplify the instrumentation and reduce costs.
As mentioned in previous chapters, I have used darkfield
microscope as the read-out system for DNA sensing using AuNPs.
Despite of the advantages of having better resolution and image
contrast, there are several inherent disadvantages of using
darkfield microscopes:
•
•

•

Darkfield microscopy requires dedicated darkfield
condensor for annular illumination.
The placement of the condensor and sample needs to be
precise to minimize aberrations both during optical and
spectral measurements.
With a darkfield microscope, samples have to be scanned
one at a time and cannot be parallelized.

Therefore, to parallelize assays, reduce costs and ease the
instrumentation handling, I have designed an innovative microarray
where each well in the array has an in-built darkfield condensor
that can be imaged using a simple bright field microscope (or even
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without a microscope). This microarray is believed to have a great
market potential in diagnostics.

6.2 SCHEMATICS OF THE MICROARRAY
The schematic of the microwell prototype is illustrated in Figure 6.1.
It shows a microwell bonded to glass slide with two different
samples inside (left microwell with purified buffer and right with
AuNP suspension). The microwell design consists of sidewalls tilted
at an angle of 45° and the surfaces of the sidewalls are made
reflective by coating with metals with high reflectance such as
silver, aluminium, etc. or for preliminary studies by mere surface
polishing of the metal substrate. The base of the microwell is
optically transparent as the microwells are bonded to a glass slide.
On the top of the microwell, a cover slip with central opaque area
(nickel, paint etc.) is used to block the incoming light rays in the
centre, such that the light is only incident on the sidewalls. In case
of no scattering objects in the microwell, as in the purified buffer
solution (Figure 6.1 (left)), ideally all incoming light rays should be
reflected back to the other side of the cover slip, and no light rays
(no signal) reaches the detector placed at the bottom of the
microwell. On the other hand, when scattering objects (e.g. AuNPs
in a suspension) are present as shown in Figure 6.1 (right), the
trajectories of light rays are altered in all directions. As a result,
some of the scattered light is transmitted through the bottom of
the microwell and reach the detector (e.g. CCD camera or a simple
colour camera). It is therefore possible to differentiate between the
presence and absence of AuNPs based on the transmitted light
intensity. To make the microarray more applicable for biosensing
read-outs, it should also be able to differentiate microwells with
single AuNPs and aggregated AuNPs, and more specifically different
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levels of AuNP aggregation (e.g. AuNPs of different scattering cross
section resulting from an assay).
In order to demonstrate one such application, I will present in
Section 6.5 the compatibility of the DNA-AuNP assay developed
during my thesis with this new microarray format.

Figure 6.1. Schematics of microwell prototype in different scenarios: (left) purified
buffer solution with no scattering objects, no light rays are detected at the bottom of
the microwell, (right) AuNP suspension in purified buffer solution scatters the light
rays, changing the incident light path, and signals can be detected at the bottom of
the microwell (not drawn to scale).

6.3 MICROARRAY FABRICATION
Information concerning the materials used in this chapter, including
chemicals, DNA sequences and assay procedure are provided in
Section 3.2. The brass and the aluminium substrates were micro
machined and polished by Mr. Stephen Wheeler at the IBT machine
workshop in ETH Zurich.
Metal substrates are preferred as the material for prototype
fabrication, due to the ease to micro-machine and polish them in
order to have reflective sidewalls. Brass and aluminium substrates
are drilled to have an array of circular holes with sidewall angle of
45 ° (Figure 6.2). Polishing is required as sidewalls are rough due to
circular rings from the drilling pins. The circular pattern microwells
are more favourable over the square patterns (obtained e.g. from
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wet etching of Si wafers) because the lack of corners eliminates
possible noise due to reflection from corners. It can be visually
distinguished from Figure 6.2 that the brass substrate has a
superior reflective property in comparison to aluminium, therefore,
the brass substrate has been used for subsequent experiments. It is
also noted that the spacing between adjacent microwells have
been optimized for the metal substrates, in order to be able to
accommodate a cover slip for each microwell without influencing
the others e.g. to avoid liquid cross contamination while aligning
the cover slips.
The thickness of the brass substrate is measured as approximately
1 mm and the drilling pin diameter is 2 mm. The sidewall angle is
around 45°. The sidewalls are polished with diamond paste (6666L)
followed by the use of metarex Watte for shining.

