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Abstract

Molecule detection is a workhorse in life sciences and medicine, for ex-
ample in cancer diagnosis and virus and bacterial detection. DNA analysis
can provide vital information about the state of a host organism and its
medical and health condition. A central challenge in DNA sensing lays in
obtaining the following key detection characteristics in a single device: low
limit of detection, small sample volume, high specificity, quantification, rapid
time-to-result at a low cost.

Here we investigate whether direct electrical DNA sensing in a minia-
turized detector can enable such performance. The detector consists of a
gold-coated thin porous membrane, functionalized with oligonucleotides re-
ceptors, that is sandwiched between two off-stoichiometric thiol-ene-epoxy
layers. The device works as follows. First, target DNA in the sample is
specifically recognized by padlock probe hybridization and ligation. Second,
the target-receptor circular molecules are amplified by rolling circle amplifi-
cation (RCA), generating long ssDNA concatemers (RCP). Third, the RCPs
are stretched through the membrane pores. Fourth, DNA metallization was
used to form the gold nanowires bridging both sides of membrane pores after
gold enhancement, which results in a conductive path that is measured with a
simple resistance measurement. The thesis describes the engineering techno-
logy that enables low LoD detection of ssDNA using a digital measurement
and details the development and optimization of the detector fabrication and
operation, including structural design, materials, and microfluidic operation.
We demonstrated a detector with sub-aM LoD, high specificity and simple
operation in a miniaturized and uncomplicated format.

Furthermore, the thesis studies the long-term liquid storage in nL scale
well arrays fabricated in off-stoichiometric thiol-ene (OSTE). We demon-
strated liquid storage with < 10% loss of stored PBS buffer for 33 days and
the on-demand electrically controlled liquid release.

The thesis presents the potential of a combination DNA detector with the
method of liquid storage. Combining the on-chip liquid storage and DNA
detection methods could provide a powerful alternative to conventional bio-
detectors used in molecular diagnostics, and improved performance in multi-
plexed point-of-care sensing of (ultra-low abundant) biomolecules.

Keywords: DNA detection, thiol-ene-epoxy, rolling circle amplification,
digital measurement, DNA stretching, microwell-array, gold nanowires, elec-
trical measurement, specificity, limit of detection, liquid storage, disease di-
agnosis, lab-on-a-chip, point-of-care.

Maoxiang Guo, maox@kth.se
Department of Micro and Nanosystems
School of Electrical Engineering and Computer Science
KTH Royal Institute of Technology, 100 44 Stockholm, Sweden



iv

Sammanfattning

Detektion av molekyler är en arbetshäst inom biovetenskap och medicin,
till exempel vid diagnos av cancer samt vid virus- och bakteriedetektion.
DNA-analys kan ge vital information om en värdorganisms medicinska och
hälsotillstånd. En central utmaning i DNA- detektion ligger i att få följande
viktiga detekterings egenskaper i en enda enhet: låg detektionsgräns, liten
prov volym, hög specificitet, kvantifiering, och kort tid till att resultat fås, till
en låg kostnad.

Här undersöker vi om direkt elektrisk DNA-detektion i en miniatyriserad
detektor kan möjliggöra sådan prestanda. Detektorn består av ett guldbe-
lagt, tunt, poröst membran, funktionaliserat med oligonukleotidreceptorer,
som är placerade mellan två icke-stökiometriska tiol-en-epoxi-lager. Enheten
fungerar enligt följande. I det första steget är DNA sekvensen av intresse i
provet specifikt igenkänt utav hybridiseringssond och ligering. I det andra ste-
get amplifieras receptorn av intresse genom cyklisk replikation (RCA), vilket
genererar långa ssDNA konkatenat (RCP). I det tredje steget sträcks RCPs
genom porerna i membranet. I det fjärde steget används DNA metallisering
för att forma guld nanotrådar som sammankopplar membranets båda sidor
efter en guld tillväxt, vilket skapar en ledande bana som mäts med en enkel
resistansmätning. Avhandlingen beskriver tekniken som möjliggör låg LoD-
detektering av ssDNA med hjälp av en digital mätning och detalj beskriver
utveckling och optimering av detektorfabrikation och användning, inklusive
strukturell design, material och mikrofluidisk funktion. Vi demonstrerar en
detektor med sub-aM LoD, hög specificitet och enkel användning i ett mini-
atyriserat och okomplicerat format.

Vidare studerar den här avhandlingen långsiktig förvaring av vätska i
arrayer av nL-skaliga brunnar tillverkade i icke-stökiometrisk thiol-ene (OS-
TE). Vi demonstrerar förvaring av vätska med <10% förlust av förvarad PBS
buffert under 33 dagar och on-demand elektriskt kontrollerat vätskeutsläpp.

Avhandlingen presenterar möjligheterna att kombinera en DNA-detektor
med den nämnda metoden för vätskeförvaring. En kombination av förvaring
av vätska på chip and DNA-detekteringsmetoder skulle kunna bli ett kraft-
fullt alternativ till konventionella biodetektorer som används vid molekylär
diagnostik, och ge en förbättrad prestanda vid multiplexerad point-of-care
detektering av biomolekyler av ulta-låg tillgång.

Nyckelord: DNA-detektering, tiol-ene-epoxi, cyklisk replikation, digital
mätning, DNA-sträckning, microbrunn-array, guldnanotrådar, elektrisk mät-
ning, specificitet, detektionsgräns, vätskeförvaring, sjukdomsdiagnos, lab-on-
a-chip , vårdplats.

Maoxiang Guo, maox@kth.se
Avdelningen för Mikro- och Nanosystem
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Kungliga Tekniska Högskolan, 100 44 Stockholm, Sverige
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INTRODUCTION TO THE THESIS

OVERALL OBJECTIVES

The overall objective of this thesis is to design and investigate a novel format for
the direct electrical sensing of DNA, with the aim to reach low limit of detection
(sub-aM target DNA concentrations), highly specific, digital, simple, low cost, and
rapid detection in a miniaturized format.

The work focuses on the electrical DNA detection mechanism itself, as well as
on system integration aspects of the components and the reagent storage.

The specific objectives are to investigate:

• reagent storage on biosensor chips.

• the structure of fabrication for DNA detector.

• the stretching and electrical detection of DNA.

• the limit of detection of membrane-based electrical DNA sensors.

• membrane-based electrical DNA sensors for digital bioassays and for multi-
plexed detection.

STRUCTURE OF THIS THESIS

Chapter 1 introduces biomarkers, DNA -sensing devices, DNA detection methods,
DNA stretching, and DNA amplification technologies. The use of miniaturized
devices for molecular diagnosis and key benefits of miniaturized devices for the
efficient molecular detection, are introduced briefly.

Chapter 2 illustrates the technology principles including the introduction of off-
stoichiometric thiol-ene (OSTE) and off-stoichiometric thiol-ene-epoxy (OSTE+)
polymers, DNA stretching, mass transportation, DNA amplification, and the effi-
ciency of probability for nanowire transferred from the stretched DNA molecules.

xiii



xiv INTRODUCTION TO THE THESIS

Chapter 3 describes the approach of liquid encapsulation with a simple method
to store liquid in a long time, and release by electric-potential control or electrolytic
gas generation.

Chapter 4 describes the fabrication of silicon-based 3D micro-pillar DNA sensor
by MEMS technology. The three dimensiona (3D) structure effects the efficiency
of DNA stretching between pillars. The chapter also explains the failure of DNA
stretching by using this structure.

Chapter 5 overviews the effect of the use of the microporous structure to stretch
and detect the target DNA molecules. It is divided into five aspects: 1) different
methods to stretch DNA molecules generate the different results; 2) how to use the
different buffers to affect the efficiency of DNA stretching; 3) different materials of
porous membrane that is used for DNA stretching; 4) how to improve the fabrication
of device which is used for DNA detection with low limit of detection (LoD), high
specificity, and digital measurement; 5) describing how the issues such as leakage,
evaporation, stability problems are introduction to be solved one by one.

Chapter 6 presents a future outlook for this device and concludes the thesis.



CHAPTER 1

INTRODUCTION TO DNA SENSING

In this chapter, I describe the use of different biomarkers to analyze the disease
diagnosis; the detection of DNA by exploring different structured-detector and
technologies of the platform; the method to amplify and stretch DNA molecules;
the impact of different key technologies on the use of DNA sensors. Furthermore, I
put forward the challenges that require to be solved for DNA sensing in the thesis.

1.1 OVERVIEW OF BIOMARKERS

This section introduces biomarkers and their role in clinical diagnostics, the main
types of biomarkers, and some examples of clinical conditions where DNA is a
promising biomarker.

1.1.1 BIOMARKERS AND THEIR ROLE IN CLINICAL DIAGNOSTICS

A biomarker is defined as a naturally occurring molecule, gene, or characteristic
by which a particular pathological or physiological process can be identified. In
clinical diagnosis or disease detection, biomarkers can be explored for assessing the
condition of patients, for example for diagnosing a disease, assessing the state of a
disease, the prognosis of a disease, and therapeutic guidance.

1.1.2 THE MAIN TYPES OF BIOMARKERS

Molecular biomarkers can be divided into four types: genomic, transcriptomic,
proteomic, and metabolomic.

Genomic biomarkers are defined as a measurable DNA and/or RNA character-
istic that is an indicator of normal biologic processes, pathogenic processes, and/or
response to therapeutic or other interventions [2]. Genomic biomarkers can be used

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: An example of different types of molecular biomarkers for Cholan-
giocarcinoma (CCA) based on their potential application in early diagnostics,
prognostics, and therapeutics [1].

for cancer detection based on gene mutations. For example, specific gene mutations
in somatic DNA of tumor cells can be used as biomarkers to detect and track can-
cer. DNA biomarkers include mostly mutated genes in cancer, such as the mutation
in oncogenes RAS [3], the tumor-suppressor genes CDKN2A [4], APC gene [5], and
RB1 [6].The use of the DNA biomarkers are more precise to identify the initial
reason that the diseases happen based on the genomic information, comparing to
other molecules (proteins, cells).

The transcriptome is the set of all RNA molecules such as mRNA [7], rRNA
[8], tRNA [9],and other RNA without coding in one cell or a population of cells.
It differs from the exome, the part of the genome composed of exons, in that it
includes only those RNA molecules found in a specified cell population, and usually
includes the amount or concentration of each RNA molecule in addition to the
molecular identities. A clinical evaluation made up of multi-gene molecular patterns
or “fingerprints” can use RNA-based biomarkers to detect or identify diseases such
as breast cancer [10], colorectal cancer [11], and lung disease [12].
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Proteomics is the large-scale study of proteins. Proteins can be used as biomark-
ers to detect disease based on the comparative analysis of protein expression in
normal and disease tissues, in which proteins with aberrant expression are distin-
guished. The proteomics-based approach for biomarkers can be explored in different
aspects of disease diagnosis. For example, circulating protein biomarkers can be
used to detect cardiovascular diseases (CVD) [13], and cerebrospinal fluid (CSF)
proteins can be used to detect Alzheimer’s disease (AD) with high specificity and
sensitivity [14].

