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ABSTRACT
Reversible biomolecule attachment onto solid supports is of importance to many
distinct research fields ranging from microarray development to the synthesis of
metamaterials. One method used to immobilise biomolecules in a reversible
fashion relies on non-covalent fluorous-fluorous interactions.
The primary focus of this thesis was to investigate the immobilisation
characteristics of DNA, tagged with a range of perfluorinated carbon chains, onto
fluorinated solid supports. This work showed that the fluorous effect could be used
to immobilise single stranded DNA onto patterned arrays permitting hybridisation
to its complementary sequence. This duplex could then be removed via the
fluorous tag, completely regenerating the surface and allowing for the
immobilisation procedure to be repeated.
This was then built upon by varying the fluorine content of the fluorinated carbon
chain, allowing for comparison to be made between the fluorine content of the tag
and the stringency of the washes required to remove the duplex from the surface.
It was further noted that the effect of the linker group had a significant impact on
the immobilisation densities of the DNA strands, with longer linkers showing
higher hybridisation densities.
Finally, DNA strands modified with fluorinated carbon chains were incorporated
into DNA nanostructures. It was found that the inclusion of fluorous tags had a
profound effect on the facial immobilisation orientation of the DNA nanostructures
iii

onto mica. It was found that the inclusion of one perfluorinated tag influenced the
face on which the nanostructures were immobilised, with around 80 % of the
structures immobilising on the face opposite to that modified with a fluorous tag.
Therefore, it is thought that this work has potential applications in reusable
microarray development and as a means to control the deposition of
nanostructures onto solid supports to aid in bottom-up self-assembly.
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Chapter 1: Introduction

1 INTRODUCTION
1.1 General Introduction
The primary aim of this project was to investigate fluorous-fluorous interactions as
a method to immobilise DNA in a reversible manner. Due to the non-covalent
nature of fluorous-fluorous interactions, it was postulated that by tagging DNA
with fluorous “ponytails”, they could be captured onto fluorinated solid supports.
As such, the research objectives were categorised into three sections:
•

The utility of fluorous-fluorous interactions for immobilising single
stranded DNA (ssDNA), for reusable DNA microarray applications.

•

Modulation of the fluorine content of fluorous “ponytails” and its effect on
the immobilisation/removal properties.

•

The utility of fluorous-fluorous interactions in directing the immobilisation
of DNA nanostructures.

Each of these objectives forms a result chapter containing an introduction that
provides an explanation on why the project objectives align with prominent issues
identified in the literature.
As such, this introduction hopes to give a broader sense of the field of nucleic acidbased technologies and reversible attachment of biomolecules onto solid supports.
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1.2 Deoxyribonucleic Acid
1.2.1 Structure & Function of Deoxyribonucleic acid (DNA)
As the blueprint of life, DNA has attracted much attention: the pivotal moment in
its history being the elucidation of its structure by Watson and Crick in 1953. (1)
As a molecule, DNA consists of two polynucleotide chains, or DNA strands,
composed of four unique subunits called nucleotides. These nucleotides impart
chemical diversity and the DNAs information-coding properties. They are
composed of a five-carbon sugar attached to one or more phosphate groups and a
nitrogen-containing base: adenine (A), cytosine (C), guanine (G) or thymine (T).
The nucleotides form the DNA chain by covalently binding through the sugars and
phosphates, which make up the sugar-phosphate backbone, and the two ends can
be distinguished by either a phosphate group (5’-end) or a hydroxyl group (3’end). As such, the formation of the double stranded DNA (dsDNA) helix is
directional and can be used as a means to control reactions at interfaces, Figure
1.1.
The double helical structure of DNA arises from hydrogen bonding between
complementary base pairs on two different strands. The bonding always occurs
between a bulkier two-ring base (A and G) and a single-ring base (T and C). This
allows the base pairs to be packed in the most energetically favourable
arrangement in the interior of the helix, and it holds the sugar-phosphate
backbones at equal distances apart along the length of the DNA molecule. In order
to maximise the packing efficiency, the two antiparallel sugar-phosphate
backbones wind around each other to form the well-known double helical
structure with one complete turn every 10.5 base pairs at a distance of 3.4 - 3.6
nm.(2)

2
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Figure 1-1 The Primary Structure of DNA. DNA molecules are made up of
subunits known as nucleotides. These nucleotides differ in the base (either
adenine, guanine, cytosine or thymine) that they contain and covalently link
to form the sugar-phosphate backbone.

1.3 DNA as a “Smart” Material
Recognizing DNA as a nanomaterial, and not as a biological material, has expanded
its utility beyond the realms of biology to exciting applications in nucleic acidbased technologies. This can be attributed to its many appealing properties: it has
Gabriella Flynn - 2018
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a short structural repeat (helical pitch) of 3.4-3.6 nm; it has a persistence length of
around 50 nm (single stranded DNA (ssDNA) has a persistence length of 1 nm); it
can be a good conductor, insulator or semiconductor with a large band gap
depending on the DNA sequence and experimental conditions; there is an added
complexity due to a molecular recognition element; and it can self-assemble. (3, 4)

1.3.1 DNA Hybridisation & Branched DNA Formation
The self-recognition property of DNA is important for all aspects of nucleic acidbased technologies. It is the process by which single stranded DNA anneals to its
complementary sequence and it occurs through the Watson-Crick model for
double helical DNA formation. An interesting application of DNA hybridisation is
the formation of long linear duplex DNA from smaller segments of DNA, Figure 1.2.
This method relies on sticky ends present on two shorter DNA strands which can
overlap and join to form longer strands.(5) As such, it has been used extensively in
genetic engineering but is now being applied, and is fundamental, to the synthesis
of DNA nanostructures. This allows for programmability in the synthesis of DNA
nanostructures, as due to the strict base-pairing rule, we know which two stickyends will combine to each other to form the Watson Crick double helix.

Figure 1-2 Formation of Longer Duplexed DNA via Sticky Ends. Overhangs of
unpaired single stranded DNA are known as sticky ends and can be used to
form longer duplex DNA.

4
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However, the formation of solely helical structures would inhibit the vast majority
of biological reactions taking place. Therefore, nature has allowed for several other
branched structures to be formed. For example, during genetic recombination,
four-arm branched Holliday junctions are required as an intermediate step.(6)

1.3.2 Application of DNA as a Structural Material
The combination of in vitro hybridisation with the formation of branched DNA
junctions allows for the synthesis of DNA nanostructures. In brief, the combination
of four Holliday branched junctions, with protruding complementary sticky ends,
allows for the self-assembly of large arrangements of DNA, Figure 1.3. This is the
fundamental principle behind DNA nanostructure assembly via the tile-based
method.(7) Another route to the synthesis of DNA nanostructures is known as the
origami method and is the method used in this project.

Figure 1-3 Model of a DNA Tile with Sticky Ends. The combination of two or
more tiles allows for the fabrication of larger 2D lattices. Model was created
using Tiamat.(8)
In 2006, Paul Rothemund introduced a technique, known as DNA origami, to fold
DNA into pre-designed shapes. This method relies on hybridisation reactions
taking place between a long circular strand of genomic DNA, known as the scaffold
strand, and shorter single strands, known as staples. In this method, the selfassembly property of DNA is taken advantage of and all of the components are
mixed together in a one-pot reaction step. The DNA solution is then heated and
cooled slowly allowing the formation of the designed nanostructures, Figure 1.4.
This is a simplified description of a very complex designing procedure, which is
often carried out using software, as the design must take into consideration the
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incorporation of crossovers and the shape within one turn of the helix in the xdirection and roughly two helical widths in the y-direction. Nevertheless, this
method surpasses the tile-based method owing to the ease of synthesis and yields
obtained.(9)

Figure 1-4. The DNA Origami Strategy. Schematic shows the folding of the
scaffold strand using shorter staple strands.

1.4 Immobilisation of DNA and DNA Nanostructures
Realising the potential applications of DNA in fields ranging from diagnostics and
sensing to materials assembly often requires it to be attached to a solid support,
allowing its many unique properties to be taken advantage of. (10, 11) Therefore,
the immobilisation of DNA onto surfaces is critical to the realisation of many
applications and allows for access to spatially addressable manipulation. For
example, in microarray technologies, arrayed DNA can be used to capture their
complementary sequences from solution, allowing for highly parallel and
6
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quantitative detection of targets. The foundation of high quality microarray data
lies in the surfaces and immobilisation chemistries used.(12) To reduce the high
cost and enhance the consistency of microarray experiments, an increasingly
popular area of research is in the fabrication of reusable platforms for microarray
development. Stripping the surface, by immersing the slides in boiling or nearboiling sodium dodecyl sulphate solution, is often the method of choice. However,
this can be detrimental to slide integrity, the effect on the probe is often not
considered and the same set of genetic information is probed.(13) Furthermore,
due to the directionality of DNA, it can be immobilised to allow or inhibit DNA
polymerases that only recognise either the 5’ or 3’ terminus. Therefore one can
selectively modify the desired end of the hybridized target for detection or
amplification. (14) As a result, there is an abundance of chemistries and surfaces
available to graft DNA.(15)
However, most of the techniques used to date lead to permanent surface
immobilisation limiting the possible applications of these surfaces in the formation
of materials with dynamic and responsive properties, in particular, reusable
functionalities.(16) Therefore, the ability to reversibly attach or modify DNA on
surfaces would allow for the introduction, exchange and removal of specific
functionalities on surfaces; could be implemented in “write and erase” procedures
for DNA microarray development; and be used in in situ manipulation of local
environments in cell studies or removal of cells from the surfaces for more
thorough down stream analysis. (17-19) Therefore, the exploration of new and
dynamic immobilisation chemistries is pivotal to the advancement of many
different fields. Furthermore, the cost of assays can be reduced and multiple assays
can be performed on the same device if the surface can be regenerated
reproducibly. (20)

1.5 Reversible Substrate Attachment and Reusable Surfaces
In order to cleave substrates from surfaces, several strategies have been devised.
The majority of these methods are based on photocleavable linkers, as they
provide external regulation with the highest accuracy in space and time, it is a noninvasive procedure, and it can be used to pattern a variety of shapes. (21) One such
extensively used photoliable linker is nitrobenzyl, which undergoes selective bond
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cleavage upon irradiation with UV-light.(17, 18, 22-24) However, this group
demonstrates slow reaction kinetics, low photochemical efficiency and the
irradiation of biomolecules with UV light can be damaging.(21, 25, 26) Another
common method used to make covalent bonds reversible include disulphide
exchange. (27),(28) However, these methods do not regenerate the surface and
therefore once the substrate has been cleaved, the functional group is no longer
present in order to immobilise another molecule.
O
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Figure 1-5 Selective cleavage of the photoliable nitrobenzyl upon UV
irradiation. (17, 18, 22-24)
Methods used to create reusable surfaces include reactive o-naphthoquinone
methindes produced under UV light from 3-(hydroxymethyl)-2-naphthol, which
can react with surface thiol groups to yield thioether conjugates. These can then be
cleaved using a secondary UV irradiation to regenerate the surface thiol groups.
(29) Allyl sulphides incorporated into a hydrogel have also been used to achieve
reversible modification with thiol-containing biomolecules while simultaneously
regenerating the reactive functionality. (30) Another method to regenerate the
thiol group following a reversible photopatterning strategy is based on dynamic
exchange reactions resulting from homolytic photocleavage to form sulfenyl
radicals.(31) A recent publication showed that the immobilisation of a
biomolecule, with an amine functionality, onto a substrate, with a benzoquinone
8
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acid, could be removed using a reducing agent. This results in a dihydocoumarin
group on the surface which can be then converted back to the benzoquinone group
by oxidation.(32)
R

R
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H 2O
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R
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Figure 1-6 Reversible Surface Derivatization Using Thiol− oNQM Photoclick
Chemistry. (29)

Figure 1-7 Recyclable quinone- presenting substrates. Image taken from
Reference 32.(32)
Bio-specific interactions have also been used to create reusable surfaces. For
example, a benefit of using protein A/G is that antibodies can be detached by acid
treatment and the surface is made reusable allowing for the subsequent
immobilisation of more antibodies.(33) Another method to make the surface
reusable is through utilising His-tags and chelating agents. The nature of the forces
involved in non-covalent interactions have also allowed for a process that can be
reversed by changing the conditions that influence the strength of the interaction
such as pH, ionic strength, temperature or the polarity of the solvent.(34) For
example, increasing the salt concentration can reverse the physisorption of
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molecules onto solid supports, especially those arising from electrostatic
interactions. (35) Another example of a non-covalent method used to immobilise
biomolecules in a reversible method, allowing for the reuse of the surface, is
through fluorous-fluorous interactions. (36, 37)

1.6 A Brief History of “Fluorous” Chemistry
Horváth and Rabai first coined the word ‘fluorous’ over 20 years ago. It was
envisaged that it would be used analogously to aqueous.(38) However, usage
dictates meaning, and early researchers in this field rapidly expanded its definition
to include fluoroalkyl-labelled species. As such, the revised and simplified meaning
of this adjective is “rich in fluorine and based upon sp3-hybridized carbon.” (39)
Nevertheless, not all compounds that contain fluorine atoms are automatically
“fluorous”, and in many cases the classification of fluorine-containing species is at
the discretion of the researcher.
Molecules termed “fluorous” are often done so due to their ability to partion out of
an organic/aqueous phase and into a perfluorinated (or highly fluorinated) phase.
This phenomenon is the product of reduced London dispersion forces between
per-fluorinated compounds due to the extremely low polarizability of the C-F
bond. Simply put, it is due to the avoidance of unfavourable interactions of the
fluorine atoms with other atoms and is termed the “fluorous effect”. (40)
As such, expanding on the early work of Horváth and Rabai, Curran introduced
“fluorous synthesis”. This method entailed tagging a molecule (or library of
molecules) with a highly fluorinated tag allowing for ease of product purification
by drawing the fluorous-tagged compounds into the fluorous layers during liquidliquid extraction.(41-44) Therefore, owing to the selectivity of fluorous-fluorous
interactions, Curran soon expanded the fluorous liquid-liquid biphasic concept to
fluorous solid phase extraction and fluorous chromatography using fluorous silica
for the separation of fluorous-tagged molecules.(45, 46) To date, fluorous-tags
have been employed for the recycling and reuse of catalysts, co-purification of
parallel synthesis products, as an enrichment method for mass spectrometry, and
for microarray development.(47, 48) (36, 49)
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1.7 Motivations
DNA microarrays, which rely on the hybridisation of a probe strand arrayed on a
surface and a target strand in solution, were traditionally designed to measure the
transcriptional levels of RNA transcripts derived from thousands of genes within a
genome in a single experiment.(50) However, to date the uses of DNA microarrays
have expanded past gene expression from being used to detect single nucleotide
polymorphisms (SNPs) in our genome to pathogen detection. (51, 52) As such, it is
a powerful tool used in various biological applications. However, the molecular
diagnostic market has not embraced it as much as was expected in the early years
of its creation.(53) This is predominantly due to quantification limitations (the
signal is only linear over a certain range), specificity issues (it is difficult to design
arrays in which multiple related DNA/RNA sequences will not bind to the same
probe on the array), and finally, a DNA array can only detect sequences that the
array was initially designed to detect. (54) Therefore, this work hopes to alleviate
these issues by fabricating platforms that are completely reusable. It is postulated
that by using the fluorous effect to immobilise DNA onto solid supports, the DNA,
once it has been used to detect one set of genetic information, can be completely
removed from the surface allowing a completely different set of genetic
information to be screened for. This method would best current methods of DNA
microarray regeneration in the fact that it is not stripping the surface of the target
DNA, but it is hoped that by washing the substrate in a fluorophilic solvent, which
can disrupt the fluorous-fluorous interactions, the DNA duplex would be removed
from the surface allowing a completely different probe strand to be immobilised.
Furthermore, it is not envisioned that harsh conditions, that limit downstream
applications due to deterioration of the samples during release, will be
required.(55) Finally, it hopes to best other methods of DNA microarray
fabrication in the simplicity of the DNA immobilisation and removal steps as this
method relies on a simple wash on wash off method, it is simple enough to allow
non-technical individuals to carry out.
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2 MATERIALS & METHODS
MATERIALS
General chemicals and kits were obtained from Sigma Aldrich unless otherwise
stated in the text. Oligonucleotide (ODN) strands were purchased purified via high
performance liquid chromatography (HPLC) or polyacrylamide gel electrophoresis
(PAGE) from IDT Technologies (USA). Fluorous-tagged DNA strands were obtained
from Dr Glenn Burley’s group (University of Strathclyde, UK) purified via HPLC.
Borosilicate wafers were obtained from University Wafers (USA) and ultra flat
silicon wafers, with a 200 nm layer of thermally grown SiO2, were obtained from
Ted Pella (USA). Single-Stranded M13mp18 DNA (scaffold strand) was purchased
from New England Biolabs and the mica was purchased from Agar Scientific. Chips
used for the Quartz Crystal Microbalance (QCM) were obtained from
(MicroVacuum, Hungary). Restriction enzymes (RE) were obtained from Promega
(USA).

2.1 Buffer Solutions
All stock solutions and subsequent buffers can be found in Table 2.1 and were
made using deionised (DI) water and autoclaved before use.

12
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Table 2.1 Composition of Stock Solutions used in Materials Sections.
Buffer Name

Composition

0.5 M EDTA Stock 186.1
Solution

g

disodium

ethylenediamenetetraacetic

acid

(EDTA).2H20 was added to 800 mL of H2O and the pH was
adjusted to 8.0 with NaOH. Stock soltuion was made up to
a final volume of 1 L with H2O.