Figure 6.2. Metal substrates with drilled and polished circular holes: (from left to
right) brass substrate with 2.5 mm diameter holes (45° sidewalls), AlMgSi1
(Anticorodal 110) with 2.5 mm diameter holes (45° sidewalls) and AlMgSi1
(Anticorodal 110) 1 mm diameter holes (45° sidewalls).

6.4 BEAM BLOCKER
After the fabrication of the brass substrate, the next step is to
produce a beam blocker on a cover slip such that light is incident
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only on the sidewalls of the microwell by blocking any direct
incoming light in the middle. The material used to pattern the cover
slip should be highly opaque to visible light. Various metal coatings
and paints are tested as a potential material for the beam blocker.
The top view schematic of a beam blocker on cover slip with its
corresponding dimensions is shown in Figure 6.3. The diameter of
the circular beam blocker is chosen to be larger than the bottom of
the microwell but simultaneously smaller than that of the top
diameter of the microwell. The diameter range is chosen to block
any direct incident light passing through the bottom resulting from
any small alignment errors of the beam blocker and microwells.

Figure 6.3. Schematics of (a) a cover slip with patterned beam blocker in the centre
and (b) the dimensions of the beam blocker relative to openings of the microwell
(not drawn to scale).

Prior to sputtering, the coverslips were cleaned as mentioned in
Section 3.2.3.1 followed by oxygen plasma treatment (2 min, 30 W)
(PDC-32G, Harrick Plasma, Ithaca, NY). Metals, such as silver,
chromium, and nickel, have been tested. First, I tested chromium,
which is usually used as the material to block light, such as on silica
mask used for photolithography. However, the problem with
chromium is that it is quite difficult to sputter, as it takes much
effort to clean its oxidized surface before sputtering and it requires
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a very high sputtering current that could quickly heat up and
destabilize the sputtering machine when thick coatings are
required. Subsequently, I switched to nickel that turned out to
work optimum. The thickness of the nickel layer has been
optimized around 180 nm for efficient opaqueness to direct light
(inspected with naked eyes). As discussed previously for chromium,
before sputtering nickel, the metal target should be cleaned for 4
min for oxide removal and then a sputtering current of 60 mA for
18 min is set to obtain the desired thickness. A thin PDMS sheet
(110 µm) with 3 mm-punched holes is used as the mask for
sputtering nickel on cover slips.
Besides metals, black paints have also been tried. It is cheaper and
more opaque to visible lights as thicker layer can be easily applied;
however, applying paints on cover slips is done manually, which is
less uniform than nickel sputtering.

6.5 RESULTS

FROM

MICROARRAY

WITH

IN-BUILT

DARKFIELD CONDENSOR
The spectral measurements were performed using Spectra-Pro
2150 (PIXIS 400, Princeton Instruments, USA) spectrometer to
measure the transmitted light. This spectrometer is coupled to an
optical microscope (Axiovert 200, Carl Zeiss, Germany) and a colour
camera (Moticam) which is used for the imaging. The
measurements are performed using a 5X objective (NA-0.16).
Prior to measurements, the brass substrate is directly bonded to a
standard microscope glass slide by spin coating a thin layer of
PDMS (PDMS mixed with hexane in the ration of 1:1) as the
adhesive mid-layer and then cured at 80˚C for one hour. The
thickness of the PDMS adhesive layer is approximately 5 µm
(calculated from the calibration curve of the spin coater), and it is
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achieved by spin coating PDMS at 1000 rpm for 30 s followed by
5000 rpm for 60 s. By curing, the brass substrate to the PDMS
coated glass slide, substrate is tightly bonded to the glass slide. No
metal coating on surface is necessary, as polished brass is itself
reflective enough. I used nickel as the material for beam blocker.
Nickel layer of 180 nm is sputtered on a cover slip, following the
protocol stated in Section 6.4.
The brass substrate microarray turned out to work optimum as the
initial prototype design. The results obtained comparing empty
microwell, with Milli-Q water and AuNP suspensions of various
concentrations are shown in Figure 6.4.
In order to derive quantitative information from this microarray
design during the initial stages, it is essential to analyse the
scattering spectra obtained from the microwell using a
spectrometer. The intensity of the light that is transmitted through
the bottom of the microwell is collected by the detector and is
addressed as transmittance [%] shown in the y-axis of Figure 6.4.
The transmittance [%] is calculated as follows;
𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 [%] = 𝟏𝟏𝟏𝟏𝟏𝟏 ∗