Metabolomics is the scientific study of chemical processes involving metabo-
lites, i.e., small molecule intermediates and products of metabolism. Specifically,
metabolomics is the "systematic study of the unique chemical fingerprints that spe-
cific cellular processes leave behind". Control or discovery of metabolic changes pre-
dicts the disease status or the response to a medical or external intervention. For
example, metabolomic biomarkers can be used to predict the risk of iron overload
or oxidative damage for thalassemia patients [15]. Small molecular metabolites are
biomarkers for colorectal cancer (CRC) diagnosis [16]. However, the metabolomics
approach for biomarkers still retains several limitations resulting in limited imple-
mentation [17].

In this thesis, I aim to develop methods that can be used for the highly sensitive
direct electrical detection of DNA biomarker molecules, and that are potentially
suited for use at the point-of-care in a clinical setting. I study the LoD and digital
measurement of single-strand DNA molecules in a microfluidic system.

1.2 CURRENT PLATFORMS FOR DNA SENSING

Nowadays, microchip-based devices have many attractive features that can be used
for molecular diagnosis, such as decreased contamination, reduced cost of produc-
tion, increased throughput, easy operation, portability of sample or reagent prepa-
ration, system integration, and quite rapid integrated data acquisition and analysis
[18–20]. Combining microchip-based devices with nucleic acid technology analysis
has a potential for molecular diagnosis and sample detection. Especially, in inte-
grated systems, microchip-based systems permit a high throughput and a high level
of multiplexing, and a reduced consumption of both sample and reagents [21–26].
With respect to DNA biomarkers, a promising approach is to miniaturize arrays of
DNA molecules for hybridization reactions to identify targets and detect sequences
in a highly selective and sensitive manner [27].

DNA sensing devices include field-effect transistor (FET)-based devices [28],
DNA microarrays [29], and DNA chips [30]. The FET-based DNA sensors include
nanowire (NW) FET [31, 32], graphene-based FET [33], and extended-gate FET-
based sensors[34], and electrolyte-insulator semiconductor (EIS) capacitor-based
sensors [35–37]. Most FET-based DNA devices sense DNA molecules by function-
alizing the gate surface of the FET by DNA adsorption, followed by a hybridization
or enzymatic extension reaction, which approach increases the signal-to-noise ratio
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of the electrical signal. A common feature for FET-based biosensors is that they
build on a three-electrode electrochemical readout. However, the liquid sample
may induce undesired redox reactions on the reference electrode, which limits their
performance. Also, FET-based DNA device have a low LoD, typically in the range
nM to fM [28,38,39], except for NW FETs that have shown aM LoD [40].

DNA microarrays or DNA chips (also called gene chips) are used to detect
thousands or tens of thousands of target DNA molecules simultaneously by hy-
bridization to corresponding nucleic acid probes fixed on spotted arrays of several
square centimeters. The principle of detection is the hybridization process between
the DNA, cDNA, or RNA sample and the probes, resulting in a change of fluores-
cence or ion concentration during the reaction. DNA microarrays and DNA chips
enable the simultaneous high throughput detection of the multiple hybridization
reactions. The area of the array or size of the probe spots set a limit to the number
of parallel reactions.

Here I propose devices with a three-dimensional (3D) structure that contain
micropillars or micropores for the detection of target DNA. The device contain
the features of LoD from the FET-based devices and promising digital measure-
ment from microarrays but within a short-time detection of a miniaturized format.
Moreover, comparing to the flat surface in the same area, the 3D miniaturized com-
ponents increase the surface/volume ratio resulting in improving the probability of
captured molecules. Besides, the 3D structure increases the reaction rate at a sen-
sor surface by reducing the length scale of L based on the Peclet number explained
in Chapter 2 and 5. Moreover, miniaturization of the surface biofunctionalization
is needed to increase the possible degree of multiplexing.

1.3 PLATFORMS FOR DNA DETECTION

DNA detection technology can be divided into two methods: the label-based and
label-free detection. Label-based detection relies on the reaction of target molecules
and other molecules resulting in obtaining the read-out indirectly from other molecules.
Label-free detection can direct detect the target molecule without any extra reac-
tion between molecules.

Label-based detection includes detection based on fluorescence dyes [41], ra-
dioactive labels [40], certain electrophoresis-based measurements [42], electrochem-
istry with enzymatic amplification [43–45], and certain electrical measurements
[27,46,47]. The fluorescence-based methods are widespread in detection of biologi-
cal samples, because it is straightforward to observe changes in color and intensity
of fluorescence of signal in microscopy. However, instruments, such as fluorescence
microscopes, and fluorescing probes, such as intercalating dyes (Hoechst 33342,
SYBR Green, ethidium bromide, etc) are expensive. Radioactive labels enable
to detect DNA molecule very sensitively, but to perform multiplexed detection is
time-consuming.

Label-based electrochemical detection generally rely on electrochemically active
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labels that bind to the dsDNA on the surface of a measurement electrode, wherein
the labels bind either by directly intercalating between the bases of the dsDNA
double helix, or by electrostatic interaction with the phosphate group on the DNA
backbone [48]. These approaches are thus limited to detecting double-stranded
DNA molecules.

The label-free detection of DNA molecules directly detects the target DNA
molecule by microscopy (e.g. by TEM, STE, or AFM) [49–51], or molecular inter-
action with the surface (e.g. surface plasmon resonance (SPR)) [52], mass detection
(quartz crystal microbalances (QCMs) [53], cantilevers [54–56], and direct electrical
measurement [57,58].

Here, I focus on the electrical measurement of target DNA. To electrically mea-
sure DNA molecules, one either relies on the direct or indirect detection. The direct
electrical measurement is a complicated because of the low conductivity of DNA,
nanoscale distance between electrodes, and the high electrical potential needed ne-
cessitates special instrumentation. The poor signal-to-noise ration (SNR) in direct
electrical measurements is limits the sensitivity of this method [59–61]. Indirect
electrical DNA measurements increase the conductivity of DNA by metallization,
resulting in an improved SNR. The use of Au nanoparticle-tagged (AuNP) oligonu-
cleotides for sequence recognition of target DNA molecules is one option that is
explored in this thesis. The use of AuNPs not only improves the SNR in electrical
measurements, but also results in a visible nanowire structures in SEM imaging.

This thesis reports how electrical measurements allow DNA molecule detection
with the advantages of limited complexity, high efficiency, and high SNR.

Moreover, the thesis shows how the electrical measurement combined with a
3D micro-porous structure can greatly improve the sensitivity of the detection, as
explained in detail in Chapter 5.

Table 1.1 compares the most common methods for DNA molecule detection.
Table 1 shows that our method is by far the best way to detect DNA molecules
with a low limit of detection in a small volume of reagent.

1.4 CURRENT PLATFORMS FOR DNA AMPLIFICATION

1.4.1 BACKGROUND OF DNA AMPLIFICATION

DNA molecules are difficult to detect directly because of their nanoscale size (2
nm of double-strand DNA) or the limited amount of copies available. Therefore,
there typically exists a need for DNA amplification to increase copy number and
this allows for high sensitivity and easy detection. Currently, there exist many
methods to amplify DNA, such as non-isothermal amplification (e.g. polymerase
chain reaction (PCR) [69, 70], ligase chain reaction (LCR) [71]), and isothermal
amplification (e.g. strand displacement amplification (SDA) [72, 73], nucleic acid
sequence based amplification (NASBA) [74], Qβ replication [75], loop-mediated
isothermal amplification (LAMP)[76], and rolling circular amplification (RCA) [77,
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Table 1.1: Difference detection methods of target DNA vs. limit of detection

volume of
reagent
(µL)

DNA
length
(bp)

Method of de-
tection

limit of
detection

complexity cost

100 50 fluoresence
detection

17 zM? High high [62]

10 15 qRT-PCR 2 aM? High high [63]
6 - electrochemical

detection
100 aM? High high[64]

100 30 fluoresence
detection

3.7 aM? High high[65]

100 - electrochemical
detection

1.6 aM? High high[66]

- - Electrical
measurement

10 fM High high[67]

- 92 Electrical
measurement

100 fM Easy low [68]

< 50 92 Electrical
measurement

sub-aM Easy low (the-
sis)

“ ? “ represents that it is a theoretical limit of detection, rather than a measured
concentration of target DNA molecule. “ - “ represents that the paper does not
mention the value.

78]). Some of the most commonly used methods are discussed in more detail in
this subsection.

1.4.2 POLYMERASE CHAIN REACTION AMPLIFICATION

PCR is a non-isothermal technology to make many copies of a specific DNA seg-
ment. Using PCR, a single copy (or more) of a DNA sequence is exponentially
amplified to generate thousands to millions of more copies of that particular DNA
segment.

Applications of PCR include reverse transcription PCR (RT-PCR) [79], inverse
PCR [80] real-time PCR (qPCR) [81], and digital PCR (dPCR) [82]. PCR involves
the subsequent denaturation of DNA, annealing between the ssDNA template and
the primers, and extension or elongation of the primers. PCR technology relies
on the change of temperature by an instrument. However, PCR results in a high
error rate during the amplification because of the mutual interference between the
reactants and amplification products, which generates a high level of false positives
in subsequent measurements and limits the level of multiplexing. In the context of
this thesis, PCR is not capable of elongating the DNA sequences needed to form
nanowires.
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1.4.3 LOOP-MEDIATED ISOTHERMAL AMPLIFICATION

Loop mediated isothermal amplification (LAMP) is a single tube technique for the
amplification of DNA with an isothermal nucleic acid amplification technique.

LAMP uses four primer-targeted six-special sites for detecting long target genes,
i.e., sequences typically longer than 100 bps. The synthesis stage (spontaneous
synthesis), the cycle amplification stage, the elongation and the three stages of the
dumbbell-shaped template are performed via the role of different primers. However,
LAMP has relatively high requirements on the primer design, which limits their
use for biomarker detection. Moreover, the larger number of primers per target can
enhance the likelihood of primer-primer interactions for multiplexed target sets,
despite obtaining a high specific and rapid amplification compared to NASBA and
SDA [83].

1.4.4 ROLLING CIRCULAR AMPLIFICATION

RCA describes a process of unidirectional nucleic acid replication that can rapidly
synthesize multiple copies of circular molecules of DNA or RNA, such as plasmids,
the genomes of bacteriophages, and the circular RNA genome of viroids.

RCA can be performed both in target gene amplification and signal amplifica-
tion depending on the DNA polymerase phi29 and a circular padlock ligation step
[78]. DNA or RNA polymerases explore circular nucleic acids (NA) as templates
to isothermally replicate a fragment of a target molecule of interest. Comparing to
other methods of amplification, RCA is a highly specific tandem amplification for-
mat that allows a localized amplification of the target sequence [84]. RCA requires
only one circular padlock probe for ligation and hybridization with the comple-
mentary oligonucleotide. The tandem amplification and the continuous synthesis
generate a long single-stranded (ss) DNA molecule, called the rolling circular prod-
uct (RCP), with either linear or exponential amplification (C2CA) [85]. The use of
one primer tandem amplification avoids the interference from external sequences.

RCPs can be directly electrically detected because they are ssDNA and feature
a negatively charged backbone. The ssDNA nature of the RCPs also allows the
formation of metallic nanowires by hybridization with complementary DNA strands
that are coupled to metal nanoparticles [86].

Table 1.2 summarizes the advantages and disadvantages of DNA amplification
using PCR, LAMP, and RCA technologies.