4 M NaCl

233.76 g of NaCl was added to 800 mL of H2O, volume
brought up to 1 L.

1 M TRIS-HCl

121.14 g Tris was added to 800 mL of H2O and the pH was
adjusted to 7.0 with HCl. Stock solution was made up to a
final volume of 1 L with H2O.

1

X

Phosphate 137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; and 1.8 mM

Buffered

Saline KH2PO4 (pH 7.4). Obtained from Thermo Fisher Scientific.

(PBS)
10 X Tris Borate- 890 mM Tris-borate; and 20 mM EDTA (pH 8.3). Obtained
EDTA (TBE)

from Sigma.

50 X Tris Acetate- 2 M Tris; 1M Acetate; and 50 mM EDTA (pH 8.6). Obtained
EDTA (TAE)

from Sigma.

Annealing Buffer

10 mM Tris-HCl; and 1 mM EDTA (pH 8.0)

Hybridsation Buffer

300 mM NaCl; and PBS (pH 7.0)

10 X TAE.Mg

24.6 g of Magnesium acetate added to 10 X TAE buffer (pH
8.3)

5

X

Agarose

Gel 30 % Glycerol, 10 mM TRIS-HCl and 1 mM EDTA

Loading Buffer
5 X DNA loading dye

30 % glycerol; 0.00125 % w/v bromophenol blue and
0.00125 % w/v xylene cyanol.
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METHODS

2.2 Oligonucleotide Methods
2.2.1 Photometric Determination of Concentration of ODNs
The absorbance of the single stranded ODNs at 260 nm was ascertained using a
Nanodrop ND-1000 Spectrophotometer (Thermo, USA) and the concentration was
determined using the Beer-Lambert Equation:
A= ε c l
Where A is the measured absorbance, ε is the molar extinction coefficient, c is the
concentration, and l is the light path length. Each measurement was carried out on
1.5 μL of sample.

2.2.2 Annealing of ODNs in Solution
Single stranded ODNs were mixed in a 1:1.5 ratio, with the strand containing a
modification at a slightly higher concentration. This was carried out to ensure that
the modified ODN was not the limiting factor during the experiment, for example
the strand containing the fluorescent tag was present in a higher concentration to
allow for detection. The annealing procedure was carried out in annealing buffer,
at 94 °C for 5 minutes in a heating block. The samples were then left to cool to
room temperature (RT) with natural heat dispersion from the heating block. This
took between 4-6 hours.

2.2.3 Hybridisation of ODNs on Surfaces
ODNs complementary to the sequence immobilised on a surface were diluted to 1
μM in hybridisation buffer, spotted on the surface (typical volume of 20 μL), and
left at RT for 2 hours. Surfaces were then rinsed with hybridisation buffer, DI water
and dried using a nitrogen gun.
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2.3 Nanoparticle Attachment to ODNs
2.3.1.1 Complexation of Nanoparticles with Phosphine Ligands
In order to minimise the salt effects on particle stability, complexation of the gold
nanoparticles

(AuNPs)

was

carried

out

using

bis

(p-

sulfonatophenyl)phenylphosphine dehydrate dipotassium salt (BSPP).(56)
To a 20 mL solution of AuNPs stabilised in citrate buffer (OD 1.0), 4 mg of BSPP
was added and the solution was left overnight at RT with gentle agitation. This
allowed the phosphine ligands to replace the citrate ligands. Solid NaCl was then
added sequentially until the nanoparticle solution turned from a red to a deep
purple colour. The particle solution was then centrifuged for 30 minutes at 1600 g
at RT to pellet the AuNPs. The supernatant was discarded and the particles were
re-suspended in 2.5 mM BSPP (400 μL, in 0.5 X TBE solution) and an equal volume
of MeOH was added. The sample was again centrifuged at 1600 g for 30 minutes at
RT and finally the supernatant was discarded and the particles were re-suspended
in 400 μL of 2.5 mM BSPP (in 0.5 X TBE).
AuNP

concentration

was

determined

using

a

Nanodrop

ND-1000

Spectrophotometer (Thermo, USA). The estimated extinction coefficients for the
AuNPs at 515-524 nm can be found in Table 2.2.
Table 2.2 Nanoparticle Size and the Extinction Coefficients used to Determine
their Concentration.
Nanoparticle Size (nm)

Extinction Coefficient (M-1 cm-1)

5

1.01 x 107 at 515-520 nm

10

1.01 x 108 at 515-520 nm

20

9.21 x 108 at 524 nm

2.3.1.2 Reduction of Disulphide bond on ODN
Thiol bearing ODNs were delivered in their oxidised form, with the sulphur atoms
protected by an S-S bond. In order to reduce the disulphide bond, the ODNs were
incubated with Tris[2-carboxyethyl] phosphine (TCEP) in 100 X excess (i.e. 50 mM
TCEP to 500 μM ODN) for 2 hours, at RT, prior to conjugation to the nanoparticles.
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2.3.1.3 Conjugation of AuNPs to DNA
A solution containing 500 X excess of ODN to nanoparticles in 1 X TBE was made
up and left overnight at 50 °C. Six additions of 4 M NaCl were made over a 36 hour
time period (final NaCl concentration of 0.1 M) in a process known as “salt-ageing”.
This process was carried out to screen the negative charges of the ODN, thus
increasing the DNA loading on the AuNPs. It was carried out in a step-wise manner
in order to reduce the chances of AuNP aggregation: increasing the NaCl
concentration slowly increases ODN loading onto the AuNP allowing it to become
more stable at higher ionic strengths.(57)
2.3.1.4 Purification of Nanoparticle conjugated DNA.
In order to remove free DNA from the DNA-AuNP solution, it was put through a 30
KDa Amicon filter and washed 3 times with hybridisation buffer. Free
nanoparticles were then removed on a 1 % Agarose Gel as per the procedure
outlined in Section 2.5.3.2, Figure 2.1. Finally, the DNA and nanoparticle
concentrations were calculated using a Nanodrop ND-1000 Spectrophotometer
(Thermo, USA) and the solutions were stored in the dark at 4 °C for up to a month
before use.

Figure 2-1 1 % Agarose Gel Loaded with DNA-Nanoparticle Conjugates. Bands
relating to the DNA-AuNPs, free AuNPs and free DNA are indicated on the gel.
After imaging, the top band was chopped out and the conjugated DNA-AuNPs
were purified. Conditions used for electrophoresis can be found in Section
2.5.3.2.
16
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2.3.2 Restriction Enzyme Digest of ODNs in Solution
The protocol for DNA conjugation to nanoparticles (Section 2.3) was modified for
restriction enzyme digest in solution. This was due to the observation of the
formation of concatimers when the ODNs, conjugated to nanoparticles, were
allowed to hybridise in solution. Therefore, before the reduction of the disulphide
bond, ODNs were annealed according to Section 2.2.2.
Restriction enzyme (RE) digest was carried on the ODNs (Table 2.4) out using
several restriction enzymes (Table 2.3). In a sterile tube, 1 uM solution of double
stranded ODN (dsODN) conjugated to AuNPs in RE buffer was mixed gently with
pipetting. 100 units of the RE was added to a total volume of 60 uL. The tube was
then closed and the digest was allowed to proceed overnight at 37 °C. After the
incubation step, the enzyme was denatured by addition of 50 mM EDTA.(58) O.5 M
DTT was then added to detach the DNA from the AuNPs and the solution was left
overnight before being separated on a polyacrylamide gel.
Table 2.3 Restriction Enzymes used to Cut ODNs, their Cut Sites and Buffer
Compositions.
Restriction Enzyme

Cut Site

Buffer Composition

HindIII

A ∨ AGCT T

6 mM Tris-HCl; 6 mM

T
EcoRI

G ∨ AATT C
C

BamHI

PstI

TCGA ∧ A

TTAA ∧ G

G ∨ GATC C
C

CTAG ∧ G

C

TGCA∨ G

G ∧ ACGT C
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MgCl2; and 100 mM NaCl
(pH 7.5)
90 mM Tris-HCl; 10 mM
MgCl2; and 50 mM NaCl
(pH 7.5)
6 mM Tris-HCl; 6 mM
MgCl2; and 100 mM NaCl
(pH 7.5)
90 mM Tris-HCl; 10 mM
MgCl2; and 50 mM NaCl
(pH 7.5)
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2.3.3 Restriction Enzyme Digest of ODNs on Nanopatterned Surfaces
A similar protocol to that found in Section 2.3.2 was used to carry out restriction
enzyme digest of ODNs bound to nanopatterned surfaces. Following the
immobilisation of the ODNs, RE digest was carried out using several restriction
enzymes (Table 2.3). RE buffer was mixed gently with 100 units of the RE. This was
then added to a total volume of 60 μL and dropped on the surface. The samples
were then placed in a humidity chamber and the digest was allowed to proceed
overnight at 37 °C. After the incubation, the surfaces were rinsed with DI water,
and the surfaces were then imaged using scanning electron microscopy (SEM). To
compare the same sample before and after RE digest, dark field and bright field
microscopy was used.
Table 2.4. Name, Sequence and 5’ Modification of ODNs. The ODNs included in
this table refer to those used in Chapter 3.
Name

Sequence (5’-3’)

5’
Modification

ODN3

ATG GAT CCA TGA AGC TTA TGG AAT TCA Mono-C8F17
TGA TG

RE_ODN3

ATG GAT CCA TGA AGC TTA TGG AAT TCA None
TGA TG

RE_cODN3

CAT CAT GAA TTC CAT AAG CTT CAT GGA Thiol
TCC AT
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2.4 Fabrication of Microarrays and Nanoarrays
2.4.1 Cleaning of Substrates
Substrates were cleaned thoroughly in order to remove any organic contaminants
and particles. Firstly, the substrates were sonicated in acetone for 10 minutes,
rinsed with isopropanol (IPA) and dried using a nitrogen gun. They were then
transferred to a Gala Plasma Prep 5 oxygen plasma asher and ashered for 2
minutes at 100 W.

2.4.2 Silanisation of Substrates
Silane deposition was carried out using a hydrolytic deposition method. This
method of silanisation involves four steps that can occur sequentially or
simultaneously after the initial hydrolysis step: 1) hydrolysis of the three labile
groups; 2) condensation to oligomers; 3) hydrogen bonding between the silane
and free hydroxyl groups on the surface; and 4) drying or curing the substrate
which drives off the water allowing a covalent Si-O-Si bond to form, Figure 2.2.(59)
It is believed in many cases that the self-assembled monolayers resulting from the
use of trifunctional silanes form close-packed and well-aligned molecular films
where only one bond from each silicon of the organosilane forms between it and
the substrate interface. As such, the two remaining silanol groups are present in
either a condensed or free form. (60)
To create a sensing area and non-sensing area, two different silanes were used on
each surface, Figure 2.3. In order to fabricate the non-sensing regions either ndecyltrichlorosilane (n-DTS, Gelest) or 2- methoxy (polyethyleneoxy) propyl
trimethoxysilane (PEG, Gelest) was used due to their propensity to prevent nonspecific binding. For the sensing regions, (Heptadecafluoro-1, 1, 2, 2tetrahydrodecyl) trimethoxysilane) (FDTS, Gelest) or 3-aminopropyl(trimethoxy)
silane (APTES, Gelest) was used.
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Figure 2-2 Diagram Illustrates the Four Stages of Silane Modification on
Substrates via the Hydrolytic Deposition Method. (1) Hydrolysis of the three
labile groups; (2) Condensation to oligomers; (3) Hydrogen bonding between
the silane and free hydroxyl groups on the surface; and (4) Drying or curing
the substrate which drives off the water allowing a covalent Si-O-Si bond to
form.
In brief, substrates were placed in a beaker containing a 1 % v/v solution of the
silane in toluene whilst being gently agitated. The samples were removed from the
beaker, rinsed with fresh toluene and dried under nitrogen. In order to create a
denser and higher quality of silane, by promoting lateral polymerisation, the
substrates were transferred to a beaker containing deionised water for 10
minutes.(61) This process was repeated twice and finally the substrates were
cured in an oven for 30 minutes at 100 °C.
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Figure 2-3 Diagram Illustrating the Sensing and Non-sensing Regions on
Micro/nano-fabricated Surfaces. Sensing and non-sensing regions were
created using either photolithography or electron beam lithography and are
defined by the silane that is used.

2.4.3 Photolithography
Lithography allows for a resist image to be created on a surface. Light from an
illumination source passes through a predesigned mask, acetate and chrome
masks were used in this work, which defines the resist pattern. There are two
complementary regions on a mask, one that is opaque and the other transparent,
therefore allowing the light to pass through. As the wafer is coated with a
photosensitive resist, this process of area specific illumination allows the pattern
to be transferred to the wafer. There are two types of photosensitive resist:
positive resist and negative resist. Both of these resists undergo a chemical
reaction upon exposure to light, however, following illumination from the light
source, the positive resist becomes more soluble in the developer, whereas the
negative resist becomes cross-linked/polymerised and is not soluble in the
developer. (62)
Substrates were spin coated with S1818 (Shiply, USA) at 4000 rpm for 30 seconds
to produce a ~1.8 μm thick layer and baked at 95 °C for 3 minutes. Micropatterns
were transferred onto the wafer by exposure to UV radiation (SUSS Microtec MA6,
Germany) for 4.5 seconds through a chrome or acetate mask. The development of
the S1818 resist was performed using a 1:1 ratio of Microposit developer (Shiply,
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USA) and reverse osmosis (RO) water for 1 minute. Samples were then dried under
nitrogen and patterns checked for over/under exposure using an inverted
microscope.
Samples were subsequently ashered for 2 minutes at 100 W to remove the
background silane from areas that were going to be re-silanised to create the
sensing areas. This was followed by a cleaning step in order to remove the
photoresist: substrates were rinsed in acetone and IPA and dried under nitrogen.
They were then silanised with FDTS via the protocol outlined in Section 2.4.2.

2.4.4 Electron Beam Lithography
Electron beam lithography (EBL) is a special type of lithography that allows for
fabrication of features with size sub 10 nm. In this method, an electron beam, as
opposed to a beam of photons, carry energy and transfer said energy into the
energy-sensitive polymer material. Following exposure, the resist is developed and
the areas exposed to the electron beam are removed. This method surpasses
photolithography in the feature sizes that can be achieved: optical microscopy is
limited by the optical wavelength. Although electrons have wavelike behaviours,
the electron wavelength can be calculated using the following equation:
𝜆! =

1.226
𝑉

nm

Therefore, as the energy of the electrons (V) increases, the wavelength of the
electron decreases. This can result in a wavelength that is hundreds of thousands
times shorter than the optical wavelength. (63)
2.4.4.1 Design of Patterns
Patterns were designed using L-edit CAD software (Tanner Research Inc.) and
exported as a graphical data system file (GDS) containing a multilayer pattern.
Layout Beamer (GenlSys Gmbh.) was then used to extract each layer in the GDS file
and generate a corresponding file with a defined resolution in VEP format. Each
VEP file was then opened in Belle (in-house software) and the substrate size and
exposure parameters were defined. Finally the Belle file was transferred to the
VB6 machine for writing.
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2.4.4.2 Resist Spinning
In order to fabricate the crest designs, electron beam lithography was used. Firstly,
the substrates were cleaned and a 2.5 % dilution of 2010 poly-methylmethacrylate (PMMA) in o-xylene was dropped onto the substrate so that the
whole substrate was covered. These were then spun at 5000 rpm for 60 seconds to
give a resulting resist layer of 40 nm. This was then baked at 180 °C for 15 seconds
to evaporate the solvent. This process was repeated using 2.5 % 2041 PMMA to
produce a second layer with a thickness of 50 nm. This process produces a bi-layer
of PMMA: with a lower molecular weight resist covered with a higher molecular
resist. As such, an undercut profile was obtained allowing for easy lift-off after
metallisation.
2.4.4.3 Charge Conduction Layer
A 20 nm layer of aluminium was deposited onto the surfaces of the substrates
through electron beam evaporation in a Plassys MEB 4005. This layer acts as a
charge conduction layer that prevents the build-up of negative charge in the
substrate, which was non-conducting.
2.4.4.4 Patterning using Ebeam Lithography
The samples were then submitted for pattering using the Vistec VB6 UHR EWF
electron beam tool. The typical does used for these patterns was 1400 μC/ cm-1
and they were written in 1 mm2 arrays using a 1 nA aperture, 4 nm beam diameter,
step size of 1.5 nm and VRU of 3.
2.4.4.5 Development
Following pattern writing, the substrates were placed in Microposit CD- 26
developer (Shiply, USA) to remove the Al layer, rinsed with RO water and dried
under nitrogen. The resist was then developed in 2.5:1 ratio of IPA: methyl isobutyl
ketone (MIBK) for 45 seconds at 23 °C. PMMA is a positive resist and therefore the
areas that were exposed to the electron beam are more soluble than the unexposed
regions and can be removed more easily in MIBK, due to polymer chain scission.
The substrates were then rinsed with IPA, dried under nitrogen and ashered in an
oxygen plasma asher for 30 seconds at 100 W to remove any un-developed resist
residue at the bottom of the pattered features.
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2.4.4.6 Silanisation of Nanoboxes
Due to the hydrophobic nature of n-DTS (the background silane) PMMA would not
stick to the surface following silanisation. Therefore, in order to create sensing and
non-sensing regions, an aluminium layer was used as a second resist.
Firstly, the substrates were metallised with aluminium in a Plassys MEB 4005
electron beam evaporator. 20 nm of aluminium was evaporated onto the
substrates to produce a metal layer that was thinner than the first layer of PMMA
resist. This aids in lift-off.
Lift-off was performed in acetone for 1 hour at 50 °C. This step removes the resist
layer and with it, excess metal. Substrates were then rinsed with IPA, dried under
nitrogen and transferred to the oxygen plasma asher for 1 minute at 100 W. The
substrates were then transferred to a beaker containing n-DTS and silanisation
was performed as previously described in Section 2.4.2. The aluminium layer was
then removed in Microposit CD-26 developer and the substrate was washed with
water and dried under nitrogen. They were then silanised with FDTS by the
previously described method, Section 2.4.2.