(𝐌𝐌 − 𝐃𝐃) 𝐭𝐭 𝑳𝑳
∗
(𝐋𝐋 − 𝐃𝐃) 𝐭𝐭 𝑴𝑴

where M is the measured signal from the microwell, D is the dark
current (noise of the detector), L is the signal from the lamp, tL and
tM are the acquisition times for the lamp and measured signal of
various samples respectively.
The spectral profiles of both AuNP suspensions AuNPs-1x
10
10
(4.5x10 particles/ml) and AuNPs-10x (0.45x10 particles/ml) are
shown in Figure 6.4. The figure shows a distinction in their
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transmittance, which does not depend significantly on the
acquisition times, i.e. the peak intensity are identical in AuNPs-1x at
various acquisition times of 30 s, 10 s and 1 s (acquisition time for
the lamp using spectrometer was 50 ms.). However, the intensity of
transmitted light (transmittance [%]) depends on the concentration
of the AuNPs, the sample AuNPs-10x has a transmittance of 10% of
the AuNPs-1x. From Figure 6.4, it is seen that the light transmitted
to the detector, decreases with the decrease in the number of
scatter objects (i.e. AuNPs) in the optical path inside the microwell.
In Figure 6.4, the data points shown with ‘x’ are the transmitted
intensities measured with a colour camera in the blue (460 nm),
green (540 nm) and red (610 nm) wavelengths and they correlate
well with the scattering intensities measured using the
spectrometer. The acquisition time used for colour camera
measurements for various samples and lamp are 1 s and 7 ms
respectively. The colour camera transmittance [%] are scaled down
by a factor of 7. This difference in the transmittance [%] for the
measurements from the colour camera could be attributed due to
the signal of the lamp, which was measured on a different day with
a different intensity setting in the microscope than that of the
sample measurements.
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Figure 6.4. Spectral profiles of AuNP suspensions of dilution AuNPs-1x and AuNPs10x, showing a distinction in the transmittance relative to the concentration of
particles at various acquisition times. The acquisition time for the lamp spectra using
spectrometer was 50 ms. The ‘x’ are the transmitted light intensity at the blue (460
nm), green (540 nm) and red (610 nm) wavelengths from the images taken using the
colour camera with an acquisition time of 1 s for various samples. The acquisition
time for the lamp using colour camera was 7 ms. The measurements from the colour
camera (denoted by ‘x’) are scaled down by a factor of 7 in order to be depicted in
the same scale as spectral measurements.

After verifying the microwell performance on differentiating
purified buffer solution from AuNP suspensions at various
concentrations, I have also shown the microwell performance in
DNA quantification assays. For DNA assay measurements, DNAAuNPs are used as shown in Section 3.2.3.2.
The schematic of the DNA quantification assay is shown in Section
3.3.1. The quantification of DNA targets is based on the red-shift of
scattering spectra resulting from DNA-AuNP aggregation due to the
presence of the DNA targets. The assay mixtures (DNA-AuNP, DNA
target, glycerol buffer) are loaded into brass microwell, and then
covered with the cover slip with the beam blocker properly aligned.
Five different DNA target concentrations are studied in the assay: 0
M (no DNA target), 10 fM, 1 pM, 0.1 nM, and 1 µM. Figure 6.5

97

shows the normalized transmittance of each DNA target
concentration with an acquisition time of 1 min.
The normalized transmittance is calculated by normalizing the
transmittance [%] of various DNA concentrations at 400 nm
followed by the subtraction of the signal from Milli-Q.