In this thesis, I selected RCA technology to amplify the target ssDNA with
high specificity and low level of false positive. In this thesis, we not only show
the generation of long ssDNA-based nanowires, but also how they can be used to
obtain a low LoD, highly sensitive, specific, rapid, multiplexed, and uncomplicated
detection system.
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Table 1.2: Comparison of different assay of DNA amplification

PCR LAMP RCA
Specificity Low High High
Sensitivity Low High High
Level of false
positive

High High Low

Complexity High High Low
Cost High High Low
Length of ampli-
fied produce

Short sequence "ladder" or band-
ing pattern

Long tandem re-
peated sequence

Length of target
DNA

Short strand Long strand Short or long
strand

1.5 DNA STRETCHING

1.5.1 THE STRUCTURE OF DNA
In biology, DNA is an essential target molecule to identify the characteristics of
a species. DNA can entangle into a coil structure due to the internal free energy
connected to the sequence of specific base pairs [87] and the DNA conductivity
[88]. The DNA coil structure can hinder specific technologies, such as the detec-
tion of DNA point mutations or the fabrication of DNA-based nanoscale devices.
Stretching of DNA is therefore of general interest.

1.5.2 EXAMPLES OF DNA STRETCHING METHODS

A DNA molecule is a long, flexible, self-avoiding polymer. In a bulk solution,
the genomic DNA structure assumes a randomly coiled conformation [88]. Many
methods to stretch coiled DNA have been reported, such as molecular combing [89–
92], hydrodynamic force [93–95], shear-induced stretching [96], electrical field (e.g.
dielectrophoresis) [97–101], air-blowing[47] or magnetic forces [102,103]. Moreover,
DNA can be stretched with special tools, such as atomic force microscopes (AFM)
[104, 105], micro-needles [106, 107], and optical clamps [108]. Hirotoshi Yasaki et
al. [109] reported combining hydrodynamics with silicon micro-zigzag structures to
stretch one end of DNA between two micro-zigzag structures. Ermanno Miele et al.
[110] fabricated high aspect ratio SU8 pillars with a superhydrophobic coating to
stretch ssDNA by capillary force. Washizu et al. [111] used dielectrophoresis and
electroosmotic flow to stretch DNA molecules in microfabrication device. Stanislav
et al. [101] fabricated silicon nanotweezers (SNT) integrated with a comb-drive ac-
tuator and capacitive sensors to stretch ssDNA between the tips by dielectrophoretic
(DEP) via applying voltage. Moreover, the electrostatic force can be explored to
stretch DNA by the use of entropic constriction [112]. A simple method to stretch
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DNA is the movement of a receding meniscus [90]. Moving the meniscus by air-
blowing resulted in low reproducibility and nondirectional linear DNA nanowires
[47].

In this thesis, we employ the principle of a receding meniscus to stretch DNA in
a three-dimensional microstructure. Chapter 4 and 5 discuss in detail the results
of the DNA stretching. The method in this thesis is straightforward and uncompli-
cated to control the direction of DNA stretching and reduces the cost of fabrication
for the set-up.

1.6 KEY CHARACTERISTICS OF DNA SENSORS

An ideal biosensor should have high sensitivity, high specificity, high throughput,
low cost, low use of sample volume, low LoD, rapid time of read-out, and allow for
multiplexed target sample detection. This thesis focuses explicitly on specificity,
LoD, and different concentration multiplexing for digital measurement.

In medical tests specificity is the extent to which actual negatives are classified
as such (so false positives are few).

So, in molecular detection, the specificity is related to the ratio of the captured
molecules on the receptor, the technology of amplifying the target fragment of a
molecule, and the method of signal measurement. Each step can affect the number
of false positives after detection. Moreover, surface blocking also is a crucial issue
to be solved to improve the specificity of detection. Besides, the specific backfill
molecules also can be used to help reduce the contamination and interference with
the signal resulting in indirectly improving the specificity of the sensor.

In analytical chemistry, the detection limit, lower limit of detection, or LOD
(limit of detection), is the lowest quantity of a substance that can be distinguished
from the absence of that substance (a blank value) with a stated confidence level
(generally 99%).

The LoD is the concentration at which we can decide whether a positive sample
is present or not and whether we can distinguish the signal from the background.
For example, in cancer detection, ctDNA is an important biomarker with a low
abundance in blood. A sensor with a low LoD will here allow ctDNA detection
in a small volume of blood, which reduces the cost of the reagent purchase and
user-friendliness.

The increased throughput and reduced detection time of assays allow multiplex-
ing, which in turn further reduces the detection time and the cost and increases the
throughput of the assay.

1.7 NEEDS/CHALLENGES IN DNA SENSING

Table 1.3 provides an overview of the main benefits and drawbacks of common DNA
detection formats from the perspective of disease diagnostics. Mapping available
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Table 1.3: Overview of common DNA detection formats on different technologies

electro-
phoresis

qPCR Digital
PCR

AuNW as-
say in 2D
[47]

AuNW as-
say in 3D
(This work

Limit of
detection

+ ++ +++ ++ ++++

Specificity + ++ +++ +++ +++
Multiplex-
ing

× + + × +++

Cost ++++ ++++ ++++ + +
Miniaturi-
zation
potential

× + +++ +++ ++++

Complexity +++ +++ +++++ + +
"+" replaces the degree of aspect, "× " that it could not happen.

technologies versus key clinical needs shows that detecting DNA within a reasonable
time and cost, with ultra-low LoD, specificity and a high level of multiplexing,
remains a currently unaddressed challenge.

Our approach aims at addressing this need by combining direct electrical sensing
of RCA products in a microfluidic system fabricated by MEMS technology.

The biggest challenges to solve in this work, and reach the objectives as defined
above, are to:

• design a method to stretch the coiled-DNA molecules and reach the easy
read-out of images.

• make an optimal design for an electrical DNA sensing device to perform DNA-
based nanowire detection.

In order to prove that the device is useful, we show that it features a low LoD
and a suitable digital measurement of 0 level of false positive level of multiplexing.



1.7. NEEDS/CHALLENGES IN DNA SENSING 11

Figure 1.2: Schematic cross-section illustration for DNA-templated AuNW de-
tection through the porous membrane by direct electrical measurement. PEG,
Polyethylene glycol. AuNW, gold nanowire.





CHAPTER 2

TECHNOLOGY BACKGROUND

In this chapter, I introduce the key technologies used within this work: the bonding
of off-stoichiometric thiol-ene (OSTE) with gold, the hybrid of off-stoichiometric
thiol-ene-epoxy (OSTE+), RCA technology, DNA features in the sulotion and
stretching on the solid surface, and molecular mass transport.

2.1 BONDING OF OFF-STOICHIOMETRIC THIOL-ENE WITH
GOLD

Off-stoichiometry thiol-ene polymer (OSTE) is a polymer platform comprising off-
stoichiometry blends of thiols and allyls. After complete polymerization, typically by
UV micromolding, the polymer articles contain a well-defined number of unreacted
thiol or allyls groups both on the surface and in the bulk.

Thiol -ene chemistry has been applied in the fabrication of microfluidic devices
[113–116] and for creating 3D cell microenvironments [117]. The stoichiometry
thiol-ene thermosets provide several advantageous features for the use of the micro-
fluidic devices. For example, it can rapidly cure during UV exposure for casting
a 3D structure [118]; it has a high barrier property for the small molecules and
a good solvent resistance [119]; and excess thiol surface can be used for surface
modification and bonding by tunable surface chemistry featuring [120].

2.1.1 TUNING THE SURFACE PROPERTIES OF OFF-STOICHIOMETRY

The useful of OSTE polymer is based on the adjustment of the stoichiometric
ratio between thiol and ene monomers (Fig 2.1). During UV exposure, the thiol
monomers react with the ene monomers to form an integral structure. However, the

13
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Figure 2.1: Top: Examples of thiol and ene monomers (A:
Pentaerythritoltetrakis(3-mercaptopropionate); B: Glyoxal bis(diallyl acetal));
C: Illustration of (fltr) allyl-excess OSTE, thiol-excess OSTE, and stoichiometric
thiol-ene.

ratio of the thiol and ene monomers can be tuned such that the excess monomer is
available on the surface as a reactive group that can be used in following reactions.
For example, an excess of thiol on the surface can spontaneously bond with gold
at room temperature (RT). Equation 2.1 describes the fraction of unreacted thiol
groups (ϑthiol) left after full conversion of ene groups:

ϑthiol = nthiolfthiol

nenefene
− 1 = r − 1 (2.1)

where nthiol and nene are the moles of thiol and ene monomer, respectively,
and fthiol and fene number of functional thiol and ene groups on their respective
monomers.

We can expect that an increasing ϑthiol results in an increasing availability of
surface thiols for thiol-click reactions and in improved bonding properties of OSTE
[121–124].

2.1.2 THIOL-GOLD BONDING OF SURFACES

Thiol and gold form a very strong covalent bond at RT due to the loss of H+ from
the thiol-group. According to equation 2.1, once the value of ϑthiol is larger than 1,
unreacted thiol-groups are available on the surface. This can be exploited to bond
a full gold layer or gold particles on the surface of thiol-excess OSTE (Fig 2.2).
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Figure 2.2: Illustration of the bonding of a gold layer (left) and of gold particles
(right) to OSTE.

Figure 2.3: Illustration for a reaction of an off-stoichiometry thiol-ene-epoxy sys-
tem with a double cure process: first cure under UV exposure; second cure in the
oven.

2.1.3 HYBRIDGE OF OFF-STOICHIOMETRIC THIOL-ENE-EPOXY

In later versions epoxy monomers were added to form ternary thiol-ene-epoxy monomer
systems (OSTE+), where the epoxy in a second step reacts with the excess of thiols
creating a final polymer article that is completely inert.

The ternary thiol-ene-epoxy monomer system consists into the first ene-thiol
and the second excess thiol-epoxy reactions (Fig 2.3). The second cure is generally
explored for the dry bonding automatically because of the high bondability of epoxy
to different kinds of materials. This feature is used for the fabrication of the bio-
detecor in Chapter 5.
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Figure 2.4: Schematic diagram of RCA assay: (a)+(b)-PLP hybridization and
ligation; (c)-Target fragment amplification.

2.2 DNA AMPLIFICATION BY RCA

As mentioned in Chapter 1, RCA amplifies target DNA by the hybridization and
ligation of padlock probes followed by the amplification of the target DNA sequence
(Fig 2.4).

1. Hybridization and ligation of the padlock probes

A padlock probe is a short ssDNAmolecule containing two target-complementary
ends and one non-target complementary backbone [125]. The padlock be-
comes circularized once the two adjacent target regions hybridize with a re-
ceptor DNA. The padlock probes must close to form a circular structure to
allow the amplification process. T4 DNA ligase [126] ligates the padlock probe
at 37° by sealing the 3’-OH and 5’ -PO4 end of the padlock probes, resulting
in a phosphodiester bond. Both the hybridization and ligation steps provide
specificity to this bonding step. The latter because the ligase must match the
receptor on both sides of the ligation site.

2. Amplification of target DNA sequence

After closing the circularized padlock probes, the target can be amplified via
phi 29 polymerase under the conduction of an isotherm. The phi 29 DNA
polymerase [127] is a strong enzyme to activate the strand displacement which
achieves an efficient amplification. The rate of amplification is approximately
90 kbp per hour, i.e., a 1000-fold amplification per hour of the padlock probes
[77].