2.4.5 Immobilisation of ODNs on Micro/Nanopatterned Surfaces
Fluorous-tagged ODNs (Table 2.5) were immobilised onto pattered surfaces
functionalised with FDTS silane and n-DTS. An aqueous solution of the fluoroustagged ODN (1 μM) was spotted onto the surfaces and left for 2 hours (at RT) in a
humidity chamber. The surfaces were then rinsed with water (10 mL) and dried
under nitrogen. Complementary sequences were then incubated on the surfaces as
outline in Section 2.2.3.

2.4.6 Removal of ODNs from the Surfaces & Their Re-immobilisation
The duplexed DNA was removed from the surface by immersing the substrates in a
solution containing 50 % MeOH (unless otherwise stated in the text), in
hybridisation buffer, overnight. Following this, the substrates were removed,
rinsed in hybridisation buffer and imaged. Re-immobilisation of the ODNs, and
hybridisation to their complementary sequence was carried out as descried in
Section 2.4.5 & 2.2.3.
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Table 2.5 Name, Sequence and 5’ Modification of ODNs. The ODNs included in
this table refer to those used in Chapters 3 &4.
Name

Sequence

5’
Modification

ODN1

TGC AGA TAG ATA GCA G

Mono-C8F17

ODN2

TGC AGA TAG ATA GCA G

-

ODN3

ATG GAT CCA TGA AGC TTA TGG AAT TCA Mono-C8F17
TGA TG

ODN4

TGC AGA TAG ATA GCA G

Mono-C8H17

ODN5

TGC AGA TAG ATA GCA G

Mono-C4F9

ODN6

TGC AGA TAG ATA GCA G

Mono-C6F13

ODN7

TGC AGA TAG ATA GCA G

Mono-C8F17

ODN8

TGC AGA TAG ATA GCA G

Bis-C8F17

ODN9

TGC AGA TAG ATA GCA G

Tetra-C8F17

ODN10

ATT TGT GAT GTC CTG C

Bis-C8F17

cODN1

CTG CTA TCT ATC TGC A

TAMRA

cODN3

CAT CAT GAA TTC CAT AAG CTT CAT GGA Alexa Fluor 488
TCC AT

ncODN1

ATG ATG AAG CTT ATG ATG

TAMRA

cODN10

GCA GGA CAT CAC AAA T

Alexa Fluor 488
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2.5 Synthesis, Purification
Nanostructures

&

Immobilisation

of

DNA

2.5.1 Design of DNA Nanostructures
DNA nanostructures were designed in the Hao Yan Lab (University of Arizona,
USA) and tweaked by Dr Henry (University of Glasgow, UK).(64) Chemically
modified strands were extended in the 5’ direction to allow for all modifications to
be on the same plane of the nanostructure.

2.5.2 Synthesis of DNA Nanostructures
The nanostructures were prepared by a standard protocol.(64) Briefly, the scaffold
strand and 212 staple strands were mixed together to target concentrations of ~10
nM and ~100 nM, respectfully, in 1 X TAE.Mg buffer. The tubes were then sealed
and placed in beaker containing boiling water in a Styrofoam box and left to anneal
overnight. Several different structures were synthesised, which differ in the
position, chemical modification or both, Table 2.6. The position of the modification
is described by a coordinate system as denoted in Figure 2.4.

Figure 2-4 Diagram of DNA Nanostructure Template used in Experimental
Work. The placement of the modification is described in the text by a
coordinate system where the x- position is denoted by a letter and the yposition a number.
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Table 2.6 Names used in the Text to Describe the Modified Nanostructures
with the Position and the Modification given.
Name of Nanostructure

Biotin Modification

Fluorous Modifications

DNS

-

-

DNS1

C3 (Up)

-

DNS2

C3 (Down)

-

DNS3

C3 (Up)

A1

DNS4

C3 (Down)

A1

DNS5

C3 (Up)

A1, E5

DNS6

C3 (Up)

A1, E1, A5, E5

DNS7

C3 (Up)

A1, A3, A5, E1, E3, E5

DNS8

C3 (Up)

A1, A3, A5, B2, B4, D2,
D4, E1, E3, E5

DNS9

C3 (Down)

A1, A3, A5, B2, B4, D2,
D4, E1, E3, E5

2.5.3 Purification of DNA Nanostructures
2.5.3.1 Purification of DNA nanostructures Using a 100 KDa Amicon® Ultra-2
Filter
In order to remove the excess staple strands, the nanostructure solution was
added to a 100 KDa Amicon® filter and the buffer was exchanged three times with
1 X TAE.Mg (5000 g, 15 minutes). The sample was then collected (5000 g, 2
minutes) and run on a 1 % agarose gel.
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2.5.3.2 Agarose Gel Purification of DNA Origami
The DNA nanostructure solutions were mixed with agarose loading buffer and run
on a 1 % agarose gel cast containing Syber Gold (Thermofisher, USA). The gel was
run, with 1 XTAE.Mg as the running buffer, for 1.5 hours at 80 V sitting in an icewater bath. It was then imaged using a Benchtop 3UV™ Transilluminator
(Thermofisher, USA) and the band relating to the structure was cut out and
chopped up using a razor blade, Figure 2.5. The gel pieces were then transferred to
a Freeze n’ Squeeze ™ DNA Gel Extraction Spin Column (Bio-Rad, UK), placed in the
freezer (- 20 °C) for 5 minutes, and finally spun at RT, 13000 g for 1 minute. The
collected liquid was again run through a 100 KDa Amicon® Ultra-2 Filter as
previously described and the concentration of the resulting solution was
determined using a Nanodrop ND-1000 Spectrophotometer (Thermo, USA).

Figure 2-5 1 % Agrose Gel loaded with Unmodified DNA nanostructure.
Bands relating to the nanostructure and free DNA are indicated on the gel.
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2.5.4 Immobilisation of DNA Nanostructures
2.5.4.1 On Mica
Mica is a negatively charged material and is routinely used to immobilise DNA via a
charge bi-layer. As such, mica was freshly cleaved and immediately 4 μL of DNA
nanostructure solution (1 nM, 1X TAE.Mg) was spotted onto the surface. The
magnesium ions present in the buffer create a positive layer on the mica allowing
the origami to be immobilised. (65, 66) The solution was then left to incubate on
the surfaces for 10 minutes then dried using a nitrogen gun. The surfaces were
then washed with DNAase free water (10 μL) twice with drying in-between and
after. In order to prevent damage to the origami, it was necessary to ensure the
surfaces were completely dry, Figure 2.6

Figure 2-6 Comparison of the Effect that Incomplete Drying has on DNA
Nanostructures on Surfaces. Both images are of origami from the same batch.
The only difference is that there was incomplete drying on one surface (Left)
and complete drying on the second surface (Right).
2.5.4.2 On SiO2
In order to place DNA nanostructures onto SiO2, a buffer exchange was required.
As such, the DNA origami solution (6 nM, 1 X TAE.Mg) was transferred into a 100
KDa amicon filter and topped up with 10 X TAE.Mg. The sample was spun at 5000 g
for 15 minutes and the Amicon filter was again topped up with 10 X TAE.Mg three
times in order to ensure buffer exchange from 1 x TAE.Mg to 10 X TAE.Mg. This is
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due to the lower negative charge on SiO2 surfaces compared to mica. Before
placement on the SiO2 surfaces, they were ashered for 30 seconds, 100 W to
activate the substrates and ensure the presence of surface silanols as opposed to
surface siloxanes.(67) 4 μL of the freshly prepared origami solution (1 nM, 10 X
TAE.Mg) was incubated on the surface. This was left for 1 hour at RT in a humidity
chamber to prevent evaporation of the droplet, Figure 2.7. Samples were then
washed with DNAse free water (20 μL) twice and dried with a nitrogen gun.

Figure 2-7 Picture of a Humidity Chamber. These chambers were used
throughout the experimental section to prevent rapid evaporation of
droplets on surfaces.
2.5.4.3 On FDTS/APTES
The same protocol as DNA nanostructure immobilisation on mica was used
(Section 2.5.4.1) unless otherwise stated in the text.
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2.5.5 Affinity Reaction between Streptavidin and Biotin Modified DNA
Nanostructures
2.5.5.1 Incubation and Purification of Streptavidin on Biotin Modified DNA
Nanostructures
A solution of DNA origami (1 nM, 1 X TAE.Mg) was incubated with streptavidin (2
uM) for 2 hours at room temperature. The origami were then purified away from
the free streptavidin using a 100 KDa Amicon® Ultra-2 Filter using the same
protocol as previously described in Section 2.5.3.1. The solution was then
deposited onto mica as described in Section 2.5.4.1.

2.5.6 Capture of Fluorous-Tagged molecules onto Fluorous Modified
Nanostructures
2.5.6.1 Capture of Fluorous-Tagged Biotinylated ODNs.
Fluorous-tagged, biotinylated ODNs (Table 2.7) were synthesised by Dr Sender &
Dr Withers (University of Strathclyde) and diluted to 10 µM in DI water. They
were then incubated for 2 hours at RT with streptavidin so that the final
concentration of fluorous-tagged biotin was 1 µM and streptavidin was 20 µM. This
solution was then incubated overnight with 1 nM of origami solution at 4 °C.
Purification of the origami from free streptavidin was carried out as described in
Section 2.5.3.1 and the resulting solution was deposited onto mica as outlined in
Section 2.5.4.1.
Table 2.7 Name, Sequence and Fluorous Modification of Biotinalayted ODNs
used in Section 2.5.6.1.
Name

Sequence

3’ Modification

5’ Modification

ATS51

TTTT

Biotin

Mono-C8F17

ATS52

TTTT

Biotin

Bis-C8F17

ATS53

TTTT

Biotin

Tetra-C8F17

2.5.6.2 Capture of Fluorous-Decorated Nanoparticles
A fluorous-tagged, thiol bearing ODN (Table 2.8) was obtained from Dr. Sender &
Dr Withers (University of Strathclyde) and conjugated to nanoparticles, as outlined
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in Section 2.3. Due to aggregation, onto the side of the Eppendorf tube, the samples
could not be used.
Table 2.8 Name, Sequence and Fluorous Modified ODNs used in Section
2.5.6.2.
Name

Sequence

3’ Modification

5’ Modification

NP_ODN

TTTT

Thiol

Mono-C8F17
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2.6 Analytical Techniques
2.6.1 Native Polyacrylamide Gel Electrophoresis (PAGE)
Native gel electrophoresis allows double stranded DNA to retain its double helical
structure as it migrates, and separates DNA fragments based on their base pair
(bp) number. Due to the uniform negative density of DNA originating from the
phosphate backbone, the free solution mobility of DNA is independent of the size
of the molecule. However, polyacrylamide (and agrose) gels act as a sieving
medium and the relative mobility of any molecule is determined by its ability to
navigate a path through the gel pores. In effect, the migration distance of a given
DNA strand is proportional to the logarithm of its molecular weight. This is of
course a generalisation and the extremes of the size range do not conform to this
rule.(68)
Native polyacrylamide gels were prepared and the different compositions for the
different percentage gels can be found in Table 2.9. The percentage of acrylamide
was determined by the base pair separation required. The components of the gel
were added in order shown in table from top to bottom and polymerisation was
initiated by the addition of 526 μL tetramethylethylenediamine (TEMED) and 29.4
μL 10 % (w/v) ammonium persulphate (APS). The gel was then left to set for
around 1 hour.
Samples were then prepared by adding 20 % v/v of DNA loading dye, and the gel
was run for 2-8 hours at 80 V in 1 X TAE.Mg buffer. The gels were then imaged
using a Genesyn PXi (Syngene, USA) and the images were analysed using the
ImageJ software.

2.6.2 Denaturing Polyacrylamide Gel Electrophoresis (PAGE)
Denaturing gel electrophoresis allows DNA to be separated by its molecular weight
only through the inclusion of denaturing agents, such as urea. These agents lower
the melting temperature of the DNA, allowing the secondary structure to fall apart
at lower temperatures.(69)
In brief, DNA gels were cast depending on the base-pair separation required, Table
2.10. Sample preparation was similar to that described in Section 2.6.1 and the gel
was run in TBE buffer at 50 °C for 2-8 hours at 80 V.
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Table 2.9 The Composition, and Base Pair Resolution, of the Different
Percentage Native PAGE gels used in this work to Analyse DNA Fragments.
8%

12 %

15 %

40 % Acrylamide (19:1)(mL)

14

21

26.2

10 X TAE.Mg (mL)

7

7

7

Water (mL)

49

42

36.8

10 % APS (μL)

526

526

526

TEMED (μL)

29.4

29.4

29.4

Xylene Cyanol Run (bp)

160

70

60

Bromophenol Blue Run (bp)

45

20

15

Resolution (bp)

50-400

35-200

20-150

Table 2.10 The Composition, and Base Pair Resolution, of the Different
Percentage Denaturing PAGE gels used in this work to Analyse DNA
Fragments. Solutions were made up to 60 mL with DI water.
8%

10 %

20 %

Urea (g)

25.2

25.2

25.2

10 X TBE Buffer (mL)

6

6

6

40 % Acrylamide (19:1)(mL)

12

15

30

10 % APS (μL)

526

526

526

TEMED (μL)

29.4

29.4

29.4

Bromophenol Blue Run (bp)

19

12

8

Xylene Cyanol Run (bp)

75

55

28

Resolution (bp)

35-45

25-35

8-25
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2.6.3 Bright Field/Dark Field Microscopy
Microscopy, no matter the technology, follows the laws of physics that define how
light interacts with matter. For example, light travelling from one medium to
another with a higher refractive index will slow down and change direction
dictated by Snell’s Law of refractions. Diffraction, on the other hand, describes how
light bends around the edges of an object and is defined by Huygens’s principle,
which states that objects diffract light in a manner directly proportional to its size
and spatial distribution. It is the combination of refraction and diffraction that
determine what form the image will take and is harnessed in the optical system
using lenses to form an image via the controlled convergence and divergence of
light.(70)
Bright field microscopy is the fundamental form of microscopy illumination. Its
name is derived from the fact that the specimen is dark and the background is
light. In contrast, the specimen appears bright and the background dark in dark
field microscopy. In this method, the specimen is illuminated at such angles that
the direct light is not collected by the microscope objective and thus only diffracted
and scattered light are used to form the image. (71)
A Zeiss Axio Imager A1 optical microscope, with a 12 V 100W Tungsten-Halogen
bulb as a light source, connected to a Sony NEX-F3, was used to take images of the
samples. The exposure time fore each sample was 150 ms, using a 60 X (NA 0.7)
objective.

2.6.4 Fluorescence Microscopy
With advances in digital cameras, it is now possible to obtain quantitative data
from fluorescence images. When an optical image of the specimen (or surface) is
formed by the microscope and recorded by a detector, in this case a chargecoupled device (CCD) camera, a digital image is created. This digital imaged is
composed of a two-dimensional grid of equally sized pixels and during the
acquisition of the image the photons that are detected at each pixel are converted
to intensity values. These values correlate to the number of detected photons or
fluorophores present in a sample. (72)
Surfaces were imaged using an Axio Observer Z1 (Zeiss, Germany) (1 second, 20X
objective (NA 0.4). In order to obtain quantitative data, the images (8 bit, grey
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scale) were imported into ImageJ. The fluorescence intensity was taken from the
region of interest (the total analysed area was consistent throughout the analysis)
and was normalised by subtracting the fluorescence intensity obtained from an
area on the substrate that did not have any sample on it (area of analysis was equal
to the area of interest). This was carried out to remove background fluorescence
resulting from the detector offset, scattered light from the optics hitting the sensor,
difference in the intensity of the illumination source and background light in the
room. Therefore the images were normalised to one another allowing quantitative
data to be extracted from the images. For each sample, a minimum of 3 repeats
was analysed. From this, the average fluorescence intensity and standard deviation
was calculated which was plotted for each image.

2.6.5 Quartz Crystal Microbalance
A quartz crystal microbalance (QCM) monitors changes of mass and viscosity on a
surface in real-time.(73) QCM, with dissipation, measurements were performed on
silicon dioxide coated QCM-D crystals (25 mm, 5 MHz) using an OWLS QCM-I
(MicroVacuum, Hungary) attached to a mechanical pump to introduce the samples.
The QCM crystals were silanised according to Section 2.4.2. Prior to being mounted
into the QCM-D unit, the crystals were soaked in buffer overnight. A crystal was
then mounted into the unit where water was flushed through at 20 °C until a stable
baseline was established. The flow rate and temperature (40 μL/minute; 20 °C)
remained constant throughout the experiment unless otherwise stated. Solutions
were introduced slowly through an injection loop (total volume was 500 μL).
Following the stabilisation of the QCM, the change in the frequency and dissipation
was measured. The frequency data was then normalised to the fundamental
frequency by dividing it by its overtone number. The data obtained from the 3rd, 5th
and 7th overtone was then plotted on the same graph to give qualitative data at
different depths from the surface.