Figure 6.5. Normalized transmittance of AuNP suspensions with five different DNA
target concentrations, a red-shift in transmittance is observed with increase in DNA
target concentration.

In Figure 6.6, the intensity ratio of red over green of the
transmittance (from Figure 6.5) is plotted as a function of DNA
target concentration depicting the dose response curve of the
assay in the microwell. The result depicts a clear trend of red-shift
of the transmittance with the increase in DNA target
concentrations. However, the dose response curve contains no
error bars, as this is the result from one measurement. From the
experimental results, it suggests that the microwell with in-built
darkfield condensor can facilitate easier measurements due to its
simple instrumentation and faster read-outs. The results also
show that the microarray platform can be used in assays that are
based on the scattering properties of AuNPs.
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Figure 6.6. Dose response curve showing the intensity ratio of red over green of
the transmittance as a function of DNA target concentrations. No error bars
shown as the data shown is from a single measurement.

6.6 SUMMARY

FOR

MICROARRAY

WITH

IN-BUILT

DARKFIELD CONDENSOR
The results that are obtained from the brass substrate microwell
have been presented and analysed in this chapter. The
performance of this microarray is promising: it is not only able to
differentiate buffer solution from AuNP suspensions, which
contains scattering objects, but also able to characterize the DNA
assay. Overall, the results demonstrate that the microarray with inbuilt darkfield condensor is promising platform to perform the DNA
quantification assay; however, more repetitions of the experiments
are needed to determine the error bars of the assay results and
thus characterize the LOD of the assay, using this special microarray.
The investigations with the microwell with in-built darkfield
condensor show the possibility to perform the DNA quantification
assay based on AuNPs, which I conventionally, measured using
darkfield microscope. The use of darkfield microscope, as
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mentioned, is instrument limited, time consuming and limits
parallel measurements. With the microwell with in-built darkfield
condensor, the duration of readout is significantly reduced from 10
min to 1 min for each sample.
Furthermore, as the microwell presented in this report is only a
prototype, it is in millimetre-scale, which is far larger than the
envisioned microwell design in the micrometre range.
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7 CONCLUSIONS AND OUTLOOK

In this last chapter, I summarize the most important findings during
my doctoral study and provide the reader with some personal
suggestions on possible future directions for this project.