The non-target complementary backbone of the padlock probe can be used
as a labelling region, restriction sequence, for subsequent detection or further
amplification with a second RCA step [64,128]. These features allow the use of
RCA in labs-on-a-chip or point of care detecors for efficiently application such
as mRNA detection [129], bacterial detection [130], and mutation analysis
[78].
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2.3 DNA FEATURES IN THE BULK LIQUID

DNA is a negatively charged molecule in an aqueous solution due to the ionization of
the phosphate groups . A double -stand DNA (dsDNA) molecule with the number
of base-pairs (Nbp ) carries the 2Nbp negative charge. The length of stretched DNA
(Lc), also called the contour length, is defined by the product of the base pair
number (Nbp) and the distance between two adjacent bases (La = 0.34 nm): Lc =
Nbp × La.

The flexibility of DNA is determined by a parameter called the persistence
length (Lp). For a 10 mM concentration of dsDNA in a buffer solution at room
temperature (RT), Lp is approximately 50 nm (89). In contrast, a ssDNA only has
an approximately 2.2 nm Lp (45). Lc and Lp determine the spatial config uration of
a DNA molecule in solution, where a DNA molecule forms a random coil structure
in solution if Lc � Lp.

The DNAmolecules are hydrophilic due to the exposed phosphate groups. Drop-
ping a mixture of DNA molecules on a flat solid surface creates an air-liquid-solid
triple interface line. For a DNA molecule that is immobilized on the solid surface at
one end while the other end is in solution, a receding triple interface line stretches
the flexible end along the direction of movement of the line. This stretching is
caused by the hydrophilic exposed phosphate groups preferably remaining in the
liquid.

2.4 THE EFFICIENCY OF MASS TRANSPORT

The Péclet number (Pe) is a dimensionless number relevant to the study of transport
phenomena in a continuum. It is defined as the ratio of the advection transport rate
over the diffusion transport rate:

P é = adverctive transport rate

diffusive transport rate
= Lu

D
(2.2)

where L and u are the characteristic length and velocity of the system, and D
is the mass diffusion coefficient.

In a system designed for molecular transport from the bulk to a surface, for Pe
< 1, the rate of diffusive transport of molecules to the surface is larger than that of
the convective transport, and efficient analyte molecule transport to the surface is
accomplished. For Pe > 1, most molecules are washed away by advection instead.

When we want a high flow velocity u and for a given value of D, the only way
to reduce Pe is downscaling L. The value of L can be changed by different size of
structure.

Another aspect that affects the analyte molecule transport is the rate of analyte
binding to the surface. Here, we can use the Damköhler number (Da) which is a



18 CHAPTER 2. INTRODUCTION

dimensionless number that relates the chemical reaction timescale (reaction rate) to
the diffusion transport rate occurring in a system as shown in equation 2.3:

Da = reaction rate

diffusive rate
= k L

D
(2.3)

where k is the kinetic reaction rate constant.
In the situation of Da � 1, the reaction rate is much greater than the diffusion

rate. In that case, the reaction between molecules and the functionalized surface is
reached at a high level of mass transport preventing loss of molecules by transport
phenomena.

Under the condition of Da � 1, the diffusion occurs much faster than the
reaction. In that case, most of molecules are lost by diffusion.



CHAPTER 3

ON-CHIP REAGENT STORAGE

In this chapter, I summarize the use of OSTE polymer to fabricate microwell arrays
for storing liquid on-chip. We achieved the microscale encapsulation of liquid by
bonding a gold layer to a microwell array via spontaneous thiol-Au bonding at RT.
Paper II describes the storage time and controlled release of the liquid, and here I
shortly discuss the potential of this method for the use in DNA detection.

3.1 OVERALL APPROACH

Paper II reports that nanoliter volumes of liquid were encapsulated, stored and
released using the OSTE-based microwell array. We fabricated the OSTE microwell
array either directly on a glass substrate or on a glass substrate that was coated
with a gold layer. The wells were formed by photostructuring of OSTE during
UV exposure through a mask. OSTE is a solvent resistant material used widely
to make microfluidic devices, and gold is a well-known barrier material used for
liquid storage in microdevices. Moreover, the unreacted thiol functional group on
the surface of UV-cured OSTE can be used for the spontaneous covalent bonding to
gold at RT. Thus, we explored the characteristics of OSTE and gold to encapsulate
ionic solutions in the microwells by two simple approaches. We placed the processed
microwell arrays into an environment containing PBS buffer or distilled water (DI)
at RT to study the liquid storage time and the loss of liquid. Finally, we investigated
two methods to release the liquid from the well arrays: electrical etching under a low
electrical potential and electrolytic gas generation using a high electrical potential.

19
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3.2 SUMMARY AND PERSPECTIVES

In Paper II, we summarized the comparison of different liquid storage and release
methods for microfluidic systems (table 1) and highlighted the advantages of our
approach. We demonstrate that our method can encapsulate 1-300 nL liquid in
the OSTE microwell array by thiol-gold bonding. We confirm < 10% loss of stored
PBS buffer during 33 days when storing under wet conditions, and during one
week under dry conditions. Moreover, the release method based on electrolytic gas
generation constitutes, to the best of the authors’ knowledge, the fastest reported
electrochemical opening of microwells.

Storing the liquid in microwell arrays is of potential use for the detection of
DNA molecules. For example, I can envision the incorporation of liquid storage
to the DNA detection device developed here, in which mixed reagents and buffers
are pre-stored in different wells and released automatically in a controlled manner
during operation.



CHAPTER 4

MICROPILLAR-BASED ELECTRICAL
DNA SENSING

This chapter describes our initial efforts for DNA detection based on micropillar
arrays in silicon. In this approach, we envisioned performing RCA followed by air-
blow stretching in which the stretched RCPs form nanowires that bridge adjacent
micropillar rows.

4.1 OVERALL APPROACH AND STRUCTURE DESIGN

I designed a micropillar-based detector (60 x 15 mm, L×W, Fig 4.1) to optimize the
mass transport, comparing to a flat surface [47]. A detector contains three distinct
sensing areas, which reaches a multiplex detection for several different target DNA
molecules in a short time. The high surface-to-volume ratio is expected to increase
the possibility of capturing the DNA receptors on the surface. Each pillar row was
isolated by overhanging structure under the pillar connection electrodes.

4.2 DETECTOR FABRICATION AND FUNCTIONALIZATION

4.2.1 DETECTOR FABRICATION

A high aspect ratio micropillar array was realized using MEMS fabrication tech-
niques on a silicon substrate. I used two-step lithography: one to pattern the pillars;
one to pattern the pillar connection electrodes. Fig 4.2 shows the masks and Fig 4.3
the detailed fabrication procedure. The pillars and the pillar connection electrodes
were fabricated by two-step anisotropic deep reactive ion etching (DRIE). To elec-

21



22 CHAPTER 4. MICROPILLAR-BASED ELECTRICAL DNA SENSING

Figure 4.1: Schematic top view illustration of the detector. A pillar diameter size:
10 µm. A distance between two pillars: 12 µm. A width of a pillar connection
electrode: 12 µm. A distance between two pillar connection electrodes: 10 µm.

Figure 4.2: Schematic top view illustration of the masks. Red mask, pillar pat-
terns, flow channel and electrode pad. Green mask, pillar connection electrode
pattern.

trically isolate adjacent pillar connection electrodes, we performed isotropic wet HF
etching of the oxide layer between the top layer and the handle layer. The finaly
formed overhang structures/air gap prevents subsequent gold deposition contacting
the pillar connection electrodes with the bottom surface of the channel. A Ti/Au
layer was evaporated. Finally, I used a hybridization chamber (L × W × H: 22mm
× 22 mm × 0.6 mm, ports diam. 1.5 mm) with inlet and outlet holes to close the
channel. The reaction surface of detector is shown in Fig 4.4.

a) I used the method of oxidation to grow a 1 µm layer of SiO2 on the surface of
a silicon-insulator-silicon substrate.
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Figure 4.3: Fabrication and technical specification of the detector. A height of a
pillar; 45 µm, Ti/Au: 10/300 nm.

Figure 4.4: The micro-pillars based detector. Top: Schematic top view illustra-
tion of the micro-pillars based detector during the assay. Bottom: Schematic
cross-section illustration of the micro-pillars based detector during the assay.
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b) The first photolithography with 700-1.2 photoresist was used to pattern on the
oxidized SiO2 by mask 1.

c) The oxidized SiO2 layer was etched by anisotropic reactive ion etching (RIE).

d) All photoresists were removed by the acetone solution.

e) The second photolithography with AZ4620 photoresist was exposed to create
the patterns on the certain surface of silicon and the oxidized SiO2 layer by
mask 2.

f) The first etching of the DRIE was conducted to etch the silicon to form the
silicon pillar connection electrode.

g) All photoresists were removed in the acetone solution.

h) The second etching of the DRIE formed all micropillars.

i) An isotropic HF etch removed the exposed buried oxide layer and forms an
overhang structure.

j) A thin layer of SiO2 was grown by oxidation method to increase the smoothness
of all surface.

k) Ti/Au (10/300 nm) evaporation forms an electrode surface that can be readily
bio-functionalized.

4.2.2 SURFACE BIOFUNCTIONALIZATION

A solution containing thiol-oligonucleotide DNA receptors was added into the de-
tecor via the inlet and left for incubation overnight at 4 °C . During this step, the
thiol-oligonucleotides bond with the gold layer. After that, the detector was washed
using 1 × SSC buffer.

4.2.3 DETECOR OPERATION

The bioassay was identical to the one described in paper I. For the stretching step,
I removed the hybridization chamber and performed air-blowing with an air gun
along the direction of the channel.

4.3 EVALUATION OF THE DETECOR FABRICATION

In Fig 4.5 one can clearly see pillars with approximately 1: 6 of height ratio (Fig
4.5-F). The pillars have a 8 µm diameter and 45 µm height (Fig 4.5-F). The distance
between two isolated pillars was 10 µm. The pillar connection electrode is 12 µm
width and 9 µm distance between two pillar connection electrodes. The sensing
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Figure 4.5: SEM images of the micro-pillar structure. A) top view of the elec-
trode pad. B) Cross-section of the pillar connection electrode. C) Cross-section
of the overhanging structure on the SiO2. D) Top view of the flow channel. E)
Side-view of the pillar array. F) Cross-section of the micro-pillars.

areas have a 1.26×105 pillar/cm2 pillar density (Fig 4.5-E). The 20 µm wide flow
channel is shown in Fig 4.5-D. The contact pad is approximately 37 µm wide in Fig
4.5-A. Fig 4.5-C clearly shows the overhang structure under the pillar connection
electrode, which confirms that each row was isolated after gold deposition.

Pillars resulting from a mask with 5 um diameter formed a tapered shape (Fig
4.6) with a top width of approximately 4 µm, and a bottom width of 2 µm . Several
pillars collapsed during fabrication.

4.4 EVALUATION OF THE BIOSENSOR PERFORMANCE

The hydrophilic surface and big distance between the micropillars resulted in the
complete filling of liquid in the channel. I used complementary oligonucleotides
with Cy3 fluorescent groups (as described in Paper I) to label the stretched RCPs
prior to fluorescence image. Fig 4.7 shows the results of the fluorescence image.
Stretched RCPs can be observed on the bottom surface of the channel, rather than
free-hanging between isolated pillars. On the top surface of the pillars, we observed
fluorescent dots. These dots represent probably non-stretched RCPs.