2.6.6 Atomic Force Microscopy
Atomic force microscopy (AFM) uses a cantilever with a sharp tip to scan over a
sample surface and reads out a three-dimensional topographical image with nanoscale precision.(74)
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AFM images were taken in tapping mode (air) on a Dimension Icon ScanAsyst
(Bruker, USA). ScanAsyst-Air nitride cantilevers with a 2 nm radius silicon tip were
used for imaging. Images were then analysed using Nanoscope Analysis 1.5
software.

2.6.7 Fourier Transform
Spectroscopy

Infrared

Attenuated

Total

Reflection

Fourier transform infrared spectroscopy (FT-IR) in an invaluable tool for the rapid
analysis of microsamples.(75) Attenuated total reflection (ATR), in conjunction
with infrared spectroscopy (IR), allows samples to be examined directly in the
solid or liquid state without further preparation. FT-IR spectra were obtained on a
Vertex 70 (Bruker, USA) using a Platinum ATR attachment with a resolution of 2
cm-1 and 128 scans. Samples were prepared by grinding the substrates, presilanisation, to a fine powder using a mortar and pestle.

2.6.8 Water Contact Angle Measurements
Contact angle measurements were made using 5 μL of DI water on a DSA25 (Kruss,
Germany). The contact angle is geometrically defined as the angle formed at the
interface between a droplet of liquid, and the surface under examination. This
relatively simple technique was used to characterise the surfaces, as the
hydrophobicity/hydrophilicity could be rapidly determined. Furthermore, due to
the non-destructive nature, as well as rapid throughput, this technique was used as
a quality control measure for all silanised surfaces.(76)

2.6.9 Scanning Electron Microscopy
Scanning electron microscopy (SEM) images are generated by probing the
specimen with a focused high-energy beam of electrons. The electrons interact
with the sample surface, specifically the atoms, which generate a signal that
contains information about the specimen surface topography and characteristic
features.(77)
SEM images were obtained using a Hitachi S-4700 SEM operating at 10 kV. Before
loading the samples in the SEM, they were coated with Au using an in-house
sputter coater operating at 15 mA for 2 minutes.
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3 REVERSIBLE DNA MICROPATTERNING USING THE
FLUOROUS EFFECT
3.1 Introduction
Microarrays allow for biomolecular interactions to be probed using minimum
sample volumes. The typical set up of a microarray involves the probe molecule
covalently bonded to a substrate.(54) For this to succeed, the probe molecule must
be chemically modified.(78) However, the processes required to chemically modify
biomolecules are often tricky and can hamper the overall synthesis. Therefore,
new methods to attach biomolecules to solid supports are extremely valuable. This
led to the seminal work by Pohl et al., whom suggested a simpler concept for
microarray formation relying on the non-covalent fluorous effect. This method of
attachment, through a mono-C8F17 tail, was demonstrated to be sufficient to bind
carbohydrates to a fluorinated solid support and allowed for the screening of small
molecules.(36)

3.1.1 Fluorous-based Microarrays
The term ‘fluorous’ refers to a class of perfluorinated organic compounds, similar
to hydrocarbon chains, with the general formula CnF2n+1. Tagging molecules with a
fluorous chain results in the compound having three distinct regions: (1) a
perfluorocarbon group (Rf) to allow for separation; (2) a hydrocarbon spacer (2-3
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carbons) to shield the high electronegativity of the Rf group; and (3) an organic
compound that dominates its reactivity. In these cases, the fluorous region can be
viewed as a phase tag, often referred to as a fluorous “ponytail”.(40)
The chemical and physical properties of fluorous “ponytails” differ significantly
from their hydrocarbon counterparts. Notably among these differences is their
tendency to exclude themselves from both aqueous and organic phases in order to
reduce the unfavourable interactions of fluorine atoms with other elements.
However, they are known to have strong non-covalent interactions with other
fluorous compounds or solvents.(79) This observation is known as the ‘fluorous
effect’ and in 2005 it was exploited by Nichola Pohl to both purify synthetic
carbohydrate intermediates and to direct their immobilisation for the production
of carbohydrate microarrays. In this work, fluorous-tagged monosaccharides were
anchored onto a fluorinated-solid support and then screened with fluorescently
labelled carbohydrate-binding proteins. This method bested other non-covalent
immobilisation strategies for carbohydrates, such as on nitrocellulose-coated glass
slides, in the fact that there was control over the orientation of the sugar on the
surface. (80, 81) Further to this, it was demonstrated that only a small fluorous tag
(mono-C8F17) was required to pattern the carbohydrates, and they could withstand
multiple washing steps and routine screening against carbohydrate-binding
proteins.(36) This work was then built upon by expanding the scope of these
arrays for the immobilisation of many molecules including disaccharides, histone
deacetylase inhibitors, peptides, and proteins.(82-85) Further to this, unlike
traditional microarrays, it was shown that fluorinated-substrates could be rinsed
and re-used multiple times with little background fluorescence.(37)

3.1.2 Context & Aim of Result Chapter
The tagging of biomolecules with fluorous “ponytails” has emerged as an attractive
method for the immobilisation of biomolecules onto fluorinated-solid supports.
This is due to the associated advantages: (i) strong and specific affinity for
molecules containing fluorous “ponytails”, (ii) high signal-to-noise ratios, (iii) high
resistance to non-specific binding, (iv) low and uniform background fluorescence,
and (v) simple fabrication workflows.(85) Furthermore, fluorous “ponytails” are
often chemically inert, compatible with a wide range of functional groups, and the
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tag itself can aid in product purification following solution phase parallel synthesis
by means of fluorous-solid phase extraction, reverse fluorous-solid phase
extraction and liquid-liquid extraction. (86)
Nevertheless, to our best knowledge, this method of attachment has not yet been
applied to the immobilisation of ODNs for the fabrication of microarrays. The work
carried out in this section hopes to address this issue with the following aims:
1. Determine if the fluorous effect can be used to immobilise ssODNs onto
fluorinated-solid supports without inhibiting the self-recognition properties
of the ODN for its complementary sequence.
2. Determine if the fluorous effect can be used to fabricate re-usable surfaces
for ODN immobilisation.
3. Determine if the incorporation of a mono-C8F17 tag on the 5’ end of an ODN
impacted the ability of restriction enzymes to recognise the strand as a
substrate.
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3.2 Results & Discussion
3.2.1 Characterisation of FDTS Surfaces
Silanisation of borofloat wafers, using FDTS, was investigated by comparing the
hydrophobicity of the modified surfaces to unmodified surfaces and by ATR-FT-IR
spectroscopy (Figure 3.1). Hydrophobicity was determined using static contact
angle measurements for unmodified and FDTS-modified surfaces. It was found that
following the silanisation procedure the contact angle measurement increased
from ~10˚ ± 7.8 for the unmodified, cleaned glass to ~114.2˚ ± 8.7. This was found
to be consistent with other reported values for FDTS modified surfaces, which
demonstrated typical contact angle measurements of 110-116˚. (86) (87)
In interpreting the spectra of FDTS silanised borofloat wafers, focus was placed on
the region above 700 cm-1. This region is less congested and the band assignments
can be found in Table 3.1.(88) Presence of peaks in the region 1200-1400 cm-1 are
consistent with the deposition of FDTS onto wafers and the enhancement of the
methylenic signals at 2850 cm-1 and 2935 cm-1 reveals a great amount of grafted
organic matter.(89) Furthermore, the characteristic asymmetric stretching mode
of Si-O-Si shifts from ~1080 to ~1100 cm-1. This has been associated with the
successful silanisation of glass substrates and is attributed to the abstraction of –
OH to form a monolayer on Si-O-Si.(90) As such, it was concluded that the silane
was deposited onto the surface.
Table 3.1 Band Assignment for the Infrared Spectra of FDTS silanised
borofloat wafer. Assignments are based on Ref (88, 91-93)
Frequency (cm-1)

Intensity

Description

1375

Medium

Antisymmetric CF2 stretch, CF2 rock

1260-1200

Strong

Antisymmetric CF2 stretch, CF2 rock, CC
stretch, CCC bend

2935

Very Strong

Anitsymmetric CH2 stretch

2850

Very Strong

Symmetric CH2 stretch
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Figure 3-1 Characterisation of FDTS Silanised Borofloat Wafers using FT-IRATR Spectroscopy & Contact Angle Measurements. (a) Contact angle
measurements were taken before and (b) after silanisation of borofloat
wafers. (c) FT-IR-ATR spectra were obtained for the substrates before (in
black) and after silanisation (in red) and bands relating to FDTS (structure
can be seen above spectra) are indicated on the spectra.
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3.2.2 Immobilisation of Fluorous-Tagged DNA
Crucial to the fabrication of DNA microarrays is the retention of the selfrecognition properties of the immobilised probe strand, low non-specific binding
and high reproducibility of the immobilisation technique. (78) As such, the
fluorous effect, as a means to immobilise ODNs for microarray development, was
tested against these criteria.
The steps involved in the immobilisation procedure can be seen in Figure 3.2 (a).
Briefly, surfaces were fabricated using standard photolithography in order to
create chemically distinct regions (Section 2.3.3). This included fluorous modified
square arrays surrounded by a non-fluorous background (nDTS). Following this,
the mono-C8F17 fluorous-tagged 16-mer ODN (ODN1) was incubated onto the
surfaces. This was followed by a washing step to remove non-specifically bound
ODN1 and the complementary sequence (cODN1) was introduced to the substrate.
In order to detect the presence of cODN1 on the surfaces using fluorescence
microscopy, the stand was fluorescently labelled (TAMRA). Incubation of a noncomplementary sequence (ncODN1, TAMRA label) was also carried out on surfaces
with anchored ODN1. The surfaces were then imaged using fluorescence
microscopy (Figure 3.2 (c (i) & (ii))). The corresponding fluorescence intensity
values were determined using ImageJ and plotted against one another (Figure 3.2
(b)). These measurements allowed a comparison of the relative concentrations of
fluorescently labelled strands, which can be inferred from the fluorescence
intensity values, to be made.(72) Hence, it was observed that the described method
of attachment for DNA microarray production was suitable in the fact that little
fluorescence was detected for the ncODN1. This suggested that there was little of
the non-complementary sequence on the surface and thus the surfaces showed low
non-specific binding properties. Further to this, as the fluorescence intensity value
for the cODN1 was comparably high to the ncODN1, it was inferred that OND1 was
in an orientation that permitted hybridisation to its complementary sequence and
therefore neither the fluorous-tail nor the fluorinated-substrate inhibited the self
recognition properties of ODN1.
In order to determine if the ODN was immobilised through the fluorous effect, a
16-mer ODN was synthesised without a fluorous-tag (ODN2) for comparison of the
binding/hybridisation efficiency. This was deposited onto a fluorous array and
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incubated with cODN1 (Figure 3.2 (c (iii))). Again, the fluorescence intensity values
were low for these samples indicating low non-specific binding of ODN2 onto
fluorinated-substrates. As such, from this data it was deduced that the ODN1 was
immobilised through the fluorous effect (Figure 3.2 (b)).

Figure 3-2 Immobilisation & Hybridisation of Fluorous-Tagged ssDNA
(ODN1) onto Fluorous Microarrays. (a) Schematic shows the immobilisation
of ODN1 onto photo-lithographically defined fluorous-arrays and subsequent
hybridisation to its complementary sequence (cODN1) or incubation with a
non-complementary

sequence

(ncODN1).

(b)

Graph

and

(c)

the

corresponding fluorescence images show the fluorescence intensity
measurements for the immobilisation and incubation of
cODN1, (ii) ODN1 and ncODN1, and (iii) ODN2 and cODN1.
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3.2.3 Immobilisation of Fluorous-Tagged DNA – QCM Investigation
The immobilisation, of ODN1, and hybridisation, of cODN1, were also investigated
using a quartz crystal microbalance with dissipation monitoring (QCM-D) on both
FDTS-modified QCM chips (Figure 3.3 - 3.5) and unmodified QCM chips (Figure 3.6
– 3.8). QCM has been extensively used to investigate the immobilisation and
hybridisation of DNA on surfaces.(94-97) A change in the mass of material
deposited on the sensor surface generates a shift in the frequency of oscillation, ƒ,
relative to the original baseline frequency. This change in frequency (∆ƒ) is
detected by the sensor and relates to the mass change of the molecular film
according to the Sauerbrey equation (∆m = -C ∆ ƒ /n; where ∆m is the change in the
density of the immobilised mass (ng cm-2), n is the overtone number and C is a
constant value of 17.7 ng cm-2 s-1).(73)
The special variation of this technique, QCM-D, allows for the label-free
simultaneous measurement of the changes in the induced energy dissipation (∆D)
and the frequency (∆ƒ) in real-time. This change in dissipation can be related to the
energy loss of the system, or the viscoelastic properties of the adlayer and thus
QCM-D measures two distinct properties of the immobilised layer.(98) This
technique has been used to probe the conformational changes or secondary
structures of DNA molecules.(99-101)
In this work, QCM-D measurements were carried out to determine if the ODN1 was
immobilised non-specifically onto an unmodified, SiO2 coated QCM chip. The
purpose of this experiment was to monitor the immobilisation of this strand onto
the surface as it was not fluorescently labelled and could therefore not be
monitored using fluorescence microscopy.
As shown in Figure 3.3, after a short wash with buffer (flow rate 40 μL/min) , the
ODN1 (1 μM) was loaded into the chamber containing a fluorous modified QCM
chip. Immediately a dramatic decrease in the frequency (-∆ƒ) was detected. The ∆ƒ
then plateaued around 8 Hz indicating surface “saturation”. Following this, buffer
was flowed into the chip to remove any non-specifically bound ODN1 and the
frequency change again plateaued at around 6 Hz. As stated, dissipation data was
also recorded during these measurements. Initially, after the loading step, a large
increase in the dissipation was observed. This is consistent with non-specific
adsorption, the formation of a non-rigid film, or a change in density of the buffer.
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(98, 102)As the Sauerbrey equation is only valid for acoustically rigid films with
low dissipation, the increase in mass could not be plotted for these measurements
using this model as ∆D and ∆ƒ have become coupled. However, it can be taken as an
approximation that ∆ƒ mainly reflects changes in surface mass and ∆D is
predominantly influenced by the viscoelastic properties of the surfaceimmobilised layer.(73) Therefore, a decrease in the frequency was attributed to
the immobilisation of ODN1 onto the surface (Figure 3.3 (b)).

Figure 3-3 QCM Measurements taken during the Immobilisation of ODN1
onto Fluorous Silanised QCM Chips. (a) Frequency and dissipation data
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obtained during the immobilisation of ODN1 onto a FDTS modified QCM chip.
(b) Schematic of immobilisation of ODN1 onto a fluorous QCM chip. Key: Δfn=
𝟑

rd
𝟑 is the change in the frequency arising from the 3 overtone normalised
to the fundamental by dividing it by its overtone number; Δfn= 𝟓 𝟓 is the