7.1 ACHIEVEMENTS IN THIS STUDY
In this thesis, I have covered many aspects of a DNA sensor design.
I have optimized several critical parameters that contribute to the
sensors’ performance (Chapter 3). These optimized parameters
play an important role in the sensitivity and specificity of the sensor.
The knowledge gained by optimizing these assay parameters can be
applied in designing a biosensor for future applications such as
miRNA detection in serum and plasma samples. The main results
from Chapter 3, includes optimization of the ionic strength of the
hybridization buffer, the gap size in the DNA target with respect to
capture DNA complementarity and the capture DNA density on the
AuNPs. From the optimization studies discussed in Chapter 3, the
biosensor demonstrates high sensitivity and specificity when a
working concentration of 1 M NaCl in the hybridization buffer, no
gap insertions in the DNA target and 100% capture DNA density are
used.
The 1 M ionic strength in the hybridization buffer used throughout
this thesis is demonstrated to have the maximum sensitivity of 10
fM and specificity to SNP differentiation at 1 nM and below. This
salt concentration can also be used in future applications of
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biosensing in the presence of serum or plasma. Salt concentration
above 1 M NaCl may lead to the precipitation of proteins (salting
out) which might interfere with the capture DNA molecules leading
to reduced attinebility.
The absence of gap in the DNA target shows that this is the closest
interparticle distance that can be achieved in a tail-to-tail particle
orientation. The closer the interparticle distance the higher is the
shift in the scattering spectra resulting in a higher sensor signal for
any given DNA target concentration. I also discuss another
approach to reduce the interparticle distance resulting in a more
optically coupled AuNP pair by designing the head-to-head
orientation which is shown in Appendix A with some preliminary
experiments.
The capture density studies shows that the DNA-AuNPs has no
significant steric hindrance between 100% and 75% capture DNA
density at 1 M NaCl. This is rather surprising but might be due to
the curvature of the AuNPs when compared to the high steric
hindrance displayed by planar surfaces where the accessibility of
the DNA target can be limited. As a result, 100% capture DNA
functionalization is used throughout this thesis due to its simplicity.
In Chapter 4, I have applied all the optimized parameters to
understand qualitatively the phenomenon behind the high
sensitivity of the DNA-AuNPs in DNA sensing. In the process of
understanding this behaviour, I have coined the term attinebility
that explains the high retention capability of the capture DNAs on
AuNPs to keep the DNA target in its vicinity. This attinebility of the
DNA-AuNPs increases the probability of rebinding between a
capture DNA and a DNA target after every transient unbinding
event.
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In Chapter 4, I have also supported the phenomenon of attinebility
with experiments showing that the K value, shifts by approximately
-12
-10
two orders of magnitude from 10 M and 10 M, by changing the
capture DNA density from 100% to 10% respectively.
In Chapter 5, I have presented the work on the application of the
optimized DNA sensing assay in the presence of cell lysate. I
introduced a new method to lyse cells, which led to minimum basal
aggregation of DNA-AuNPs. The DNA assay in the presence of cell
lysate has a LOD in the picomolar range and the specificity of the
sensor to single mismatch differentiation at 5 nM concentrations
and below.
Finally, in Chapter 6, I have included the work on the design of a
novel microarray with in-built darkfield condensor with a potential
for parallelizing assay read-out using simplified instrumentation. I
have explained the prototype design and demonstrated the
compatibility of the DNA quantification assay based on the
scattering property of AuNPs. The preliminary results show that the
developed microarray has the potential to function as a platform,
which will facilitate simple optical read-out methods without
relying on darkfield microscope.
There are several future perspectives to this doctoral work, which
are described below.

7.2 FUTURE PERSPECTIVES
I present two possible directions as future perspectives to this
doctoral work. First, to apply the assay for direct miRNA detection
in serum and plasma samples. Second, to work on the possible
miniaturization of the microwell array with inbuilt darkfield
condensor by combining it with a light source and a detector to
realize a hand held microarray device for biosensing applications.
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The demonstrated assay can be applied with all the optimised
parameters to detect miRNA targets replacing the existing DNA
targets. Since RNase can easily degrade the miRNA, it is still
necessary to optimize the hybridization buffer components further
by the addition of certain chemicals to protect the miRNAs from
degradation.
From the cell lysate studies shown in this thesis it is seen that more
effective protein lysis methods must be investigated to digest
proteins in order to prevent the observed interference with the
capture DNAs. This would result in high attinebility of DNA-AuNPs
as seen in purified buffer systems making the concept a highly
sensitive DNA sensor in complex biological samples. Effective
protein digestion steps are indispensable as serum and plasma has
ten times more protein content than the cell lysate investigated in
this thesis. Therefore, before the application of the assay in serum
and plasma, effective protein digestion methods must be
developed.
Finally, the ultimate aim for this DNA biosensor based on AuNPs is
to have the microarray with in-built darkfield condensor to function
without a microscope. By replacing the microscope with a light
source and using a simple colour camera as the detector, the entire
system could be housed in one self-contained device. This selfcontained device has the potential to become the next-generation
tool to perform parallel assay read-outs at a low cost, making an
impact in the field of diagnostics.
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APPENDIX A. HEAD-TO-HEAD PARTICLE
ORIENTATION

In order to investigate the effect of the AuNPs’ distance on the
hybridization efficiency, I present a preliminary study where the
AuNPs orient in head-to-head fashion and it is compared to the tailto-tail orientation that has been reported throughout this thesis.
The K value for the head-to-head and tail-to-tail particle orientation
-13
-12
at 1 M salt concentration is 10 M and 10 M respectively
showing an order of magnitude shift in favour of the head-to-head
orientation. I have also demonstrated that the head-to-head similar
to tail-to-tail orientation can differentiate SNPs at 10 pM and below
in a purified DNA assay.