Alternately, I used AuNPs of 5 nm diameter labeled with complementary oligonu-
cleotides to hybridize with the target RCPs. Fig 4.8 shows SEM images of such
structures. Irregularly ordered Au-likely dots ( < 1 µm diameter) were observed
on the bottom surface of the channel. No wire-like structures were observed.
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Figure 4.6: SEM images of the micro-pillar structure with a tapered shape. A)
Cross-section of the pillars. B) Side view of the falling pillar.

Figure 4.7: CLSM images of stretched RCPs labeled with fluorescently tagged
oligonucleotides. (A-B) Top view of the bottom surface channel. (C-D) Top view
of the pillar array. White dots: fluorescence signals.
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Figure 4.8: SEM images of stretched RCPs labeled with AuNPs tagged oligonu-
cleotides.

4.5 CONCLUSION ABOUT PILLAR-BASED DETECTORS

Using micropillar arrays we failed to stretch RCPs between the pillars. Instead,
we observed stretched RCPs on the bottom surface of the channel. We speculate a
reason in Fig 4.9. The Fig 4.9 explains why RCPs could not freely hanging between
the pillars stems, rather than stretching to the bottom channel floor. i.e. The line
moves from the channel top surface to the bottom surface, thereby stretching the
RCPs along the pillars and on the bottom surface of the channel.

For this reason we abandoned this structure and started investigating a porous
membrane-based detector, instead. Note that porous membranes and pillar arrays
are each others negatives, thus they feature the same surface geometry.
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Figure 4.9: Schematic cross-section illustration of the stretched DNA toward the
bottom surface of the channel. 1) air-blowing from one side to another side by
air gun (arrow direction). (2-4) coiled RCP was stretched down to the bottom
surface of channel following the movement of the triple interface line.



CHAPTER 5

MEMBRANE-BASED ELECTRICAL DNA
SENSING

This chapter describes membrane-based electrical DNA sensing, which is an alter-
native to the pillar-based sensing approach described in Chapter 4. This chapter
describes how I optimized the structures and methods to obtain the successful
stretching of DNA molecules through a 3D porous membrane. I further describe
how MEMS technology can be used to fabricate a microfluidic detector for stretch-
ing and electrically detecting DNA. The results from all developments described in
this chapter where used to obtain the results described in Papers I and III.

5.1 OVERALL APPROACH

I combined structured layers made from an OSTE+ with a microporous membrane
to create microfluidic systems. Using OSTE+ allows for proper adhesion between
the layers and prevents liquid leakage, which could cause cross-contamination. The
membrane is gold coated on both sides, in which the gold is used both as a surface
for biofunctionalization and as electrodes for sensor readout. I used a short ssDNA
target molecule (oligo-DNA) to functionalize the gold surface of the membrane by
thiol-Au bonding. The microporous structure can increase the number of the mass
transport of target molecules towards the functionalized surface because of Da > 1.
After that, RCA amplifies the target DNA molecules. Using a 3D porous structure
to stretch the molecules through the pores results in enhanced the efficiency of DNA
stretching. DNAmetallization is done by adding gold nanoparticles (AuNPs), which
are bonded to complementary oligos, followed by AuNP enhancement, thus forming
the metal nanowires. The nanowires form the first out-of-plane gold nanowires that
bridge the gold electrodes on both sides of the membrane. The nanowires allow for
direct electrical measurements with a high signal-to-noise ratio (SNR). Successful

29
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Figure 5.1: Schematic diagram of DNA stretching by receding meniscus. left: a
flat surface, right:a porous structure.

sensors with ultralow limit of detection were thus obtained and described in paper
III. In this chapter I will describe the road towards these results.

5.2 DNA STRETCHING AND MASS TRANSPORT ON 2D
AND 3D SURFACES

In the thesis, I used 93 bps padlock probe as the target molecule, which forms a n ×
93 bps length of RCPs after amplification. n represents the number of amplification
cycles. For both padlock probe and RCPs, the Lc � Lp results in a coiled-up DNA
structure that requires stretching to allow for easy measurement between electrode
pairs as the nanowires. I considered two stretching events, one on a flat surface and
one through a porous surface with circular holes (Fig 5.1). Equation 5.1 shows the
definition of the length of the triple interface line on a flat surface and 3D surface,
separately. The structures and dimension can affect the amount of stretched DNA
molecules.

L2D = d;L3D = ρ2πd2/r (5.1)

where d is the length of structure and ρ the porous fraction, r the radius of pore.
According to equation 5.1, the three-dimensional microstructure increases the

total triple interface line length (L3D

L2D
> 1), resulting in an improved efficiency of

DNA stretching.
In the thesis, the Péclet number and Damköhler number is written as the equa-

tion 5.2 based on chapter 2:

Pe =
R3

p·P
8· η·Lp·D

;Da = kon·Cs·Rp

D
(5.2)

where P represents the pressure drop over the membrane, η the sample viscosity,
Lp the pore length, Rp the pore radius, D the diffusion coefficient of the analyte
in the sample, kon the binding reaction rate of the analyte to the surface bound
receptors, Cs the surface concentration of the receptors.
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Here, Pe < 1 and Da >1 are always fulfilled in the thesis (described in paper
III).

5.3 DNA STRETCHING ON FLAT SILICON SURFACES

To understand the structure of AuNWs on the surface, I performed an initial ex-
periment to stretch RCPs on a flat silicon surface by air blowing. A parallel line
pattern of gold was deposited on a silicon substrate through a shadow mask. I func-
tionalized the gold surfaces and performed a capture and RCA assay as described
above. The resulting surface-bound RCPs were stretched by blowing buffer liquid
away from the surface using an air gun. After that, I decorated the RCPs with
AuNPs and performed a gold enhancement step as described above.

Fig 5.2 shows SEM images of the resulting stretched AuNWs on the gold surface.
The AuNWs had a diameter of 200-300 nm, and most of them were attached to
the gold surface. Interestingly, I observed track structures parallel to the AuNWs,
and an intermittent AuNW on the Au surface. Besides, at the edge of the gold
line, there was circular-like AuNW attached on. I hypothesize that the tracks may
result from the rolling -shift of nanowires after the blowing. The AuNWs may not
be fixated on the surface. When a high salinity buffer was added on the surface
and moved after air blowing, it causes the rolling-shift from the initial position of
the AuNWs. On the silicon surface, I did not observe the AuNWs. The AuNWs
might be not attach as well on the silicon surface than that of Au surface. That
might be the formation of the intermittent AuNW. Moreover, the broken AuNWs
were generated by the stress of AuNWs after the blowing. The formation of the
circular-like AuNWmight result from the DNA roles up again after breaking. Thus,
the metalized DNA is not fixated to the surface, i.e., indicating a potential failure
mode. However, we did not further investigate these phenomena.

5.4 OPTIMIZING THE DNA STRETCHING DIRECTIONAL-
ITY

After observing the AuNWs on the flat surface of the gold surface, this section
describes how we developed DNA stretching vertically. I tested five variants of the
assay (A-E) with different DNA stretching approaches and discuss their outcomes.
The assays are identical to the one described in paper I, but with different stretching
steps.

Four of the methods (A-D) were designed to create a controlled top-to-down
directional movement of the triple interface line to generate RCP stretching; one
method (E), with uncontrolled directionality, was used as a control (Fig 5.3-Left).

Method A used capillary forces to move the triple interface line by putting the
wet membrane on the top of a nonwoven wipe (Lightweight cellulose/polyester).
Method B used a temperature gradient to promote evaporation at the bottom of
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Figure 5.2: SEM images of the silicon top surface after DNA stretching and 55
min gold enhancement. (A) An intermittent AuNW is visible on the Au surface,
breaking on the silicon surface. (B) An AuNW rolling moved from the track
structure position. (C-D) AuNWs break and roles up on the edge of the line-Au
layer. SEM, Scanning electron microscope. AuNW, gold nanowire.

the membrane by placing the wet membrane on an ice block and, at the same time,
using a lamp to heat the top of the membrane. Method C used air blowing with an
air gun. Method D used suction by putting the wet membrane onto a quartz filter
in a vacuum pump setup (as described in paper I). Method E dries the membrane
freely suspended in air as a control experiment. All assay were performed in the 24
plastic multi-wells (Fig 5.3-Right).

After stretching, complementary oligonucleotides with Cy3 fluorescence were
pipetted into the membrane for labeling at 37 ◦C, followed by washing with a
washing buffer of 1 × TNT-0.1% SDS mixture. After that, the wet membranes
were dried by air blowing.

The processed membranes were placed on standard microscope glass slides and
covered by a 170 µm coverslip, after which I added slow-fade gold antifade reagent.
An fv1000 instrument equipped with a 60 x water immersion objective with a 1.2
numerical aperture was used for z-direction scanning using a 559 nm excitation
laser and a 567 nm emission filter compatible with the Cy3 spectra. All results are
shown in Fig. 5.4.

The RCPs were stretched most efficiently by method D. The length of stretched
molecules is up to 10 µm for method D ( paper I). Method C resulted in RCPs of
an approximate length of 6 µm. Methods A, B, and the control E resulted in poor
stretching.
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Figure 5.3: Left - DNA stretching approaches: (A)placing a processed membrane
on a nonwoven wipe to be dry. (B) putting a processed membrane on the ice
block and heat it from the top to become dry. (C) placing a processed mem-
brane in the filter tool and dries by air-blowing with an air gun. (D) putting a
processed membrane into the quartz filter and drying by a vacuum pump. (E)
negative control assay with an uncontrolled directionality method at room tem-
perature (RT).Right - a 24 plastic multi-wells (120 x 80 mm, 20 mm diameter for
each well).

5.5 OPTIMIZING THE DNA STRETCHING BUFFERS

This section describes how I choose the buffer for optimal DNA stretching by the
use of the method D above. I tested four different solutions during stretching, while
using an assay identical to the one described in Paper I, but 60 min amplification.
The solutions tested were: A with 0.1% dimethyl sulfoxide (DMSO), B with 2 nM
Ethylene Diamine Tetraacetic Acid (EDTA), C with 70% Ethanol, and D with 0.1 ×
TNT-0.1% SDS (Standard buffer). In a first set of experiments, the stretched RCPs
were fluorescently labeled, and the stretching results were assessed from confocal
images obtained in a method similar as the one described in the previous section. In
a second set of experiments, I compared SEM images and the electrical conductance
across membranes after assays using solution A and D for stretching.

5.5.1 CONFOCAL MICROSCOPY RESULTS AND DISCUSSION

The results of confocal images are shown in Fig 5.5. The solution A resulted in
the most efficient DNA stretching with approximately 15 µm length, the rest of
solution obtains around 8 µm, 10 µm, and 8 µm (B-D) length of stretched RCPs,
respectively.