change in the frequency arising from the 5th overtone normalised to the
fundamental by dividing it by its overtone number; Δfn= 𝟕 𝟕 is the change in
the frequency arising from the 7th overtone normalised to the fundamental
by dividing it by its overtone number; ΔDn= 3 is the change in the dissipation
data arising from the 3rd overtone; ΔDn= 5 is the change in the dissipation
data arising from the 5th overtone; and ΔDn= 7 is the change in the
dissipation data arising from the 7th overtone.
Following the injection of cODN1 (1 μM) into the chamber, a smaller and slower
decrease in the frequency was observed (Figure 3.4 (a)). This was attributed to
hybridisation events occurring on the surface (Figure 3.4 (b)). Nevertheless, there
was little change in the dissipation. This could suggest the formation of a rigid
layer due to the hybridisation of the cODN1 to the ODN1 on the surface, which
reduces the persistence length associated with single-stranded DNA.(101, 103)
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Figure 3-4 QCM Measurements taken during Hybridisation of cODN1 to ODN1
on Fluorous Silanised QCM Chips. (a) Frequency and dissipation data for the
hybridisation of cODN1 with ODN1. (b) Schematic of hybridisation of cODN1
with ODN1 immobilised onto fluorous modified QCM chip. Key: Δfn= 𝟑 𝟑 is
the change in the frequency arising from the 3rd overtone normalised to the
fundamental by dividing it by its overtone number; Δfn= 𝟓 𝟓 is the change in
the frequency arising from the 5th overtone normalised to the fundamental
by dividing it by its overtone number; Δfn= 𝟕 𝟕 is the change in the frequency
arising from the 7th overtone normalised to the fundamental by dividing it by
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its overtone number; ΔDn= 3 is the change in the dissipation data arising
from the 3rd overtone; ΔDn= 5 is the change in the dissipation data arising
from the 5th overtone; and ΔDn= 7 is the change in the dissipation data
arising from the 7th overtone.
To characterise the immobilisation of ODN1 onto the FDTS-modified surface and to
gain more qualitative information about the interactions occurring at the solidliquid interface, the ∆D was plotted against the ∆ƒ (Figure 3.5 (a)).(104) It was
found that with an increase in the mass on the surface, which was attributed to the
immobilisation of ODN1 onto the FDTS-modified QCM chip, the dissipation energy
also increased until a critical mass on the surface was obtained and the dissipation
suddenly dropped to the starting value (Figure 3.5 (a)). This profile of events has
been observed for supported lipid bilayer (SLB) formation from vesicle rupture.
This process is described as a three-step model: (1) vesicle adsorption; (ii) vesicle
stress in the form of bending and intervesicular crowding; and finally (iii) vesicle
rupture into a confluent SLB. (105) As such, the QCM data was analysed in this
context as the formation of spherical micelles with a perfluorocarbon core and a
DNA corona has been reported elsewhere (Figure 3.5 (c)). (106) It was thus
postulated that the fluorous-DNA micelles approached the surface and were nonspecifically bound. This could explain the large change in the dissipation during the
injection stage (Figure 3.3 (a)). Finally, once a critical mass of the fluorous-DNA
micelles was reached on the surface, they ruptured causing a reduction in the
dissipation data consistent with the formation of a more rigid layer.
The same analysis for the cODN1 hybridisation events was carried out (Figure 3.5
(b)). This plot showed that a linear relationship existed between the ∆ƒ and ∆D
indicating that no conformational changes occurred during the hybridisation
process. Further to this, the gradient was very small indicating slow
adsorption/hybridisation kinetics for the cODN1. (107)
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Figure 3-5 Plots of the Change in Dissipation as a function of the change in
Frequency for Immobilisation & Hybridisation of Fluorous Tagged ssDNA on
Fluorous Silanised QCM Chips. (a) Graph illustrates the change in dissipation
with the change in frequency measured during the immobilisation of ODN1
onto fluorous surfaces. Upturned “v” is consisted with lipid vesicle
adsorption and rupture on a surface and could be correlated to fluorous
micelle adsorption onto surfaces as outlined in schematic (c). (b) Change in
dissipation with the change in frequency measured during hybridisation of
cODN1 to immobile ODN. Key: n= 3 is the frequency and dissipation data
obtained from the 3rd overtone; n= 5 is the frequency and dissipation data
obtained from the 5th overtone; n= 7 is the frequency and dissipation data
obtained from the 7th overtone.
As stated, the immobilisation events of ODN1 onto unmodified QCM chips (with
deposited SiO2 layers) were probed using QCM using the same conditions as
previously explained (Figure 3.6 - 3.7). In relation to the FDTS-modified QCM
chips, a comparable decrease in frequency (6 Hz) was found for these surfaces
following the introduction to the fluorous-tagged DNA (Figure 3.6). This suggested
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that the DNA was immobilised onto the surface. However, the energy dissipation
for these surfaces was comparably higher than that of ODN1 immobilisation onto
FDTS-modified QCM chips. It is difficult to pinpoint the exact reason for this,
however it could suggest more water adsorption in the adlayer due to the fact that
the surface is hydrophilic as opposed to hydrophobic like the FDTS-modified
layer.(104) However, as the penetration depth of an acoustic wave is proportional
to the √ƒ, collecting data at multiple frequencies (overtones) can give further
information as to the structure of the immobilised layer. Therefore, the overtone
dependence displayed during the immobilisation of ODN1 onto the unmodified
surface could hint at different viscoelastic properties at different penetration
depths. This could therefore indicate the formation of a non-homogenous layer.
(101, 108)
Examination of the QCM frequency and dissipation data following the injection of
the cODN1 showed no change (Figure 3.7 (a)). Therefore, it was concluded that the
immobilised ODN1 was not in the correct orientation to permit hybridisation and
no cODN1 was immobilised onto the surface.
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Figure 3-6 QCM Measurements of Immobilisation of ODN1 onto SiO2 coated
QCM Chips. (a) Frequency and dissipation data obtained during the nonspecific immobilisation of ODN1 onto SiO2 coated QCM chip. (b) Schematic of
non-specific immobilisation of ODN1 onto SiO2 coated QCM chip related to
theorised events occurring in (a). Key: Δfn= 𝟑 𝟑 is the change in the frequency
arising from the 3rd overtone normalised to the fundamental by dividing it by
its overtone number; Δfn= 𝟓 𝟓 is the change in the frequency arising from the
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5th overtone normalised to the fundamental by dividing it by its overtone
number; Δfn= 𝟕 𝟕 is the change in the frequency arising from the 7th overtone
normalised to the fundamental by dividing it by its overtone number; ΔDn= 3
is the change in the dissipation data arising from the 3rd overtone; ΔDn= 5 is
the change in the dissipation data arising from the 5th overtone; and ΔDn= 7
is the change in the dissipation data arising from the 7th overtone.

Gabriella Flynn - 2018

53

Immobilisation of DNA Using The Fluorous Effect
Figure 3-7 QCM Measurements Following the Injection of cODN1 into
chamber containing SiO2 coated QCM Chips with previously immobilised
ODN1. (a) Frequency and dissipation data obtained after cODN1 was injected
into the QCM chamber. (b) Schematic showing that the ODN1 is not in the
correct orientation to permit hybridisation and is related to theorised events
occurring in (a). Key: Δfn= 𝟑 𝟑 is the change in the frequency arising from the
3rd overtone normalised to the fundamental by dividing it by its overtone
number; Δfn= 𝟓 𝟓 is the change in the frequency arising from the 5th overtone
normalised to the fundamental by dividing it by its overtone number; Δfn=
𝟕

th
𝟕 is the change in the frequency arising from the 7 overtone normalised

to the fundamental by dividing it by its overtone number; ΔDn= 3 is the
change in the dissipation data arising from the 3rd overtone; ΔDn= 5 is the
change in the dissipation data arising from the 5th overtone; and ΔDn= 7 is
the change in the dissipation data arising from the 7th overtone.
Again, qualitative data was obtained by plotting the ∆ƒ vs. ∆D (Figure 3.8). This
hinted at the same set of events described for the immobilisation of ODN1 onto
FDTS-modified QCM chips (Figure 3.5). However, due to lack of frequency data
following the injection of cODN1 into the QCM chamber (suggesting that no
hybridisation events occurred) it was postulated that the ODN1 was immobilised
in an orthogonal arrangement, following micelle rupture, but with the fluorous
“ponytails” pointing away from the surface.
A comparison between the ∆ƒ vs. ∆D for ODN1 on FDTS-modified and unmodified
QCM chips showed that the initial adsorption kinetics were a lot faster for the
immobilisation of ODN1 onto FDTS-modified surfaces (due to the steeper
gradient).(101) Further to this, slight curvature during the initial immobilisation
step of the ODN1 onto the unmodified QCM chip could hint at conformational
changes on the surface. (107)
In summary, this body of work was used to gain qualitative data about the
immobilisation of fluorous-tagged DNA onto both fluorous modified and
unmodified SiO2 surfaces. It was shown in both of these cases that the fluorousDNA was immobilised onto the surface. Analysis of the dissipation data pointed at
possible fluorous-micelle rupture on the surfaces causing the formation of a layer
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of fluorous DNA on the surface. However, following the incubation of the
complementary DNA onto the surfaces, only the fluorous modified chips showed
frequency response consistent with the hybridisation of the probe DNA to the
target DNA. Therefore it was postulated that the fluorous DNA specifically
orientated itself, following micelle rupture on the surface, whereby the fluorous
tail either interacted with the surface enabling hybridisation (as seen on the FDTS
modified surfaces) or pointed towards the bulk solution preventing hybridisation
(as seen on the unmodified SiO2 surfaces). This was attributed to the fluorous tail
trying to orientate itself in such a manner to reduce unfavourable interactions with
other elements. Unfortunately, QCM-D can give more qualitative data than
presented here including the layer thickness and dissociation kinetics. However, it
was not possible to carry out this analysis due to software limitations. Therefore,
further investigation should be carried out on this work to gain more quantitative
data. Furthermore, it could be interesting to probe the surface further and
determine if, following rupture of the fluorous micelle on the surface, a fluorous
bilayer could be formed.
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Figure 3-8 Plots of the Change in Dissipation as a function of the change in
Frequency for Immobilisation of ODN1 onto SiO2 coated QCM Chips and
Following Injection of cODN1. (a) Graph illustrates the change in dissipation
with the change in frequency measured during the immobilisation of ODN1
onto SiO2 surfaces. Upturned “v” is consisted with lipid vesicle adsorption
and rupture on surface and could be correlated to fluorous micelle
adsorption onto surfaces as outlined in schematic (c). Due to the lack of
binding of the cODN1 to the surface it is postulated that ODN1 is immobilised
on the surface with the fluorous tails pointing away from the surface
preventing both hybridisation of cODN1 with ODN1 or non-specific binding
of the cODN1 onto the surface. (b) Change in dissipation as a function of the
change in frequency measured during injection of cODN1 into QCM chamber.
Key: n= 3 is the frequency and dissipation data obtained from the 3rd
overtone; n= 5 is the frequency and dissipation data obtained from the 5th
overtone; n= 7 is the frequency and dissipation data obtained from the 7th
overtone.

3.2.4 Immobilisation and Removal of Fluorous-Tagged DNA onto
Fluorous Surfaces
Many DNA immobilisation techniques used in the fabrication of microarrays are
often static in nature and therefore do not provide any opportunity to modify the
composition of the substrate after the initial immobilisation step. (109, 110) This
limits the potential use of the surfaces, particularly in biosensing and diagnostics,
as they are restricted to single use applications.(16) Therefore, the development of
new chemistries that allow for the reuse of the sensing platforms would provide a
route towards more versatile systems and devices.
The current method employed to reuse microarray slides relies on a stripping
mechanism that refreshes the substrates between each reuse.(13) However, this
method does not permit the probing of different genetic information. Fluorousfluorous interactions on the other hand have demonstrated potential as a method
for removing anchored small molecules from surfaces. (37) This work
demonstrated the ability to probe small molecule-protein interactions with the
added benefit of being able to reuse the same substrate up to five times with low
background fluorescence following a simple methanol/dichloromethane wash.(37)
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It was therefore hypothesised that applying this technique to the fabrication of
DNA microarrays could permit reusable ODN screening applications.
In order to investigate this, fluorous arrays were fabricated using standard
photolithography and the ssDNA with a fluorous tag, ODN1, was incubated on the
substrates. This was then hybridised to its complementary sequence, cODN1,
allowing for its detection using standard fluorescence microscopy. Due to the noncovalent nature of the fluorous interaction, by employing a simple methanol/PBS
wash, the duplex was removed from the surface thus regenerating it and allowing
for new DNA to be immobilised onto the surface (Figure 3.9).

Figure 3-9 Schematic of Fluorous Tagged ssDNA Immobilisation &
Hybridisation to Fluorescently tagged complementary sequence.
In order to assess the removal of ODN1 from the surface, label free QCM
measurements were necessary (Figure 3.10). As such, FDTS-modified QCM chips
were incubated overnight with ODN1. These were then inserted into the QCM
chamber and washed with PBS buffer to remove any non-specifically bound ODN1.
Once equilibrium was reached the buffer was changed to 50 % MeOH in PBS. This
resulted in a large and sudden decrease in the frequency, which was attributed to a
change in the density of the buffer.(111) Finally, the buffer was switched back to
PBS to allow for a comparison between the starting and final frequency values
which was found to increase to ~100 Hz. This increase in the frequency was
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attributed to a reduction in the mass on the surface. In comparison, modified QCM
chips with no immobilised ODN1 were subjected to the same cycle of events and
showed a decrease in the frequency, which was attributed to ion adsorption onto
the surface (Figure 3.10 (b)). The ∆ƒ vs. ∆D was plotted for the removal events of
ODN1 from the FDTS-modified QCM chip (Figure 3.11). This showed a linear
decrease in the dissipation with an increase in the frequency. This was attributed
to fast dissociation kinetics with no change in the conformation on the surface. The
two-phase response from the control was attributed to a change in the density of
the buffer and then a steady linear increase in mass with no change in the
dissipation due to the adsorption of ions from the buffer (Figure 3.11 (b)).
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Figure 3-10 QCM Measurements Obtained During the Removal of ODN1 from
Fluorous QCM chips using a 50 % MeOH (PBS) wash. (a) Frequency and
dissipation data obtained during the stabilisation of the QCM, washing with
solvent buffer and then final stabilisation in PBS buffer showing the removal
of ODN1 indicated by an increase in the frequency. (b) Frequency and
dissipation data for negative control whereby fluorous chips, with no
anchored ODN1, were put into the QCM chamber. Key: Δfn= 𝟑 𝟑 is the change
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in the frequency arising from the 3rd overtone normalised to the
fundamental by dividing it by its overtone number; Δfn= 𝟓 𝟓 is the change in
the frequency arising from the 5th overtone normalised to the fundamental
by dividing it by its overtone number; Δfn= 𝟕 𝟕 is the change in the frequency
arising from the 7th overtone normalised to the fundamental by dividing it by
its overtone number; ΔDn= 3 is the change in the dissipation data arising
from the 3rd overtone; ΔDn= 5 is the change in the dissipation data arising
from the 5th overtone; and ΔDn= 7 is the change in the dissipation data
arising from the 7th overtone.
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Figure 3-11 Plots of the Change in Dissipation as a function of the change in
Frequency for Removal of ODN1 from Fluorous QCM chips using a 50 %
MeOH (PBS) wash. (a) Change in Dissipation with the change in frequency
measured during the removal of ODN1 from fluorous surfaces. As the
frequency increased, corresponding to a mass decrease, the dissipation
decreased indicating that the surface was becoming more rigid. (b) Change in
Dissipation with the change in frequency measured for negative control. Key:
n= 3 is the frequency and dissipation data obtained from the 3rd overtone; n=
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5 is the frequency and dissipation data obtained from the 5th overtone; n= 7
is the frequency and dissipation data obtained from the 7th overtone.
To further investigate the re-usability potential of these surfaces, fluorescence
microscopy was carried out as a complementary technique to QCM (Figure 3.12).
Immobilisation techniques for DNA microarray development must adhere to
several stringent requirements, including reproducibility.(78) As such, after each
washing and immobilisation step, fluorescence images were obtained and the
fluorescence intensity values were compared (Figure 3.12 (a) and (b)). This
showed low background fluorescence after each washing step with an average
remaining fluorescence intensity of 1.3 % (± 0.8 %) of the initial fluorescence
intensity before the washing step. This suggested that the majority of the cODN1
was removed. Furthermore, comparable fluorescence intensities were recorded
after five subsequent hybridisation events with a coefficient of variation of 4.5 %
over all the washing steps. This indicated similar immobilisation/hybridisation
densities on the surfaces. As such, it was proposed that the surface was completely
regenerated allowing for similar anchoring densities on the surfaces. Controls
were performed to rule out photobleaching as a major contributing factor for the
detected decrease in fluorescence intensity (Figure 3.13 (a)) and it was found that
22.2 % of the reduction in fluorescence intensity was attributed to this.
Furthermore, in order to determine if the reduction in intensity was due to the
denaturation of the strand, as opposed to removal of the duplex, the
complementary sequence was incubated onto a freshly washed substrate (Figure
3.13 (b)). This again showed that the decrease in fluorescence intensity was due to
the removal of the ODN1/cODN1 duplex from the surface as no binding events
were observed. Therefore, it was concluded that the duplex was being removed via
the fluorous-phase tail from the surface.
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a

1st Incuba on

1st Wash

2nd Incuba on

2nd Wash

3rd Incuba on

3rd Wash

4th Incuba on

4th Wash

5th Incuba on

b

Figure 3-12 Reversible DNA Attachment using the Fluorous Effect. (a)
Fluorescence images obtained during the immobilisation/removal cycles. (b)
Graph shows the corresponding fluorescence intensity measurements taken
after each immobilisation /removal cycle. Scale bar = 100 μm.
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Figure 3-13 Control Experiments for Reversible DNA Attachment using the
Fluorous Effect. (a) Graph shows the increase in fluorescence intensity
following the immobilisation of ODN1 (and hybridisation to cODN1)
compared to the incubation of cODN1 on a freshly washed fluorous surface
(after BSA block). This was carried out to determine if the duplex was
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completely removed after each washing step as opposed to denaturation of
the strand on the surface. (b) Graph shows the reduction in fluorescence
intensity due to photobleaching compared to solvent wash.

3.2.5 Fabrication of Re-writable Surface
As stated, in order to reuse microarray platforms, a denaturing protocol is used
allowing the substrate to be salvaged multiple times.(13) However, it only allows
for the same set of genetic information to be detected. Therefore, to better this
method would be to use the same sensing platform for sequential detection of
different sets of genetic information. These surfaces would be both reusable and
rewritable.
Therefore, in order to test if the fluorous effect could be used to fabricate said
platforms, a 32-mer fluorous-tagged DNA (ODN3) was synthesised along with
more intricate patterns, using electron-beam lithography, with feature sizes as
small as 500 nm (Figure 3.14 (a)).
The same protocol was used for these substrates as described before. Briefly,
ODN1 was immobilised onto the patterns, hybridised to its complementary
sequence and imaged using fluorescence microscopy (Figure 3.14 (b)). The surface
was then washed, imaged, and ODN3 was immobilised and hybridised to its
complementary sequence (cODN3, Alexa-Fluor 488) (Figure 3.14 (c-d)). This was
followed by a final washing step (Figure 3.14 (e)). Here we see the potential of
these surfaces for the fabrication of re-writable DNA surfaces, different to reusable surface, in which the same surface can be used to detect different targets.
Furthermore, in the case of ODN3, the fluorous tag comprised less than 2 % of the
total mass but was sufficient to immobilise the water-soluble strand and remain
bound to the surface during aqueous washing steps.
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Figure 3-14 Re-writable DNA Attachment using the Fluorous Effect. (a)
Ebeam template used to fabricate the University of Glasgow & University of
Strathclyde crests. (b) Fluorescence image obtained following the
immobilisation and hybridisation of ODN1 to cODN1. (c) Fluorescence image
obtained following solvent wash. (d) Fluorescence image obtained following
immobilisation and hybridisation of ODN3 to cODN3. (e) Fluorescence image
obtained following final solvent wash.
Atomic force microscopy (AFM) was also used, in conjunction with fluorescence
microscopy, to obtain height profiles before and after the washing step (Figure
3.15 (a & b)). This showed a reduction in the height following the removal of
ODN3/cODN3. This further supports the conclusion that the duplex was removed
via the fluorous-tag from the surface.
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Figure 3-15 AFM images of Re-writable DNA Attachment using the Fluorous
Effect. (a) AMF image of crown present in University of Strathclyde crest after
immobilisation and hybridisation of ODN3 to cODN3. (b) AMF image of crown
present in University of Strathclyde crest after solvent wash showing a
reduction in the height profile consistent with that of the duplex being
removed from the surface.