A.1 ROLE OF GOLD NANOPARTICLE ORIENTATION IN DNA
SENSING
I have extensively explained in the previous chapters the
importance of DNA-AuNPs for oligonucleotide sensing. In this
section, I focus more on AuNP orientations in DNA assays. I
investigate the effect of head-to-head orientation of the AuNPs on
DNA hybridization. In the past, it has been repeatedly reported that
head-to-head orientation imposes substantial spatial interference
to the DNA target hybridization and is thermodynamically
unfavourable [119]–[121].
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In head-to-head DNA assays, reports show that such orientations
present short interparticle distance which induces significant
electrostatic repulsion between two closely spaced AuNPs [119].
However when the ionic strength of the assay is increased, this
electrostatic repulsion is significantly reduced favouring the headto-head orientation. There is no significant study showing the effect
of salt to overcome the electrostatic repulsion between head-tohead oriented AuNPs.
It has been shown from simulations that the plasmonic coupling is
enhanced when the AuNPs are close resulting in a larger red-shift
of tens of nanometres or even a second scattering peak [14]. In
order to use this red-shifted second scattering peak for sensing, I
have designed a DNA sensing assay using DNA-AuNPs where the
particles come extremely close (head-to-head, < 2 nm apart) which
is facilitated by high ionic strength of 1 M NaCl as opposed to 0.3 M
reported in the literature [119].

A.2 EXPERIMENTAL

PROCEDURE

FOR

HEAD-TO-HEAD

ASSAYS
Information concerning the materials used in this chapter, including
chemicals, buffers and the methods used for thiol DNA reduction,
functionalization of DNA to AuNPs, substrate cleaning,
instrumentation and data analysis are provided in the Section 3.2.
The DNA sequences used in this chapter are shown in Table A.1.
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Name

Sequence (5’-3’)

Capture head A

Linker
(site)
Thiol (5’)

Capture head B

Thiol (3’)

Target (T)

None

CGC ATT CAG GAT AAA AAA
AAA A
TAC GAG TTG AGA ATC CTG
AAT GCG
TAC GCG TTG AGA ATC CTG
AAT GCG

Target
(T1MM)

1MM

None

AAA AAA AAA ATC TCA ACT
CGT A

Table A.1. DNA sequences used for head-to-head orientation studies. Targets are
same as in the previous sections. The underlined DNA base shown in red depicts the
mismatch for SNP studies

Information concerning the assay protocol is stated in Section
3.2.3.2 except that the temperature cycle in this chapter consists of
an initial heating step of 75 °C for 5 min, followed incubation at
25 °C for 4 hours.

A.3 RESULTS FOR HEAD-TO-HEAD ASSAY
A.3.1 Schematics of head-to-head assay
In this chapter, I have used the head-to-head particle orientation as
shown in Figure A.1.
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Figure A.1. Schematics of the assay showing head-to-head orientation of AuNPs (not
drawn to scale).

A.3.2 Darkfield images of head-to-head assay
The AuNPs settled on the surface of the cleaned glass slide is
imaged by darkfield microscope similar to the procedure explained
in Section 3.3.2. Figure A.2 shows a typical darkfield image of
AuNPs at various aggregation levels (yellowish pixels) on a glass
substrate. From Figure A.2, it is also seen that as the DNA target
concentration is increased from 0 M to 0.1 pM and 1 µM the level
of aggregation increases (amount of yellow pixels increases from
left to right) indicating that the assay works in head-to-head
orientation.
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Figure A.2. Darkfield images with a typical scanning area of 150 µm x150 µm with 50
nm DNA-AuNPs on a glass slide in the head-to-head orientation. From left to rightDNA-AuNPs with increased DNA target concentration of 0 M, 0.1 pM and 1 µM
respectively.