I speculate that DMSO results in the most efficient stretching of RCPs due to
DMSO is a highly polar molecule with a nonuniform charge (Fig 5.6-Left). DNA and
DMSO are both polar molecules and therefore interact via electrostatic interactions.
Thus, when the triple interface line of DMSO-based solution is moved, the side of
the coiled-DNA molecule in solution prefers to keep in the DMSO solution as it
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Figure 5.4: CLSM images of stretched RCPs labeled with fluorescently tagged
oligonucleotides. A cross-sectional view of 3D confocal images of the membrane
after assay with RCP stretching, that is, with forced convection through the
membrane by drying (A-C), and without forced convection by drying (E). CLSM,
confocal laser scanning microscopy; RCP, rolling circle product; 3D, three dimen-
sional.
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Figure 5.5: CLSM images of stretched RCPs labeled with fluorescently tagged
oligonucleotides. A cross-sectional view of 3D confocal images of the membranes
after assay with RCP stretching by solutions (A-D).
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Figure 5.6: Chemical structure of a sulfur group (Left-DMSO), and a negatively
charged groups (Right-EDTA), DMSO, Dimethyl sulfoxide. EDTA, Ethylenedi-
aminetetraacetic acid.

is stretched by the triple interface line. Moreover, according to the description of
diffusion time (d2 = D× τ ,τ represents the diffusion time of the sample, d is the
length of the diffusion), the tightly coiled-RCPs could extend to certain size in the
DMSO solution under a short time. The extent RCPs is such easy to be stretched
during the stretching step, comparing with the tightly coiled-RCPs.

EDTA has a strongly charged arm with four strongly negatively charged groups,
as shown in Fig 5.6-Right. These negative groups capture cations from the solution.
Because DNA self-interaction increases with the cation concentration, the EDTA
depleting cations is expected to reduce DNA self-interaction and enhance stretching.
However, I found that the influence of EDTA on DNA stretching is lower than that
of DMSO. The mechanism of ethanol on DNA stretching is similar to that of DMSO;
however, ethanol is less polar than DMSO. The lower polarity is reflected in poorer
stretching results. Washing buffer D includes both anions and cations, and we can,
therefore, expect a weak influence on stretching.

5.5.2 SEM MEASUREMENT RESULTS AND DISCUSSION

I prepared test detectors shown in Fig 5.7, consisting of 24 mm diameter membranes
with 2 µm pore diameter. I deposited one cross gold electrode on each side, such
that the electrodes on opposing sides of the membrane are orthogonal. All assays are
identical to the one described in Paper I, except for the stretching buffer solution,
which was either solution A or solution D. I performed assays with padlock probe
(PLP) concentrations of 10 nM, 1 nM, 100 fM, 1 fM, and 0 M.

SEM results are shown in Fig 5.8 and 5.9. For both stretching solutions, the
higher the concentration of target molecules, the higher the AuNW density on the
surface. The full AuNWs were easily observed with the SEM-A (Fig 5.8). Moreover,
some roughness were observed on the surface of membrane. That phenomenon
would happen with incomplete washing step or from the attached AuNPs on the
surface. I also observed that there was a crack on the surface which probably is
caused from the stress of membrane or manual operation during the assay. In
SEM-F (Fig 5.9), a gold bump was observed on the gold surface. That might
be the formation of non-stretched RCPs before gold enhancement, or the recoil
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Figure 5.7: Left-Schematic diagram of a detector. Right-image of a detector with
24 mm diameter.

Figure 5.8: SEM images of the membrane top surface after DNA stretching by
DMSO solution (solution A) and 55 min gold enhancement. A,10 nM PLP. B, 1
nM PLP. C, 100 fM PLP. D, 1 fM PLP. E, 0 M PLP. The full AuNWs are easy to
observe on the membrane surface of high PLP concentration (A). PLP, padlock
probe.

of stretched DNA after adding a high salt content buffer during the washing step.
There were no full AuNWs or gold bumps on the surface of the negative groups with
0 M concentration (Fig 5.8-E and Fig 5.9-J). From all SEM images, the density of
AuNWs was higher when using solution A for stretching than that of solution D,
in line with the results of the confocal microscopy study.

I defined the assay efficiency as the ratio of AuNWs surface density to the PLP
surface density, the latter defined as the amount of PLP molecules divided by the
surface area of the membrane (Fig 5.10). Fig 5.10 shows that the assay efficiency
decreases with the PLP concentration for both stretching solutions. However, both
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Figure 5.9: SEM images of the membrane top surface after DNA stretching by
standard buffer (solution D) and 55 min gold enhancement. F, 10 nM PLP. G, 1
nM PLP. H, 100 fM PLP. I, 1 fM PLP. J, 0 M PLP.

assay have a quit similar result, but when using solution A the sensitivity of detec-
tion is slightly higher than that of solution D.

The different assay efficiency may be caused from many different reasons, based
on the mass transport: under the condition of Pe <1, the low Pe reduces the mass
transport toward the surface of membrane; under the condition of Da > 1, the high
value of Da reaches the high reaction rate with the DNA receptors on the surface
of membrane, which results in a high mass transport phenomenon. Furthermore,
the low length of triple interface line would decrease the amount of stretched RCPs
due to the size of pore, as well as less pore density. The low pressure of the vacuum
pump (20 kPa) also might decrease the efficiency of stretching RCPs to the bottom
of membrane, which results in that the DNA recoiled up after adding a high salt
content buffer. The higher assay efficiency when using DMSO solution stretching
is due to the polar feature of DMSO compared to the use of standard buffer, which
is in the line with the confocal images.

5.5.3 ELECTRICAL MEASUREMENT RESULTS AND DISCUSSION

I performed electrical measurements on the same detectors used for the SEM study.
I used a four-point probes method (4200-SCS instrument, Semiconductor Charac-
terisation System) to detect the enhanced AuNWs after 40 min enhancement, as
described in detail in Paper I.

Fig 5.11 shows the measured resistance after six times repeated assays with
solution A and solution D stretching for different PLP concentrations. In the Fig
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Figure 5.10: Left: measured areal density of full AuNWs on the membrane sur-
face for different PLP concentrations. Right: a ratio of the measured areal den-
sity of full AuNWs on the membrane surface the added PLP density on the
reaction area. Black square, RCPs are stretched by solution A. Red circle, RCPs
are stretched by solution D. Each point represents an individual measurement of
the surface area density on randomly chosen SEM images of the membrane.

5.11, I observed that the high concentration of PLP would easily obtain electrical
read-out for both solutions. However, when using solution A for stretching the
variation between the resistance values is lower than that after using solution D. For
all negative control (0 M PLP concentration) there was a non-electrical conductive
signal. In the positive controls, I also observed that the false negative rate for
solution A for stretching is much lower than that of solution D. The comparasion
of electrical measurement correspondingly demonstrates the analysis by using the
results of confocal microscopy.

The probable reasons for some of failed positive controls might be caused from
the natural factor such as humidity, temperature, or manual operation during the
assay.

5.6 OPTIMIZATION OF DETECTOR STRUCTURE AND FAB-
RICATION

After confirming the use of the DMSO buffer to stretch DNA, in this section I
describe the optimization process performed to obtain the microfluidic design of the
detector described in Paper III. I will explain how this optimization took place from
a historical perspective. All detector versions were fabricated in OSTE+ with the
porous membranes containing polycarbonate and alumina membranes, separately.
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Figure 5.11: Measured resistance between top and bottom electrode vs. gold
enhancement time for the different concentration of PLP sample. Each concen-
tration of PLP sample is performed six times repeated assays by the use of the
solution A (Left) and solution D (Right) during stretching step separately. 1 E12
Ω is a max. limit of detection for the electrical resistance measurement based on
the set-up, i.e., open circuit.

5.6.1 96 WELL-PLATE DETECTORS

In the first design, my approach was to integrate polycarbonate porous (PC) mem-
branes in the bottom of wells in a 96 well plate layout. I used commercial 96 well
plates (122 × 80 mm, L ×W) as a mold for the fabrication of the detector shown in
Fig 5.12. First, I made the negative of a 96-well plate structure by casting PDMS.
After that, I placed the PDMS in an aluminum foil frame and used this as a mold
for OSTE+ molding. The mixture of OSTE+ was cast into the PDMS mold, fol-
lowed by a 120 s UV exposure. However, the heat of the UV curing spontaneously
triggered the second thermal cure of the OSTE+, which resulted in that the struc-
ture did not have unreacted groups on its surface for bonding to the membranes.
Attempts to create thinner OSTE+ structures, i.e., from which curing heat can be
removed more easily, resulted in detectors that were too fragile to demold.

5.6.2 4X4 ARRAY DETECTOR USING A 3D PRINTED MOLD

In a next design I sandwiched two PC membranes between two flat OSTE+ layers
that contained two 4 x 4 arrays of 8 mm diameter wells for sample addition (Fig
5.13). This design is solving the issue of OSTE+ - cured automatically during UV
exposure. The detector had a 7.5 cm width and 11 cm length.

I used a 3D printer to print a structure with the final dimensions of the OSTE
layers. After that, I made a negative of this structure by PDMS casting. Finally,
I casted OSTE+ in the PDMS and performed 120 s UV curing, thus creating the
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Figure 5.12: Fabrication of a 96 well-detector by OSTE+ layer.

Figure 5.13: Fabrication of 4x4 array entire detector by 3D printed mold. (A-B),
the manufacture of a negative PDMS mold after heating in the oven. D) using
UV exposure to form the OSTE+ layer. E) bonding step to form a sandwiched
structure (OSTE+ layer-membrane-OSTE+ layer) in the oven at 60 °C. F) the
top and bottom gold layer evaporation through two shadow masks separately on
a detector. G-G′) Top view of the top surface and bottom surface of detector,
separately. OSTE+, off-stoichiometric thiol-ene-epoxy.



42 CHAPTER 5. MEMBRANE-BASED ELECTRICAL DNA SENSING

Figure 5.14: Custom 3D printed vacuum chuck to provide fluid actuation through
the detector membranes. Chuck without detector (left) and with detector on top
(right).

top and bottom layer of the detector. I placed two PC membranes (40 × 40 mm,
L ×W), side by side, between two OSTE+ layers and performed bonding at 60 °C
overnight. After that, a Ti/Au layer was deposited on both sides of the detector
through different shadow masks. Each reaction well on the top side of the detector
was non-conducting, while the bottom side consist of an entire electrode. The
deposition was done under a 45° angle to avoid a conductive connection through
the membrane pores.

I performed the assay described in Paper I, with 40 min gold enhancement and
a vacuum pump for the washing and stretching steps (seeing set-up of Fig 5.14). I
used 100 fM sample, 10 nM as a positive control, 0 M as well as an assay without
gold enhancement as negative controls.

I used a home-made measurement set up to detect the AuNWs (Fig 5.15). The
set up includes one voltage source and two multimeters. The voltage source was
used to generate a voltage between 0 and 100 mV with 20 mV step increase, one of
the multimeters was used to detect the current, and another one was used to verify
the voltage applied. I used a holder to hold the detector as perpendicularly and
placed the two detector cable probes on each side of the membrane to measure the
resistance across the membrane.

The electrical measurement results are shown in Fig 5.16.
The positive control (10 nM) resulted in a 42 Ω resistance. When the voltage

was increased to 200 mV, the current reduced rapidly to 0 A (Fig 5.16-A-1), proba-
bly because the AuNWs burned. The 100 fM sample resulted in a 644 Ω resistance.
The negative control without gold enhancement resulted in an open circuit (mea-
surements not shown). To our surprise, the negative control with 0 M resulted in
a 151 Ω resistance. We attributed this failure to sample leakage between the wells.

To verify such leakage, I pipetted 50 µl dye into each reaction well. Indeed, the
leakage was observed (Fig 5.17). The leakage is likely due to the surface roughness
of the 3D printed mold, which is transferred to the OSTE+ layers during fabrication
and which constitutes a leakage path between the OSTE+ layers and the porous
membranes.
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Figure 5.15: A home-made measurement setup (Left), containing two multime-
ters, one voltage source and a detector holder. Righ: the measured circuit.