3.2.6 Restriction Enzyme Digest of Fluorous Tagged ODNs
A growing avenue of research is in the fabrication of surfaces that can be modified
in situ through biological means. For example, restriction enzymes (RE) have been
shown to cleave DNA attached to a surface.(112) This work was built upon by
adsorbing a restriction enzyme onto an AFM tip allowing for area specific cleavage
of the DNA attached to the surface.(113) Furthermore, the combination of a
restriction enzyme and a DNA polymerase allowed for the fabrication of multilayered surfaces.(114) Therefore, incorporating restriction enzyme sites within
the fluorous-tagged ODNs, and immobilising said strands onto surfaces, could lead
to the fabrication of surfaces that can be continually re-designed or updated in
response to specific ques.
In order to test this hypothesis, ODN3 was incubated with several restriction
enzymes. Briefly, the fluorous stand (ODN3) and an exact copy of the strand
without a fluorous tag (RE_ODN3) were annealed to their complementary
sequence (RE_cODN3), which was modified with a thiol group. These dsODNs were
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then incubated overnight with BamHI, HindIII, EcoRI and PstI and the products
were run on a 12 % polyacrylamide gel, Figure 3.16.
Both the dsODNs had recognition sites for BamHI, HindIII and EcoRI. Incubation
with PstI was carried out as a control. Following the incubation of the fluorous and
non-fluorous dsODNs with EcoRI and HINDIII, RE digestion was observed.
Therefore, it was postulated that the fluorous-tag did not inhibit the ODNs
digestion by REs. However, no cut was obserevd following the incubation with
BamHI for either the fluorous or non-fluorous tagged dsODN. This was attributed
to the recognition site for BAMHI being too close to the thiol group.

Figure 3-16 Polyacrylamide Gel Showing the Results from the Restriction
Enzyme Digest of dsODN3 and dsRE_ODN3 (non-fluorous strand). ODNs were
incubated with EcoRI, HindIII, BamHI. The red stars indicate the position of
the RE digest products.
The dsODN3 was then conjugated to a 20 nm Au Nanoparticle, and restriction
enzyme digest was then carried out using EcoRI and HindIII. Once again, PstI was
used as the control, Figure 5.17. Again restriction enzyme digest was observed for
the the conjugated and unconjugated dsODN3.
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Figure 3-17 12 % Polyacrylamide Gel Showing the Results from the
Restriction Enzyme Digest of dsODN3 attached to a 20 nm Au nanoparticle.
ODNs were incubated with EcorRI, HindIII & PstI. The restiction enzyme
products can be seen below the gel and are indicated on the gel by white
stars.
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As it was determined that the dsODN3 conjugated to a nanoparticle could undergo
RE digest, the strands were immobilised onto nanopatterned arrays, Figure 3.18.
Initially, the dsRE_ODN3 was incubated onto a fluorous nanoarray, Figure 3.18 (a)
as a binding control. No immobilisation was observed in any of the 3 repeats.
Therefore, the dsODN3 was incubated onto the nanoarrays, and binding was
observed, Figure 3.18 (b-d). It was therefore concluded the dsODN3 conjugated to
a 20 nm Au Nanoparticle was immobilised via the fluorous effect.
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Figure 3-18 Immobilisation of ODN3, Conjugated to a 20 nm Au Nanoparticle,
via the Fluorous Effect. Dark field microscopy was used to image (a)
nanopattered fluorous surface following the incubation of dsRE_ODN3
conjugated to a 20 nm AuNP (10 X objective); (b) nanopattered fluorous
surface following the incubation of dsODN3 conjugated to a 20 nm AuNP (10
X objective) (c) Close up of left hand side array of fluorous nanopattered
squares seen in “b” following the incubation of dsODN3 conjugated to a 20
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nm AuNP (60 X objective); and (d) Close up of right hand side array of
fluorous nanopattered squares seen in “b” following the incubation of
dsODN3 conjugated to a 20 nm AuNP (60 X objective). Scale bars = 100 µm.
Finally, the surfaces were incubated with the RE, Figure 3.19. Unfortunately, no RE
digestion was observed on the surfaces following the incubation with either EcoRI,
or HindIII. This was attributed to the hydrophobic nature of the fluorinated
surface. (115)

Figure 3-19 Incubation of Restriction Enzymes on Surface Bound dsODN3
Conjugated to a 20 nm Au Nanoparticle. (a) DF image of surface before
incubation with PstI; (b) DF image of surface after incubation with PstI; (c)
DF image of surface before incubation with HindIII; (d) DF image of surface
after incubation with HindIII; (e) DF image of surface before incubation with
EcoRI; (f) DF image of surface after incubation with EcoRI; (g) SEM image of
surface before incubation with EcoRI; and (h) SEM image of surface after
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incubation with EcoRI. Scale bars for the DF images are 50 μm and 3 μm for
the SEM images.

3.3 Conclusions & Future Work
Presented in this chapter is the demonstration that the fluorous effect can be used
for the immobilisation of fluorous-tagged DNA onto fluorinated-solid supports.
This method of attachment fulfils several important criteria for DNA microarray
immobilisation strategies. These criteria include low non-specific binding and the
retention of the self-recognition properties of the bound DNA strand.(78) Further
to this, it was shown that the substrate could be re-used up to five times with
comparable immobilisation/hybridisation densities and could be used to
sequentially detect different sets of genetic information. Therefore, this
immobilisation chemistry could, in the future, be exploited across many research
fields. This is of particular importance in DNA microarray development, where
progress is already being made in fabricating re-useable sensing platforms.(116)
However, our understanding of the strength and utility of the fluorous effect is still
in its infancy.(117) Future work in this line of research should include determining
the detection limits of this immobilisation technique and determination of the
strength of the fluorous interaction by means of AFM. (118) Additionally, probing
the limitations of the fluorous content for tag-mediated DNA microarray formation
should be carried out in order to reduce the build up of perfluorinated compounds
in the environment. (119) Extending this idea would be to use branched fluorous
tags and to determine if, and at what fluorous content, the fluorous-fluorous
interaction could have dissociation constants comparable to that of covalent
bonds. This data would enhance our understanding of the fluorous effect, which is
pivotal for the development of this technique as an immobilisation strategy.
It was also shown in this chapter that tagging ODNs with a fluorous ponytail did
not affect the activity of restriction enzymes. However, following the
immobilisation of the ODNs onto fluorinated solid supports, no RE digest was
observed. This was attributed to the hydrophobic nature of the fluorous solid
support. In order to further develop this, longer ODN strands could be investigated
which would increase the distance between the fluorinated solid support and the
restriction enzyme recognition point.
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Another avenue of research would be the use of the fluorous-effect as a means to
direct the immobilisation of DNA origami onto surfaces. As hypothesised in this
section, fluorous-tagged DNA was immobilised on SiO2 with the fluorous-tag
orientated away from the surface. Therefore, the incorporation of these tags into
DNA nanostructures could aid in the development of this research field in regard
to building up from surfaces by directing the face on which the DNA
nanostructures are deposited onto mica/SiO2. In conjunction with this would be to
use the fluorous effect as a means to reversibly attach DNA origami onto fluorous
surfaces.
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4 CHANGING THE FLUORINE
CONTENT OF FLUOROUSPHASE TAGS

4.1 Introduction
The environmental persistence of perfluorinated compounds (PFCs), and their
potential adverse physiological effects, is becoming a major concern.(120, 121)
Consequently, there is intense interest in the development of fluorous “ponytails”
that are functionalised and/or based upon smaller perfluorinated units to order to
promote biodegradability. This is because six carbon, and shorter, perfluoroalkyls
are known to be less persistent and bioaccumulative than longer perfluoroalkyl
chains.(40, 122) This concern has now reached those involved in using the
fluorous effect as a means to immobilise biomolecules onto fluorinated-solid
supports.(119)

4.1.1 Fluorous-Phase Tails
Typically the mono-C8F17 fluorous-phase tag has been employed in the
immobilisation of biomolecules onto fluorinated-solid supports for microarray
development.(36, 82, 84, 117) However, growing concerns as to their safety has
seen other tags being investigated. For example, comparison has been made
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between the use of mono-C8F17- and mono-C6F13-fluorous-phase tags for the
immobilisation of biotin onto fluorinated-solid supports. In this study, it was found
that the mono-C8F17-fluorous-phase tagged biotin showed better results in terms
of spot intensity, size and morphology for use in biotin-avidin microarrays.(37) As
mono-C6F13-fluorous-phase tags, and most likely shorter fluorous-phase tags, were
not viable for the production of microarrays, Pohl et al. set out to discover a tag
that could form strong non-covalent fluorous-fluorous interactions for microarray
development without reliance on the C8F17-motif.(119) In this work, branched
fluorous-tags, based on the C6F13 motif, were investigated for use in microarray
development as opposed to the traditional single, mono-tagged carbohydrates.
Direct comparison was made between bis-C6F13- and mono-C6F13- fluorous-phase
tagged sugars. This showed that the mono-C6F13-tagged sugars could not withstand
the necessary washing procedures for microarray development. Conversely, the
bis-C6F13-tagged sugars could withstand multiple washing steps with little change
in the fluorescence intensity. Comparison between the bis-C6F13- and mono-C8F17fluorous-phase tag was also made. This indicated that the fluorous-fluorous
interactions between the bis-C6F13-tag and the fluorinated-solid support were
stronger than those between the surface and the mono-C8F17-tag. Consequently, it
was shown that the bis-C6F13-tag had superior binding ability compared to both the
mono-C8F17- and mono-C6F13-tags. Although not mentioned in the work, this could
be due to the bis-C6F13-tag having a higher fluorous partioning coefficient: meaning
that it is better retained on a fluorous-solid phase compared to the mono-C8F17-tag.
Furthermore, different linkers were used between the bis-C6F13-tag and the
carbohydrate and the mono-C6F13-/mono-C8F17-tag and the carbohydrate. As such,
the effect of the different linkers used was not explored and could therefore
account for the observed differences in binding capability and strength.

4.1.2 Fluorous Solid Phase Extraction
Partion coefficients quantify the equilibrium distribution of a solute between two
immiscible phases. In terms of fluorous partion coefficients, they constitute a
direct measure of the fluorophilicity: this term is used interchangeably with
fluorous phase affinity.(40)
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Standard fluorous solid phase extraction (FSPE) is based on the partioning
between a fluorous solid phase and a fluorophobic liquid phase. Following the
addition of the reaction mixture, usually a combination of fluorous and nonfluorous components, the fluorous column is washed with a fluorophobic solvent
(40-80 % MeOH-H2O, 40-60 % MeCH-H2O, 80-90 % DMF-H2O, or 100 % DMSO).
This elutes the non-fluorous fractions. To elute the fluorous fraction, a fluorophilic
solvent (such as water free MeOH, MeCN, THF) is required. (79, 123)
Like FPSE, fluorous high performance liquid chromatography (F-HPLC) utilises a
fluorous-solid phase. However, this method can be used to separate fluorous
molecules based on their fluorous content: with molecules containing a higher
fluorine content exhibiting longer retention times on F-HPLC columns.(49, 124,
125)

4.1.3 Context & Aim of Result Chapter
As such, our understanding of the strength and utility of the fluorous effect is still
in its infancy.(117) An area of research that has not yet been fully explored is
determining how the fluorous content of a fluorous-phase tail effects the
immobilisation and removal of bound biomolecules. Therefore, the work carried
out in this section hopes to address this issue with the following aims:
1. Determine the effect of increasing the fluorine content of mono-fluorousphase tails on the immobilisation and hybridisation densities of ODNs on
fluorinated-solid supports.
2. Determine the effect of using branched fluorous-phase tails on the
immobilisation and hybridisation densities of ODNs on fluorinated-solid
supports.
3. Determine the effect of increasing the fluorine content on the washing
conditions required to remove the ODN duplex from the surface.
4. Determine the effect of the linker, present between the fluorous-phase tail
and the ODN, on the binding capabilities.
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4.2 Results & Discussion
4.2.1 Characterisation of Fluorous-Phase Tags Attached to ODNs
Dr Andrea T. Sender and Dr Jamie M. Withers, University of Strathclyde, carried
out the synthesis and purification of the fluorous-tagged ODNs, Table 4.1.
Table 4.1 Name, Linker and Fluorous Tag used in work.
Name

Fluorous Tag

Linker

ODN1

Mono-C8F17

HEG

ODN2

No Tag

None

ODN4

Mono-C8H17

HEG

ODN5

Mono-C4F9

HEG

ODN6

Mono-C6F13

HEG

ODN7

Mono-C8F17

None

ODN8

Bis-C8F17

None

ODN9

Tetra-C8F17

None

As can be seen in Figure 4.1, three mono-fluorous-phase tags were synthesised and
attached to the 5’-end of a 16-mer ODN via a hexaethyleneglycol (HEG) hydrophilic
block. This was carried out using standard solid-phase methods where the ODN
was synthesised from the 3’- to the 5’- end.(126) Additionally, the same 16-mer
ODN was tagged with a C8H17-alkyl-tag as a control for the C8F17 tag. It is
noteworthy that the incorporation of highly hydrophobic motifs into ODNs is often
tricky.(127) However, to date there have been several studies related to the
tagging of ODNs with mono-perfluorinated phase tags using solid phase
synthesis.(128-130)
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Rf

Rf=C8F17

Rf=C8H17

Rf=C6F13

Rf=C4F9

Figure 4-1 Schematic of the Four Different Tags Attached to the 5’-end of a
16-mer ODN.
The tagging of ODNs with branched fluorous tags is less prevalent in the literature.
(106) Again, automated phosphoramidite chemistry was used to synthesise the
ODNs from the 3’- to the 5’- end. However, the ODNs differentiate from the monotagged ODNs in the absence of a HEG spacer group between the fluorous tag and
the ODN, Figure 4.2. This was carried out to reduce the cost of the synthesis
procedure.
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Figure 4-2 Schematic of the Different Branch Fluorous-Phase Tags Attached
to the 5’-end of a 16-mer ODN. (a) ODN7; (b) ODN8; and (c) ODN9.
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Figure 4-3 15 % Denaturing PAGE Analysis of Fluorous-Tagged ODNs. Lane
1: 16-mer ODN with no tag (ODN2); Lane 2: 16-mer ODN with a mono-C8H17
tag (ODN4); Lane 3: 16-mer ODN with a mono-C4F9-tag (ODN5); Lane 4: 16mer ODN with a mono-C6F13-tag (ODN6); Lane 5: 16-mer ODN with a monoC8F17-tag (ODN1); Lane 6: 16-mer ODN with a bis-C8F17-tags (ODN8); and Lane
7: 16-mer ODN containing a tetra-C8F17-tags (ODN9).
Denaturing gel electrophoresis was performed in order to determine the
electrophoretic mobility of the ODNs with respect to their tag, Figure 4.3. In
general it was found that increasing the fluorous content of the mono-fluorousphase tail decreased the mobility of the ODN through the gel (Lanes 3-5).
Denaturing gel electrophoresis allows separation based solely on the molecular
weight: higher molecular weight ODNs present themselves at higher positions in
the gel compared to lower molecular weight ODNs. As such, the retardation of the
ODNs with higher fluorine content was expected due to the associated increase in
molecular weight. Again, the effect of the molecular weight is evident from the
decreased mobility of ODN1 (mono-C8F17-tag) compared to ODN 4 (mono-C8H17tag) whereby the hydrogen atoms were replaced by fluorine atoms leading to a
higher molecular weight. (131, 132) However, ODN8 was present much further
down the gel compared to the single fluorous tagged ODNs. This was attributed to
the mass difference between ODN8 and the mono-tagged ODNs (ODN5 and ODN6)
due to the lack of a HEG linker group used in the synthesis of ODN8. Furthermore,
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ODN9 did not pass into the gel. This was attributed to the formation of fluorous
micelles, reported elsewhere, and as such they were too large to pass into the
gel.(106)