A.3.3 Effect of gold nanoparticle orientation on
sensitivity and SNP detection
In this section, I compare the sensitivity and the K value of the DNA
assay between head-to-head and tail-to-tail particle orientations.
From Figure A.3, it is clearly seen that the head-to-head orientation
has much higher signal i.e. the intensity ratio of red over green
(signal in the y-axis) is higher than the tail-to-tail at any given DNA
target concentration. This is primarily due to a larger red-shift in
the scattering spectra as the AuNPs are much closer in the head-tohead orientation than the tail-to-tail orientation. The K value for
head-to-head and tail-to-tail orientation at 1 M salt concentration
-13
-12
is 10 M and 10 M respectively. The LOD for head-to-head and
tail-to-tail orientation is 10 fM and 1 pM respectively.
When it comes to SNP detection, the head-to-head is reported to
be similar to the tail-to-tail orientation and differentiates SNP at 10
pM and below concentrations.
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Figure A.3. Effect of DNA-AuNP orientation at 1 M NaCl on DNA hybridization
efficiency with DNA target (T) and single mismatched Target (T1MM). The red curve
shows the dose response of the sensor in head-to-head and blue curve shows the
dose response of the sensor in the tail-to-tail orientation. The pink and cyan curves
show the specificity of the sensor to DNA target T1MM in the head-to-head and tailto-tail orientation respectively. Error bars are calculated from duplicate
measurements except the blue curve (tail-to-tail, T) are from triplicate
measurements. The red and blue curves are the sigmoid fits to the data.

A.4 SUMMARY FOR HEAD-TO-HEAD ASSAY
From the preliminary studies shown in this section, it is clear that
the head-to-head orientation of DNA-AuNPs is more sensitive than
the tail-to-tail. The increase in the signal for any given DNA target
concentrations can be attributed to the increase in plasmonic
coupling due to closer distance in head-to-head (< 2 nm) resulting
in larger red-shifts in the scattering spectra.
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APPENDIX B. CELL CULTURING

In this section, I provide the reader with the protocol that is used
for culturing CHO cells for the cell lysate preparation in Chapter 5.

B.1

EXPERIMENTAL PROCEDURE FOR CELL CULTURING

A 90 mm diameter petridish of fully-grown CHO cells was obtained
from Dr. Christian Frei. First, these cells are propagated as follows.
During the cell culturing procedure, I used a medium that is
specifically developed for growing CHO cells. The composition of
the cell culture medium is mentioned in Section 5.2.1.2.
Prior to splitting and feeding the cells, the medium is warmed to
37 °C in the water bath (for about 15min). Warming prevents the
cells from experiencing a temperature shock. Since the water bath
is not a sterile environment 70% ethanol is sprayed and patted dry
before placing the container into the hood.
The splitting of cells is also called passing or sub-culturing. During
this process, small amount of cells are transferred into a new
culture dish. By doing so on a regular basis, cells can be cultured for
a long time: this avoids cellular senescence and apoptosis
associated with a high cell density.

B.2

SPLITTING THE CELLS CULTURE

When the cells are confluent (having filled the whole surface of the
dish).
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•
•

•

•
•
•

•
•
•

•
•

Trypsin and cell culture medium solution is warmed in
the water bath at 37 °C.
The culture dish is taken out of the incubator and the
medium is removed by aspiration. (Note: The cells are
firmly attached to the surface of the dish, thus I only
removed the medium and a few cells that have
detached).
1 ml of trypsin is added and spread gently over the
surface of the cells. The trypsin is removed by
aspiration. This is a washing step and must not take
longer than 1 min.
Later, 1 ml of trypsin is added and this trypsin is used
to detach the cells from the surface.
The cells are placed in the incubator for about 3min.
The cells are now observed under a microscope and
are found to be detaching from the substrate. This will
manifest as the cells “ball-up”. In addition, the bottom
of the culture dish becomes transparent. If this is not
the case yet, the cells are put back into the incubator
for 2 min.
Once the cells are detached, 3 ml of fresh growth
medium (which will inactivate the trypsin) is added.
A homogenous suspension of cells is obtained by
pipetting up and down.
Add 2 times 2.7 ml of growth medium to two new 35
mm dishes. (one petridish is used for cell counting and
other for cell lysate preparation)
Add 0.3 ml of the medium/cell suspension to each 35
mm dish.
The cells are now passed (10% of cells) to new
medium and allowed to grow to confluence. The
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procedure following this step for cell
preparation is explained in Section 5.2.1.3.

lysate
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