5.6.3 INVESTIGATING LEAKAGE BETWEEN DETECTOR LAYERS

In the next fabrication test, I tried to make OSTE+ - membrane - OSTE+ sandwich
structures by exploiting that OSTE+ can be photostructured [119]. The aim is to
fabricate the 3D structure of OSTE+ detector and solve the issue of the leakage
above. The 3D structure fabrication is shown in Fig 5.18. I poured a thin layer of
OSTE+ in a PDMS well. Then, I placed a PC membrane on the top surface of the
still liquid OSTE+. After that, I added more OSTE+ on top of the membrane. I
UV-exposed this structure under a mask to define well structures. The development
was conducted by rinsing with acetone. The resulting structure is shown in Fig
5.18-F.

I tested the bonding between the membrane and OSTE+ layer by adding dye
liquid into each well. After 1 h, I could not observe any cross-contamination of dye
liquid (Fig 5.19). We also successfully tested liquid transport through the pores
using vacuum suction at the bottom of the structure.

However, upon close inspection, I noted that the surface of the membrane con-
tained a lot of residues. This is most likely OSTE+ contamination, which was
difficult to wash away. This made me realize that OSTE+ residues probably re-
main in many of the pores of the membrane. For this reason, I abandoned this
approach despite having solved the leakage issue.

5.6.4 OPTIMIZATION OF MATRIX DETECTOR BY ALUMINUM MOLD

In the next test, I tried to make OSTE+ - membrane - OSTE+ sandwich structures
in which aluminum molds were used to generate OSTE+ layers with low surface
roughness, which is one of optimization for the issue of leakage comparing to the use
of 3D printed mold and OSTE+ patterned method. This approach also multiplexes
the number of wells per membrane, resulting in a 3 x 3 array of wells per membrane.
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Figure 5.16: I-V curve of the measured AuNWs for different PLP concentrations
after 40 min gold enhancement. A) 10 nM PLP sample, A-1) The max. applied
voltage to measure the current of the circuit through the AuNWs, i.e. burning
voltage of AuNWs. B) 100 fM PLP sample. C) 0 M PLP sample (negative con-
trol). Lines are supplied for eye guidance only.

Figure 5.17: Image of the leakage issue on the detector. Red color, dye liquid.



5.6. OPTIMIZATION OF DETECTOR STRUCTURE AND FABRICATION 45

Figure 5.18: Fabrication of the detector by OSTE+ patterned with OSTE+ -
membrane - OSTE+ sandwich structure.

Figure 5.19: Test of the leakage issue by the addition of the dye liquid after 1 h
at RT. RT, room temperature.

I used the OSTE+RIM process to fabricate the top and bottom OSTE+ layers
of the detector [119] (Fig 5.20). The prepared OSTE+ mix was injected into the
aluminum mold, UV exposed, and thereafter manually demolded.

I placed PC membranes between the two OSTE+ layers, pressed the stack by
hand, and placed it in an oven at 90 °C for 1 h. The detector contains three
membranes, each 13 mm in diameter. I deposited a Ti/Au layer through a shadow
mask on both sides of the stack under 45° evaporation angle. The mask defines
separate electrical contacts for each well (Fig 5.20-E). The gap between the top
surface of the membrane and the side of the OSTE+ well did not connect electrically
after gold deposition. Therefore, I used silver conductive epoxy paint to connect the
membrane surface and the OSTE+ side wall (Fig 5.21). A home-made set up was
built in poly(methyl methacrylate) (PMMA) to connect the detector membranes
with the vacuum pump (Fig 5.22). This setup was used to generate liquid flow
during the washing and stretching steps of the assay.
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Figure 5.20: Fabrication of matrix detector by aluminum mold. (A-B), the man-
ufacture of a top OSTE+ layer and bottom OST+ layer by OSTE+RIM techno-
logy. C) membranes bonding with two OSTE+ layer as a sandwiched structure in
the oven at 90 °C (OSTE+ layer - membrane - OSTE+ layer). D) A detector is
gold coated through a shadow mask. E-E′) Side-view of the detector.

Figure 5.21: The method of electrical connection in both surfaces of a membrane
with the sides of OSTE+ layers.
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Figure 5.22: Custom PMMA vacuum chuck to provide fluid actuation through
the detector membranes. Chuck detector on top (right). PMMA, poly (methyl
methacrylate).

Figure 5.23: Measured AuNWs resistance of different PLP concentrations after 40
min gold enhancement. "M" is the name of the membrane. "×" represents a open
circuit. 1 E12 Ω is a max. limit of detection for resistance measurement based on
the set-up.

I performed a functionalization and bio-assay as described in Paper III. I tested
five different concentration of PLPs (10 nM, 1 nM, 10 fM, 1 fM, and 0 M). Three
wells per membrane were used as positive control (10 nM PLP) and three wells per
membrane as negative control (0 M PLP). I performed 40 min gold enhancement
for electrical measurement of AuNWs.

Fig 5.23 shows the measured resistances. Two out of nine positive controls failed
(open circuit). One out of nine negative controls failed (finite resistance measured).
Five out of nine of the other wells resulted in an open circuit.

We speculate the following reasons for failure: cross-contamination; the silver
epoxy glue leading to short-circuiting across the membrane after the gold enhance-
ment step; the issue of reagent loss during the assay; and rupture of the membranes
in the wells.
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Figure 5.24: Top view images of the broken membrane (left) and the intact mem-
brane (right) after the use of 80 kPa pressure during assay.

a) (Cross-contamination): In the experimental setup, the three membranes are not
separated by O-rings; instead, there is a single O-ring surrounding the three
membranes. During visual observation, I saw leakage between the undersides of
the membranes during the washing steps. Furthermore, the bonding between
the membrane and OSTE+ layer may be leaky, although I did not study this in
detail.

b) (Short-circuiting across the membrane): Silver conductive epoxy paint was used
to connect the top surface electrodes with the membrane electrodes electrically.
I verified this electrical connection before performing the assay. I also confirmed
that the membrane electrodes on both sides of the membrane were not con-
nected. However, because the gold enhancement solution also enhances silver
particles, I suspect that this may lead to a short-circuit across the membrane
even during negative control assays.

c) (Membrane rupturing): I used a CCD camera to image the surface of the pro-
cessed membrane, and I observed that some of the wells (1 nM PLP and 0
M PLP) were broken after using 80 kPa pressure during the assay (Fig 5.24).
Broken wells may be a further reason for assay failure.

d) (Liquid loss during the assay): I observed that the liquid volume in the wells
decreases, although it was difficult to identify where the liquid disappeared.
(It should be noted that it is difficult to determine whether or not liquid was
present.) SEM images of the top surface of the membrane after failed positive
controls revealed a lot of irregular layers of crystal-like structures on the sur-
face (Fig 5.25-A). There were also many irregular structures looking like metal
blobs covering the surface (Fig 5.25-B). Crystal structures could result from
evaporation of liquid. Such crystal structures could easily fail the assay.
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Figure 5.25: SEM images of the top surface of the membrane after 40 min gold
enhancement. The irregular layers of crystal-like structures are visible on the
both membrane surface.

Figure 5.26: Top view image of the flower-shape detector.

ADDRESSING CROSS-CONTAMINATION AND GLUE-BASED SHORT-CIRCUITING

To address the above shortcomings, I separated the electrode contact from the func-
tionalized membrane surface (Fig 5.26) and placed an O-ring around each mem-
brane. The fabrication process and all assays are described in Paper III. In this
detector, the membrane contact pads are mechanically supported by the OSTE+
layer on the opposite side of the membrane.

OPTIMIZATION OF THE VACUUM PRESSURE

I performed a study to understand the influence of the vacuum pressure on the
detector performance. I performed assays with 10 nM PLP when using 20 kPa,
40 kPa, 60 kPa, and 80 kPa vacuum pressure (Table 5.1). Using 80 kPa, the
membranes broke. Moreover, I observed that using 20 kPa, it took over 1 hour
to suck the liquid through the membrane. SEM images (Fig 5.27) revealed that
the surface of the membrane under 20 kPa contains many circular gold bumps of
approximately 1 um diameter. Those gold bumps might be caused by non-stretched
RCPs. For the other pressures, full gold nanowires were observed on the membrane
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Table 5.1: Comparison of different pressures on the membrane

Applied pressure (kPa) Membrane
20 Non-broken
40 Non-broken
60 Non-broken
80 Broken

Figure 5.27: SEM images of the surface membrane after RCPs stretching and 40
min gold enhancement by the use of different applied pressures.

surface. Therefore, I conclude that a pressure drop in the range of 40 kPa to 60
kPa suffice for DNA stretching in the thesis.

ADDRESSING SAMPLE LOSS

I studied liquid loss during incubation at 37 °C in three different setups (Fig 5.28).
In setup 1, I packaged the detector between two flat glass slides coated with a thin
Teflon layer. In setup 2, I covered the top surface of the detector with a droplet of
silicon oil and the bottom surface of the detector with a Teflon-coated glass slide,
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Table 5.2: Comparison of liquid loss in the setup 1 and 2 at 0 min and 120 min.

Setup 1 Setup 2
0 min (before buffer) 8.6818 (g) 8.3607 (g)
0 min (after buffer) 8.6929 (g) ↑ 8.4025 (g) ↑

120 min 8.7004 (g) ↑ 8.4046 (g) ↑

similar to setup 1. In setup 3, I used patterned PDMS lids to package the detector
after filling 2 µL buffer into the bottom of each reaction well.

I used a PLP mix without target DNA molecules as the test liquid. For setups 1
and 2, the package mix was 2 µl in each well, and the liquid loss was measured using
weight between 0 min and 120 min (Scale: ABS 220-4N, resolution=0.1 mg). For
setup 3, the package mix droplet was 50 µl on the top surface of detector, and the
liquid loss was estimated with the naked eye from triple experiments. I estimated
the remaining dyed liquid covering the top surface of the detector between 0 min
and 55 min with 5 min interval.

The results for setups 1 and 2 are shown in Table 5.2. I observed that the weight
of the whole set-up increased after 120 min incubation. The increased weight may
be caused by condensation from the surroundings. This shows that such weight
measurement could not resolve the decrease of liquid mass caused by evaporation.
However, after weighing, I could pipette < 1.5 µL liquid from each well, i.e., liquid
had disappeared.

The results of set-up 3 are shown in Fig 5.29-Left. Liquid loss from the top
surface is fast during the first 25 min. Half of the liquid flows from the top surface
of the detector to the bottom surface after 15 min. I observed liquid hanging from
the bottom surface of the detector. After 25 min, the liquid loss decreases rapidly,
and in average 80% of the liquid is removed from the top surface after 25 min. Most
of liquid loss on the top surface of the detector was transported to the bottom side
of the detector due to the gravity and advection in the fluid (35 µL). On the other
hand, approximately 9 µL liquid was lost by liquid loss, because I could pipette
approximately 1 µL liquid from each top well surface after 55 min (Fig 5.29-Right).
Setup 3 has been successfully described in Paper III.