4.2.2 Effect of Increasing the Fluorous Content on the Hybridisation
Density using Mono-Tagged Probe Strands
Key to the success of microarray-based technologies is the hybridisation of the
target strand to the probe strand. In theory, this recognition and binding event is
dependent on the thermodynamic equilibrium between bound ODNs and the free
ODNs.(133) However, this is not always the case for surface bound ODNs, as the
thermodynamic equilibrium conditions may not be reached without excessive
incubation times. Furthermore, hybridisation may be kinetically or sterically
inaccessible for some probe sequences or for some probe densities.(134-136) For
this reason, in order to determine the effect of increasing the fluorine content on
the immobilisation and hybridisation densities of the ODNs, fluorous microarrays
were fabricated and the immobilisation and hybridisation steps were carried out
overnight to ensure the highest probe and hybridisation densities. Furthermore, it
must be noted that the immobilisation densities could not be determined using
fluorescence microscopy: the fluorous-tagged ODNs were not fluorescently
labelled. Therefore, the fluorescence intensity refers to the cOND1 density on the
surfaces as it was fluorescently tagged (TAMRA). However, as the utility of a DNA
microarray is based on the hybridisation events, this method was sufficient to
determine the effectiveness of the different mono-fluorous-tags to immobilise the
probe strands and permit hybridisation events for the fabrication of fluorous DNA
microarrays.
As previously described, a 16-mer ODN was tagged using 3 different fluorous
“ponytails”: ODN5 was tagged using a mono-C4F9 motif; ODN6 was tagged with a
mono-C6F13 motif; and ODN1 was tagged with a mono-C8F17 motif. In order to
determine the effect of the fluorine content on the hybridisation densities, the
ODNs were immobilised onto separate fluorous arrays and incubated with the
complementary sequence (cODN1). As the sequences were the same for all of the
ODNs, the complementary ODN was also the same. This allowed for direct
comparison to be made between the fluorous tags used; as changing the sequence
of the ODN would have an effect on the thermodynamic conditions required for
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hybridisation reactions. Two control ODNs (same 16-mer ODN used previously)
were also immobilised onto fluorous microarrays. These included ODN2, which
was not tagged, and ODN4, which was tagged with a mono-C8H17 motif. This was
carried out to determine the background fluorescence due to non-specific binding
of the cODN1 onto the surface. As such, low levels of fluorescence were detected.
This was used to determine the difference between specifically bound ODNs and
non-specifically bound ODNs. Therefore, it was found that all of the fluoroustagged ODNs (ODN1, ODN5 and ODN6) were specifically bound to the surface and
permitted hybridisation reactions with the cODN1. Furthermore, once the duplex
had formed, and was bound to the surface, the fluorous-fluorous interactions were
strong enough to withstand the washing steps used. This is contrary to other
reported work that suggest that perfluoroalkyl chains with 6 or fewer carbons are
not sufficient to bind biomolecules to surfaces for microarray development.(37,
119) However, the success of these tags to capture ODNs from solution, and
immobilise them onto fluorinated-solid supports, could be due to the conditions
used. In this work, the ODNs were suspended in DI water; in other work the
biomolecules have been suspended in methanol/DMSO/water.(119) As such, it is
postulated that the fluorous-fluorous interactions could be more favourable
between the ODNs and the surface in water due to the differences in the
fluorophilicity of the solvents used.(40) Furthermore, it was found that increasing
the fluorine content of the tag led to an increase in the hybridisation efficiency,
with the strongest signal being obtained for the mono-C8F17 tagged ODN. Owing to
the same immobilisation and hybridisation conditions being used for the different
tags, it was postulated that the difference in the average fluorescence intensity
between the different tagged ODNs was due to the removal of bound ODNs during
the washing steps. This was found for the immobilisation of fluorous-tagged
carbohydrates on fluorinated solid supports and was attributed to the weaker
fluorous-fluorous interactions of perfluoroalkyl chains with six or less
carbons.(119) However, it could also be due to an increase in the fluorine content
of the tag. This could result in the immobilisation of more probes thus permitting
higher hybridisation densities. Furthermore, the sensitivity of a microarray is
affected by the signal-to-noise ratio. Therefore, for ODN5 and ODN6, the calculated
lower hybridisation density could be a result of higher non-specific binding onto
the alkylated background.(137) Nevertheless, the highest average fluorescence
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intensity was found for the mono-C8F17-tagged ODN. As such, this tag was
determined to be the most effective tag for the immobilisation of ODNs. It was
postulated that this was due to the ODN and the surface having identical
perfluoroalkyl chains, as enhanced fluorous-fluorous interactions for molecules
containing identical chains has been reported elsewhere.(138)

Figure 4-4 Effect of the Fluorous content on the Hybridisation Densities
obtained using mono-tagged probe strands. (a) Fluorescence images
obtained following the immobilisations/hybridisation of ODNs on fluorous
microarrays, (b) Graph shows the corresponding fluorescence intensity
measurements taken after each immobilisation/hybridisation event. n.s.
p>0.1 * p< 0.05 **p<0.01. Scale bar = 50 µm.
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4.2.3 Optimising the Washing Conditions to specifically remove the
Mono-Tagged Duplex ODNs based on their Fluorous Tag.
As stated previously, F-HPLC can be used to separate fluorous molecules from
other fluorous molecules based on their fluorine content.(138) This has resulted in
extensive systematic investigations being conducted on the effect of the fluorine
content of the fluorous tags on their retention times in F-HPLC columns.(124, 139)
Consequently it was found that increasing the fluorine content of the tag resulted
in longer retention times on fluorous columns.(140) Therefore, an investigation
was carried out to determine if the same process could be mimicked on fluorous
microarrays by tuning the methanol content of the washes. In theory, increasing
the methanol content of the washes should increase their fluorophilic properties.
This would allow for the sequential removal of ODNs from a microarray based on
the wash and the fluorous-phase tag used.(141) Therefore, this work could be used
to purify immobilised ODNs from other ODNs on fluorous-microarrays for further
analysis or could be used for the fabrication of dynamic surfaces where the
removal of specific ODNs can be pre-programmed.
Again, fluorous square arrays were fabricated using standard photolithography
and the ODNs were immobilised overnight, rinsed with DI water and then the
cODN1 was incubated on the substrates. The substrates were then washed
overnight in hybridisation buffer and the fluorescence intensity was determined.
This was carried out to determine the collective starting fluorescence intensity and
allowed for the change in the fluorescence intensity to be detected upon placement
in washing buffer. Following this, the substrates were split up and put into beakers
containing different washing buffers (MeOH content ranged from 10-50 %)
overnight. The results from these experiments can be seen in Figures 4.5 – 4.7. As
stated previously, the background fluorescence intensity was determined from
that of non-specifically bound cODN1 (Figure 4.4). This data was used to
determine the methanol content of the wash required to remove the ODN duplex
from the surface as the fluorescence intensity value that was not significantly
different (p>0.1) to that of non-specifically bound cODN1.
The effect of the methanol content of the washing buffer on the removal of the
ODN5/cODN1 duplex can be seen in Figure 4.5. It was found that complete
removal was observed following a 10 % MeOH wash.
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Figure 4-5 Effect of MeOH content of washing buffer on removal of
ODN5/cODN1 duplex from Fluorous Microarrays. (a) Fluorescence images
obtained of the fluorous microarrays following washes: the MeOH content of
the washes increases going left to right. b) Graph shows the corresponding
fluorescence intensity measurements taken after each washing step. n.s.
p>0.1 * p< 0.05 **p<0.01. Scale bar = 50 µm.
The effect of the methanol content of the washing buffer on the removal of the
ODN6/cODN1 duplex can be seen in Figure 4.6. It was observed that increasing the
methanol content of the wash led to a gradual decrease in the density of the duplex
on the surface and complete removal was achieved following a 30 % MeOH wash.
This trend was also observed for the ODN1/cODN1 duplex and complete removal
was achieved following a 40 % MeOH wash, Figure 4.7.
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Figure 4-6 Effect of MeOH content of washing buffer on removal of
ODN6/cODN1 duplex from Fluorous Microarrays. (a) Fluorescence images
obtained of the fluorous microarrays following washes: the MeOH content of
the washes increases going left to right. b) Graph shows the corresponding
fluorescence intensity measurements taken after each washing. n.s. p>0.1 *
p< 0.05 **p<0.01. Scale bar = 50 µm.
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Figure 4-7 Effect of MeOH content of washing buffer on removal of
ODN1/cODN1 duplex from Fluorous Microarrays. (a) Fluorescence images
obtained of the fluorous microarrays following washes: the MeOH content of
the washes increases going left to right. b) Graph shows the corresponding
fluorescence intensity measurements taken after each washing step. n.s.
p>0.1 * p< 0.05 **p<0.01. Scale bar = 50 µm.
The results of these experiments are in good agreement with the literature: as the
fluorine content of the tag increased so did the methanol content of the wash
required to completely remove the duplex from the fluorinated solid support. For
this reason, it was postulated that increasing the fluorine content of the tag
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increased the strength of the fluorous-fluorous interaction, which is the reason
behind the observed longer retention times of mono-C8F17-tagged molecules
compared to C6F13-tagged molecules in F-HPLC columns.(138)

4.2.4 Effect of Linker Molecule on Hybridisation Densities
Due to the different linkers used between the mono-fluorous-tagged ODNs and the
bis-C8F17- and tetra-C8F17- fluorous-tagged ODNs, an investigation into the effect of
the linker molecule had to be carried out. The effect of linker molecules on the
retention of the recognition properties of fluorous-tagged biomolecules has been
reported elsewhere. In fact, it was found that a polyethylene glycol spacer unit was
required between a biotin moiety and a fluorous tag in order to permit protein
interactions following its immobilisation onto a fluorinated-solid support.(37)
Therefore, comparison between ODN1 and ODN7 was carried out, Figure 4.8. Both
of these ODNs were tagged with a mono-C8F17-fluorous ponytail. However, the
ODNs differed in the linker molecule used: a HEG linker was present between the
mono-C8F17-fluorous ponytail for ODN1 whereas there was no linker for ODN7.
This had a drastic effect on the hybridisation densities observed, Figure 4.8. As
such, the fluorescence intensity value for ODN1 (containing a HEG linker) was
significantly higher.
The observed difference in the fluorescence intensity values was attributed to the
highly hydrophobic nature of ODN7 and lack of a linker molecule. As such, the
presence of the HEG group modifies the properties of the tagged-molecule by
increasing its flexibility. Therefore, its presence is vital in the synthesis of ODNs
tagged with fluorous motifs, as it greatly enhances the hybridisation densities
observed.(142) Consequentially, without the HEG group, it is possible that the ODN
was too close to the hydrophobic fluorinated solid support. Therefore, the ODN
was potentially sterically hindered preventing it from taking part in hybridisation
reactions. However, the reduction in the fluorescence intensity observed for the
ODN7 compared to the ODN1 could be due to a reduced immobilisation density of
the ODN7 on the fluorinated support. Unfortunately, this hypothesis could not be
tested, as the fluorous-tagged ODNs were not fluorescently labelled.
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Figure 4-8 Effect of the Linker Molecule on the Hybridisation Density of
mono-C8F17-tagged ODNs on Fluorinated Solid Supports. (a) Fluorescence
images obtained following the immobilisation of ODN1 (HEG linker group)
and ODN7 (no HEG linker group) and hybridisation to the complementary
sequence (cODN1). b) Graph shows the corresponding fluorescence intensity
measurements

taken

after

the

immobilisation/hybridisation

ODNs/cODN1. n.s. p>0.1 * p< 0.05 **p<0.01. Scale bar = 50 µm.
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4.2.5 Effect of Branched Fluorous Tags on Hybridisation Densities
Branched fluorous-tags (bis-C6F13) have shown superior binding capabilities for
biomolecules onto fluorinated-solid supports compared to mono-C8F17 and monoC6F13 tagged biomolecules.(119) Therefore, an analysis into the effects of using
branched fluorous tags based on the C8F17-motif was carried out to determine if
these ODNs showed enhanced binding capabilities compared to the mono-C8F17
tagged ODN, Figure 4.9. Specifically we used a bis-C8F17 fluorous tag (ODN8) and a
tetra-C8F17 tag (ODN9). However, it must be noted that these compounds did not
contain a HEG linker and therefore the hybridisation capabilities of these
compounds could not be compared to the mono-C4F9-, mono-C6F13- and monoC8F17-tagged ODNs used in Section 4.2.2.
Upon examination of the fluorescence intensity values obtained following
hybridisation on surfaces with immobilised ODN7, ODN8 and ODN9, it was found
that by moving from the mono-C8F17 tag to the bis-C8F17 tag the hybridisation
density increased four fold on the surface, Figure 4.9. However, moving from the
bis-C8F17 tag to the tetra-C8F17 tag did not have a significant effect on the detected
fluorescence intensity/hybridisation density. The jump in the hybridisation
density moving from the mono-C8F17 tag to the bis-C8F17 tag is consistent with
other reports. This observation is thought to due to the enhanced stability of the
fluorous effect, resulting in better retention on surfaces following the required
washing procedures.(119) Furthermore, it is proposed that the increase in
hybridisation densities observed for the branched-fluorous tagged ODNs
compared to the mono- C8F17 tagged ODNs could be due to an increase in the
distance of the ODNs from the surface: ODN7 was only one CH2-O-PO4H unit away
from the surface whereas ODN 8 was 2 units away and ODN9 was 3 units away.
The increase in distance from the surface could both shield the ODN from the
hydrophobic surface and impart greater flexibility to the ODN. This could explain
the observed increase in the hybridisation efficiency on the surfaces due to the
ODN being less sterically hindered. Therefore, the effect of the linker molecule was
determined to be more important on the immobilisation and retention of the selfrecognition properties than the fluorous-tag used. Furthermore, the plateau in the
fluorescence intensity moving from the bis-C8F17 tag to the tetra-C8F17 tag could be
due to surface saturation. This assumption was based on the hybridisation
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densities observed for ODN1, Figure 4.4. As is, the fluorescence intensity value for
the mono-C8F17 fluorous-tagged ODN (containing a HEG group) is comparable to
the values obtained for the branched structures. Therefore, it is thought that the
surface is saturated with probes and the maximum hybridisation density has been
reached on all of these surfaces.

Figure 4-9 Effect of the Branched-Fluorous-Tags on the Hybridisation
Densities.

(a)

Fluorescence

images

obtained

following

the

immobilisations/hybridisation of ODNs on fluorous microarrays, (b) Graph
shows the corresponding fluorescence intensity measurements taken after
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each immobilisation/hybridisation event. n.s. p>0.1 * p< 0.05 **p<0.01. Scale
bar = 50 µm.

4.2.6 Optimising the Washing Conditions to specifically remove the
Branched-Tagged Duplex ODNs.
It has been observed that branched fluorous motifs have greater retention times
on F-HPLC columns compared to their mono-fluorous tagged counterparts. This
has been attributed to cooperative effects between the branched tags leading to
stronger fluorous-fluorous interactions. Therefore, it was hypothesised that by
increasing the number of C8F17-motifs on an ODN, we could increase the fluorousfluorous interaction. In effect, this should result in a higher methanol content wash
required to remove the duplex from the surface.
Again, fluorous square arrays were fabricated using standard photolithography
and the ODNs were immobilised overnight, rinsed with DI water and then the
cODN1 was incubated on the substrates. The substrates were then washed
overnight in hybridisation buffer and the fluorescence intensity was determined.
Following this, the substrates were split up and put into a beaker containing
different washing buffers (MeOH content ranged from 10-80 %) overnight.
The change in the fluorescence intensity value following different percentage
MeOH washes for the mono-C8F17-tagged ODN (ODN7) tag can be seen in Figure
4.10. As can be seen, the starting fluorescence value was not significantly different
from the non-specific binding control. Therefore, from this analysis, the ODN
cannot be established as being bound to the surface through fluorous-fluorous
interactions.
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Figure 4-10 Effect of MeOH content of washing buffer on removal of
ODN7/cODN1 duplex from Fluorous Microarrays. (a) Fluorescence images
obtained of the fluorous microarrays following washes: the MeOH content of
the washes increases going left to right. b) Graph shows the corresponding
fluorescence intensity measurements taken after each washing step. n.s.
p>0.1 * p< 0.05 **p<0.01. Scale bar = 50 µm.
The change in the fluorescence intensity value following different percentage
MeOH washes for the bis-C8F17-tagged ODN (ODN8) and tetra-C8F17-tagged ODN
(ODN9) can be found in Figure 4.11 and 4.12 respectfully.
Following a 10 % MeOH wash, the fluorescence intensity value for the bis-C8F17tagged ODN (ODN8) did not change significantly from the starting fluorescence
intensity. In fact, the average fluorescence intensity increased. This could be due to
an increase in the signal-to-noise ratio due to a reduction in non-specific binding of
the cODN1 on the background. Following this, a gradual decrease in the
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fluorescence intensity was observed leading to complete removal of the duplex
after a 50 % MeOH wash, Figure 4.11. This is a higher MeOH percentage wash than
was required to remove the mono-tagged ODNs containing a HEG group. Again, the
enhanced stability of the fluorous-fluorous interaction was attributed to
cooperative effects between the C8F17 branches.

Figure 4-11 Effect of MeOH content of washing buffer on removal of
ODN8/cODN1 duplex from Fluorous Microarrays. (a) Fluorescence images
obtained of the fluorous microarrays following washes: the MeOH content of
the washes increases going left to right. b) Graph shows the corresponding
fluorescence intensity measurements taken after each washing step. n.s.
p>0.1 * p< 0.05 **p<0.01. Scale bar = 50 µm.
Moving from the bis-C8F17-tagged ODN to the tetra- C8F17-tagged ODN showed a
further enhanced stability of the fluorous-fluorous interaction, Figure 4.12. Again,
little change in the fluorescence intensity was observed following washes up to 50
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% MeOH, bar the results from the 20 % MeOH wash. Again, the signal-to-noise
ratio was enhanced following a 10 % MeOH wash, suggesting the removal of nonspecifically bound cODN1 from the background. Furthermore, the percentage of
MeOH required to remove the ODN from the surface increased compared to the
bis-C8F17-tagged ODN: following a 60 % MeOH wash, the fluorescence intensity
decreased to below the threshold assigned to non-specific binding. This again was
attributed to the enhanced fluorous-fluorous interactions resulting from a higher
fluorous content in the tetra-C8F17-tag.