5.6.5 ALUMINA MEMBRANE-BASED DETECTORS

I used the alumina membrane A to make an OSTE+ - membrane – OSTE+ sand-
wich detector. The aim is to investigate the impact of the pore density (1.64 E11
pore/cm2) and nanoscaling pore size (200 nm diameter) on the efficiency of the
DNA detection. I used the OSTE+RIM process to fabricate the top and bottom
OSTE+ layers of the detector. The fabrication of a first variant, A, of the detector
is as follows (Fig 5.30):

a) I injected liquid OSTE+ into a aluminum mold for UV exposure in 120 seconds.
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Figure 5.28: Schematic cross-sectional illustration of setup 1 and 2 (top), and
setup 3 (bottom), which are used for investigating the liquid loss from the detec-
tor.
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Figure 5.29: Top: liquid loss on the top surface of detector from 0 min to 55 min
by setup 3 (collection from triple repeated tests). Black square represents the
mean of the liquid loss from the top surface of detector. The scale bare are the
standard deviation after triple tests. Bottom: imaged of the top surface of de-
tector. i.e. liquid remained on the top surface of reaction well after 55 min. Red
arrow points that dye liquid could be pipetted out from top surface of reaction
well and bottom surface of the detector, separately.
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Figure 5.30: Fabrication of an alumina-based detector with support beam by
OSTE+RIM method. A) generation of the top and bottom OSTE+ layers during
UV exposure. (B-C) detector formation after bonding with an OSTE+ - mem-
brane - OSTE+ sandwiched structure in the oven. D) Both sides of the detector
are gold coated through a shadow mask. Top view image of the detector without
a gold coating (top-right), and with a gold coating (bottom-right).

b) After UV, the top and bottom cured OSTE+ layers were formed after demolding,
separately.

c) I made a sandwich format of OSTE+ - membrane - OSTE+ for bonding step
in the oven at 60 °C overnight.

d) After bonding, I evaporated a Ti/Au layer on both sides of detector by shadow
mask under 45° angle to avoid the electrical connection. The gold layers contain
the electrode area and functionalized surface.

The alumina membrane broke (Fig 5.31) during washing steps due to the high
pressure (80 kPa) across the membrane.

Therefore, I designed a variant B of the detector, containing mechanical support
of the membrane. I fabricated a mechanical support beam in the bottom OSTE+
layer (Fig 5.32) to support the membrane. Moreover, I tested the membrane be-
havior under several pressures and found that a pressure difference of 20 kPa was
suitable (table 5.3).
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Figure 5.31: Custom vacuum chuck to provide fluid actuation through the de-
tector membranes(Left). broken surface of membrane at 10 kPa applied pressure
(Right).

Figure 5.32: A) Schematic cross-section of an alumina-based detector with a sup-
port beam. Top view images of the detector without a gold coating (B), and with
a gold coating (C-C′).

Table 5.3: Comparison of different applied pressures on the alumina membrane.

Applied pressure (kPa) 80 60 40 20
Membrane Broken Broken Broken Non-broken
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On design variant A, I tested a positive control assay (1 nM PLP, 10 kPa). On
design variant B, I tested a positive assay (1 nM PLP, 20 kPa, incl. stretching) and
a negative control assay (1 nM PLP, 20 kPa, no stretching). The assay used was
the one described in Paper I. Fig 5.31 shows the set-up with a vacuum pump. SEM
and confocal images were used to study variant B after the assay. Direct electrical
resistance measurements were performed over the membranes after 40 min gold
enhancement for both variants.

SEM results are shown in Fig 5.33. After 90 min DNA amplification and 40 min
gold enhancement, the positive assays result in a pore diameter reduction from 200
nm to approximately 150 nm. Some pores became blocked by “particles” with an
approximate size of 1 µm. Moreover, some “wires” could be seen across the surface.

Negative control assays resulted in many “particles” attached to the surface,
similar to those from the positive assays. However, the pore size reduction was
smaller, from 200 nm to 180 nm, compared to that from the positive control. It
was hard to identify the nature of the particles and wire-like structures observed.

We did not observe a similar amount of what could be DNA-related structures
compared to the PC membrane. A reason for this may be that the high pore
density reduces the distance between two pores, which results in target analyte
being removed through the pores by advection, rather than bonding with the surface
probes. i.e., a too high pore density may cause decreased mass transport efficiency
from the bulk to the detector surface.

The results from the confocal study are shown in Fig 5.34. The positive assay
resulted in stretched RCPs through the pores, which can be seen as fluorescent
blobs. The blob length, d, was approximately 6 µm, i.e., > 10 times less than the
theoretical RCP length, L, of about 70 µm after 90 min RCA. The blob width was
typically 3 µm, which is 15 times larger than the size of a single pore diameter.

We hypothesize that the following is happening. An RCP in solution typically
coils up to a spherical object with 1 µm diameter. The footprint of such RCP covers
approximately 12 pores on the surface. If one coiled RCP molecule is stretched from
different points simultaneously through different pores, we can expect a spreading
of the RCP over a wider surface area as it enters several pores simultaneously.
Judging from the penetration depth of the RCP through in the alumina, one could
estimate that an RCP enters approximately L/2*d = 5 or 6 pores simultaneously.

Negative control assays, i.e., without stretching, resulted in much fewer blobs,
which penetrated the alumina membrane to a depth d < 4 µm.

The results from the electrical measurements are shown in Fig 5.35. For pos-
itive assays, both variants A and B resulted in a low cross-membrane resistance.
For variant A this occurred after 55 min, and for variant B after 20 min gold en-
hancement. We hypothesize that this difference originates from the lower pressure
applied on variant B, resulting in poorer RCP stretching.

Due to the membrane fragility and associated difficulties in handling, fabrication
and assays, we decided to continue with PC membranes only.
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Figure 5.33: SEM surface of the alumina membrane after RCPs stretching and 40
min gold enhancement for 1 nM PLP. (A-B) positive assay. (C) negative control
assay.

5.6.6 POLYCARBONATE MEMBRANE-BASED DETECTOR

In Paper I, I used a PC membrane with 2.8 E6/cm2 pore density as a substrate
to conduct the DNA detection. It has been confirmed the LoD of detector was 50
fM concentration of PLP. In Paper III, I used the same PC membrane to fabricate
an array structure of detector, but with 1.4 E7/cm2 pore density. The detector
demonstrated the improvement of the LoD to sub-aM target PLP molecules, Which
means it was lower with at least three orders of magnitudes detection of DNA
molecules comparing to the detector from Paper I.

5.7 SEM IMAGING OF THE MEMBRANES

This section describes more details about our SEM studies of the PC membrane,
specifically, the search for potential DNA underneath the gold layer, and attempts
to create SEM images of the pore cross-sections.
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Figure 5.34: CLSM images of stretched RCPs (1 nM PLP) labeled with fluores-
cently tagged oligonucleotides. The cross-sectional view of 3D confocal images of
the membranes after assay with a forced convection through the membrane by
drying (A), and without a forced convection by drying (B).

5.7.1 MEMBRANE ETCHING BY REACTIVE ION BEAM ETCHING

We suspected that after 55 min gold enhancement AuNWs could be entirely covered
by the top gold layer. Therefore, I used reactive ion beam etching (RIBE) to etch
the top thin gold layer of the membrane after two assays (50 fM and 0 M PLP
concentration).

Fig 5.36 shows the resulting SEM images. Membranes after a positive (50 fM
PLP) assay resulted in a lot of detailed structures, whereas those of the negative
(0 M PLP) assay are smooth. However, we were not able to determine the origin
of these structures. The wire-like structures could be interpreted as resulting from
DNA gold nanowires, but we cannot be sure of this.

5.7.2 CROSS-SECTIONAL IMAGING OF PROCESSED MEMBRANE

We attempted to make a cross-sectional image of the membrane pores in the hope
to detect gold nanowires bridging both sides of the membrane. The membranes
are flexible, and the AuNWs break easily by any force. Therefore, I used a matrix
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Figure 5.35: Measured resistance between top and bottom electrode vs. gold en-
hancement time for 1 nM PLP samples in use of detector A and B. 1 E12 Ω is a
max. limit of detection for resistance measurement based on the set-up, i.e. open
circuit. Lines are supplied for eye guidance only.

Figure 5.36: SEM surface of membrane after dry etching for 50 fM PLP and 0 M
PLP samples.
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Figure 5.37: Schematic illustration of membrane preparation for SEM cross-
section image (1 nM PLP sample after stretching and 55 min gold enhancement).

sectioning method to freeze the membrane at -80 degrees before cutting the hard
membrane by a sharp razor slice-by-slice. The preparation of the samples for SEM
is shown in Fig 5.37.

Fig 5.38 shows the results of SEM images for the cross-section of the membrane.
Whereas we could see wire fragments close to the top and bottom surface, we did
not observe complete AuNWs bridging both sides of the membrane. We suspect
that the cutting action may destroy the wires inside the pores.



5.7. SEM IMAGING OF THE MEMBRANES 61

Figure 5.38: SEM cross-section images of membrane after RCPs stretching and
55 min gold enhancement.





CHAPTER 6

CONCLUSIONS AND OUTLOOK

This thesis mainly focuses on the design and fabrication of a biomolecule detector
and its use for the direct electrical measurement of ssDNA molecules. Throughout
this work, I accomplished the following progress and novelty:

• The detector reached an improvement of the LoD (790 zM PLP) of DNA
detection, compared to previous electrical DNA detectors.

• The thesis successfully demonstrates the use of porous membranes as the
substrate to stretch and detect RCPs efficiently.

• I successfully fabricated and tested digital biosensors based on this principle.

• I investigated that DMSO buffer provides the best DNA stretching.

• I investigated that polycarbonate membranes with 10 um thickness and 1 um
pore diameter form a promising geometry for such detectors.

• I realized a miniaturized detector format that reduces the amount of reagents
needed and makes this format potentially suitable for point-of-care use.

• I realized an uncomplicated microfluidic control of the detection assay using
a simple add-and-flow-through principle.

• I demonstrated the efficient and specific digital electrical detection of the
RCPs.

Paper I describes the stretching of DNA through the membrane pores, which
results in out-of-plane DNA-templated gold nanowires. This method offers the
potential for the easy detection of DNA.

Paper III introduces a digital biosensor based on the results of Paper I. We
characterized the device in terms of specificity, LoD, concentration multiplexing,
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and digital readout. We demonstrated that mismatched assays, including detection
of Ebola and the Influenza virus. The specificity of the hybridization between the
target and receptors was confirmed by negative control assays using mismatched
receptors, which is promising for future clinical applications. The simplicity of the
device design and the microfluidic handling result in an easy-to-use device.

The combination of these features is promising with a view towards future sensi-
tive digital bioassay formats for multiplexed molecule detection at the point-of-care.
Our focus has been on nucleic acid detection with low LoD, high specificity, and
digital measurement. Protein detection is also possible when combining RCA with
proximity ligation (PLA) or the immune-RCA assay. Furthermore, quantification
may be further improved by silicon substrate-based detector.

Paper II shows that nanoliter liquid volumes can be long-term stored and con-
trolled electrically released in the micro-well arrays. the micro-well arrays were
fabricated by bonding OSTE polymer with a gold layer. This method has a po-
tential for diagnostic testing, in-vitro drug delivery, or spatiotemporal release of
chemical compounds in biological assays. Further improvements are possible in
terms of liquid storage time.

Combing the long-term liquid storage platform with the DNA detector plat-
form in a single lab-on-a-chip system could further easily perform the operation of
biosensors in the clinical setting.
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