Figure 4-12 Effect of MeOH content of washing buffer on removal of
ODN9/cODN1 duplex from Fluorous Microarrays. (a) Fluorescence images
obtained of the fluorous microarrays following washes: the MeOH content of
the washes increases going left to right. b) Graph shows the corresponding
fluorescence intensity measurements taken after each washing step. n.s.
p>0.1 * p< 0.05 **p<0.01. Scale bar = 50 µm.
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Through this work, it was found that increasing the fluorine content, by increasing
the number of fluorous branches, increased the fluorous-fluorous interaction,
leading to a direct effect on the percentage of MeOH required in the washing buffer
to remove the duplex from the surface. However, comparison of the methanol
content required to remove the mono-C8F17-tagged ODN with a HEG linker (ODN1)
and the mono-C8F17-tagged ODN without a HEG linker (ODN7), indicated that the
linker molecule may also have an effect on the retention capabilities of the
fluorous-tag on a fluorinated solid support. However, as the initial fluorescence
intensity values for these two compounds was significantly different, it is difficult
to determine if this is in fact the case and more work needs to be conducted.

4.2.7 Selective Removal of ODNs based on the Fluorine Content of the
Tag
As a preliminary study, an investigation was carried out to determine if the
washing conditions could be tuned to selectively remove one ODN over another
ODN on the surface, depending on the fluorine content of the ODN. As such,
ODN9/cODN1 (tetra-C8F17) and ODN10/cODN10 (bis-C8F17) duplex were
immobilised onto the same surface, Figure 4.13. Neither of these ODNs contained a
HEG linker and therefore a direct comparison can be made between them.
Following the immobilisation of both ODN9/cODN1 and ODN10/cODN10 onto the
same surface, the fluorescence intensity value for ODN9/cODN1 dropped
compared to it being immobilised on its own. However, the fluorescence intensity
for the ODN10/cODN10 increased. This was attributed to the spectral overlap of
the adsorption spectra of the dye attached to cODN1 (TAMRA) with the emission
spectra of the dye attached to cODN10 (Alexa Fluor 488).
Washing the substrate with 50 % MeOH/PBS buffer was found to specifically
remove the ODN10/cODN10 duplex and leave ODN9/cODN1 duplex’ intact on the
surface. Again, the increase in the fluorescence intensity, from the ODN9/cODN1
duplex, following the washing step was again attributed to the spectral overlap
between the dyes used and not an increase in ODN9/cODN1 on the surface.
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Figure 4-13 Selective removal of an ODN based on the wash used and the
fluorine content of the tag. (b) Fluorescence image of surface following the
immobilisation of ODN9/cODN1 (Ex: 542/ Em: 620 nm); (c) Fluorescence
image of surface following the immobilisation of ODN9/cODN1 (Ex: 475/ Em:
530 nm); (d) Fluorescence image of surface following the immobilisation of
ODN10/cODN10 (Ex: 542/ Em: 620 nm); (e) Fluorescence image of surface
following the immobilisation of ODN10/cODN10 (Ex: 475/ Em: 530 nm); (f)
Fluorescence image of surface following the immobilisation of ODN9/cODN1
and ODN10/cODN10 (Ex: 542/ Em: 620 nm); (g) Fluorescence image of
surface following the immobilisation of ODN9/cODN1 and ODN10/cODN10
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(Ex: 475/ Em: 530 nm); (h) Fluorescence image of surface with ODN9/cODN1
and ODN10/cODN10 after wash in 50 % MeOH/PBS (Ex: 542/ Em: 620 nm);
and

(g)

Fluorescence

image

of

surface

with

ODN9/cODN1

and

ODN10/cODN10 after wash in 50 % MeOH/PBS (Ex: 475/ Em: 530 nm). (a)
Graph showing the fluorescence intensity values for the sample.
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4.3 Conclusions & Future Work
In this results chapter we set out to determine if the fluorine content of monofluorous phase tails affected the immobilisation densities of ODNs onto fluorinated
supports. Our results suggest that increasing the fluorine content increases the
hybridisation densities on fluorous microarrays. As such, mono-C8F17-fluorous
phase tails allowed for the highest sensitivity and hybridisation capability. These
fluorous phase tails also had an increased stability in methanol: a 40 % MeOH
wash was required to remove the duplex from the surface compared to a 30 %
MeOH wash for the mono-C6F13-tagged ODN and a 20 % MeOH wash for the monoC4F9-tagged ODN. Future work should include an examination into the density of
the fluorous-tagged ODN on the surface. This would allow the initial
immobilisation density of the probe strand on the surface to be taken into account
when determining the effect of the methanol content of the wash on the removal
capabilities.
Examining the effect of the linker molecule between the fluorous-tag and the ODN
also showed interesting results. It was found that the inclusion of a HEG linker
between the ODN and the fluorous tag was vital for the hybridisation of the
fluorous-tagged ODN, immobilised on the solid support, with its complementary
strand in solution. This was deemed to be due to the flexibility the HEG linker
imparted on the ODN allowing it to be less sterically hindered compared to a
fluorous-tagged ODN without a HEG linker. Nevertheless, this observation could be
due to a reduced amount of fluorous-tagged ODN immobilised on the surface.
Without fluorescently tagging the fluorous-tagged ODN, or carrying out another
method for quantification of the ODN immobilised on the surface, it is difficult to
differentiate between these two hypotheses. Therefore, determining the amount
of fluorous-tagged ODN on the surface would allow for more sound conclusions to
be drawn. This could be carried out using SPR.
Branched fluorous-tags, based on the C8F17 motif, were also investigated as a
means to immobilise ODNs onto fluorinated-solid supports for hybridisation
reactions. It was observed that the hybridisation densities on the surface following
the immobilisation of bis-C8F17-tagged ODNs and tetra-C8F17-tagged ODNs were
comparable to that of the mono-C8F17-tagged ODN containing a HEG group. As
such, it was postulated that for this series, the maximum coverage of the ODNs was
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achieved and therefore the surface was saturated with probe strands. However,
without determining the initial immobilisation densities of the ODNs on the
surface, it difficult to add weight this conclusion. Nevertheless, the hybridisation
densities were the same and, therefore, in the context of fabricating DNA
microarrays, using branched fluorous-tagged ODNs did not increase the sensitivity
of the microarray. However, enhanced stability in methanol washes was observed
when using the branched ODNs compared to the mono-tagged ODNs. It was then
shown that the fluorous effect could be tuned to allow for the specific removal of
ODNs based on their fluorine content, and the concentration of MeOH used in the
wash buffer, from fluorous microarrays. This could have potential application in
the purification of immobilised ODNs via their fluorous tag.
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5 DEPOSITION OF DNA
NANOSTRUCTURES DIRECTED
BY THE FLUOROUS EFFECT
5.1 Introduction
The technique known as DNA origami allows for the construction of arbitrary
nanoscale objects in two or three dimensions. The importance of these structures
lies in their ability to spatially organize functional materials. This would have
significant impact on nanoscale electronics and optical device fabrication.
However, in order to fully harness the potential of DNA as a universal nanoscale
template, assembly defects must be controlled.(143) These include defects in the
alignment,

relative

orientation,

and

in

the

up/down

orientation

of

nanostructures.(144)

5.1.1 The Two-Sided Nature of DNA Nanostructures
Adsorption of DNA nanostructures onto solid supports can occur on either side.
This can render binding groups present on one side of the nanostructure
inaccessible.(145) This has been cited as one of the most critical issues that this
technology must overcome in order to realise its potential applications.(144) As a
result only 50 %, and sometimes less, of the DNA nanostructures are still
functional following their immobilisation onto surfaces: although the reason why
some designs show less than 50 % in the correct orientation is still not understood.
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Therefore, many studies have been conducted on retaining the functionality of the
groups incorporated into the nanostructures independent of the face that the
structure is immobilised on. One method used to retain the functionality of these
groups following immobilisation is known as molecular threading. This relies on
holes within the structure allowing the functional groups, with spacers of sufficient
length, to pass through onto the solution facing side. However, this is known to
result in lower binding efficiencies between streptavidin and biotin functionalised
ODNs within the structure when the ODNs, present on the nanostructures, are
pointing towards the surface compared to when they are pointing towards the
solution.(145)
Design methods can also be used to control the relative orientation and alignment
of DNA nanostructures. This includes the introduction of single stranded linkers in
conjunction with the elimination of staple strands from the edge of the structure
leading

to

structures

either

in

an

“up-up”

or

“down-down”

relative

orientation.(144) Decoration of DNA origami with proteins, specifically
streptavidin, can also aid in the immobilisation of nanostructures with the same
relative orientations.(146)
Streptavidin-biotin interactions are amongst the strongest known non-covalent
interactions with a dissociation constant of 10-14 -10-15 M. Due to its size (~5 nm)
and the ability to modify ODNs with biotin groups, streptavidin is widely employed
as a means to visualize individual binding sites on DNA nanostructures using AFM.
Furthermore, it has been found that by decorating nanostructures with biotin, and
binding streptavidin to the structures before immobilisation, nanostructures can
be deposited onto surfaces in solely “up” orientations, that is the face decorated
with streptavidin molecules points towards the solution. This is due to the
isoelectric point of streptavidin (pI ~ 6) and therefore the nanostructures have a
higher affinity for mica compared to the streptavidin molecules. However, the
number of streptavidin molecules bound to the structure is important, with less
than 3 modifications showing no preference for the immobilisation side.(144)

5.1.2 Context & Aim of Result Chapter
The work carried out in this chapter hopes to overcome the issues resulting from
the two-sided nature of DNA nanostructures by forcing them into an “up”
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orientation using the fluorous effect. We reason that due to the avoidance of
unfavourable interactions of fluorine atoms with other atoms, the nanostructures
will deposit onto mica whereby the fluorous-tags point towards the solution. This
work builds on the effect seen in Chapter 3 where the fluorous-tagged ODNs were
assumed to immobilise on non-functionalised QCM chips with the tag pointing
away from the surface. As such, the aims addressed in this chapter are:
1. Determine if fluorous tags can be incorporated into DNA nanostructures
without distorting their structure.
2. Determine if the fluorous effect can be used as a means to facially direct the
deposition of DNA nanostructures onto mica and SiO2.
3. Determine if the fluorous tags are able to take part in fluorous-fluorous
interactions in order to capture fluorous-tagged biotin from solution.
4. Determine if the fluorous tags present on the DNA nanostructures could be
used to capture fluorous-encapsulated Au Nanoparticles.
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5.2 Results & Discussion
5.2.1 Proposed Strategy to Control the Facial Immobilisation of DNA
Nanostructures onto Mica
The proposed strategy to facially direct the immobilisation of DNA nanostructures,
modified to contain both fluorous and biotin groups, onto mica can be seen in
Figure 5.1. Divalent cations, particularly Mg2+ and Ni2+, are used to bind DNA
nanostructures onto mica. This is because the original surface charge of mica is the
same as that of DNA: they are both negatively charged. As such, divalent ions are
required to form a bridge between the mica and the DNA, thus weakly binding it to
the substrate.(147) The origami is then deposited onto mica with no preference as
to the face on which the origami is adsorbed. This can limit the applications, as
building up on the structures is impaired if the functional groups are no longer
available. As such, it was postulated that introducing fluorous “ponytails” into the
nanostructures, by modifying staple strands with a mono-C8F17-tag, would result in
directed adsorption of said nanostructures onto mica. This hypothesis is based on
the work conducted in Chapter 3 (Figure 3.7) whereby ODNs, modified with a
mono-C8F17-tag, were immobilised onto silicon dioxide coated QCM chips. It was
noticed that there was a decrease in the frequency (relating to an increase in mass)
in the QCM chamber following the introduction of the fluorous-tagged ODN.
However, when the complementary sequence was introduced, there was no
further binding. As such, it was proposed that the ODNs were immobilised in an
orthogonal arrangement on the surface where the fluorous “ponytails” pointed
away from the surface and towards the solution. This would reduce unfavourable
interactions between the fluorine atoms and the surface and create a hydrophobic
barrier preventing the complementary sequence from either binding to the ODN or
non-specifically adsorbing onto the surface. Therefore, the introduction of fluorous
modifications into the DNA nanostructures, on one face, could see the
nanostructures immobilised on the opposite face. This directed immobilisation
was then visualised using the biotin-streptavidin interaction. Hence, the
nanostructures were modified to contain both fluorous and biotin motifs (Figure
5.3, Table 5.1).
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Figure 5-1 Schematic of Proposed Method of Deposition of DNA
nanostructures onto Mica directed by the Fluorous Effect. Due to the fluorous
effect, the fluorous tags should force the nanostructures to adsorb onto mica
via the unmodified face so that the fluorous tags will not be in contact with
the surface. In order to test this hypothesis, the streptavidin-biotin
interaction was used to distinguish the “face” that the origami was adsorbed
onto the surface.

5.2.2 Synthesis and Characterisation of Modified DNA Nanostructures
Several combinations of modifications, shown in Figure 5.3, were used in the work
to determine if the fluorous-modified nanostructures showed a preference for
which side they were deposited on. Biotin groups were always present in the
“centre” of the structure, in either an “up” or “down” position. The “up”/”down”
nomenclature refers to the positions of the fluorous-tags, i.e. “up” is on the same
face as the fluorous-tags whereas “down” is on the opposite side to the fluorousgroups. The nanostructures were also modified to contain fluorous groups ranging
in number and position, Table 5.1, where the modification is described by a
coordinate system outlined in Figure 5.2. This was carried out to determine how
many fluorous tags were required to specifically orientate the nanostructures and
to allow binding to fluorous-tagged biotin. Several of the synthesised structures
can be seen in Figure 5.3.
The DNA nanostructures were synthesised by a technique known as DNA origami,
developed by Paul Rothemund. This method takes a long single strand, known as a
scaffold strand, and folds it via shorter strands, known as staple strands.(148) The
wireframe design used for this structure was taken from Reference 64.(64) This
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structure uses 7,100 nucleotides of the M13mp18 single-stranded DNA (scaffold
strand) and 223 staple strands, ranging in length from 20-52 bases. This leaves
138 nucleotides left over from the scaffold strand, which is present as an unpaired
loop on the outer edge of the structure. Dr Sarah Henry, University of Glasgow,
then designed this structure to contain both biotin and fluorous groups.
AFM scans of the synthesised structures can be seen in Figure 5.4. The wireframe
template, before inclusion of any modifications, can be seen in Figure 5.4 (a). This
was used as a reference to determine if the inclusion of any modifications distorted
the structure. To determine the effect of missing staples during the synthesis, a
mixture containing the scaffold strand and 210 staples was used, Figure 5.4 (b).
This structure lacks the staples that were modified with fluorous and biotin groups
in order to determine if the structure could still form without them. From this, it
was determined that the modified staple strands were essential for the formation
of the nanostructures, as without them the structure did not form correctly.
Comparison of both the control structures with nanostructures modified to contain
a biotin group in the C3 “up” position (Figure 5.4 (c)) and 12 fluorous and one
biotin in the C3 “up” position (Figure 5.4 (d)) shows that these modifications were
correctly inserted into the structure and did not distort the geometry of the
nanostructure. Furthermore, throughout the experiments bright spots can seen on
the AFM scans. These were attributed to salt crystals forming on the surfaces
during the drying stage.

Figure 5-2 Diagram of DNA Nanostructure Template used in Experimental
Work. The placement of the modification is described in the text by a
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coordinate system where the x- position is denoted by a letter and the yposition a number.
Table 5.1 Names Given to the Different Nanostructures Designed and
Synthesised. Table shows the names of the nanostructures used in the text
and their modifications.
Name of Nanostructure

Biotin Modification

Number and position of
Fluorous Modifications

DNS1

C3 Up

0

DNS2

C3 Down

0

DNS3

C3 Up

1 (A1)

DNS4

C3 Down

1 (A1)

DNS5

C3 Up

2 (A1, E5)

DNS6

C3 Up

4 (A1,E1,A5,E5)

DNS7

C3 Up

8 (A1, A3, A5, E1, E3, E5)

DNS8

C3 Up

12 (A1, A3, A5, B2, B4,
D2, D4, E1, E3, E5)

DNS9

C3 Down

12 (A1, A3, A5, B2, B4,
D2, D4, E1, E3, E5)

DNS10

-

1 (C3)

DNS11

-

1 (A1)

DNS12

-

-

DNS13

-

13 (A1, A3, A5, B2, B4,
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C3, D2, D4, E1, E3, E5)
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Figure 5-3 Schematic of DNA Nanostructures used in Work. DNA
nanostructures were designed to contain a combination of fluorous tags and
biotin tags in order to determine the effect of increasing the fluorous content
on the immobilisation of said nanostructures onto the surfaces. The
combinations of fluorous tags and biotin modifications used in the work, and
their given name can be found in Table 5.1.

Figure 5-4 Examples of Synthesised DNA Nanostructures. (a) DNA
nanostructure wireframe template with no modifications; (b) DNA
nanostructure with staple strands removed from mixture; (c) DNA
nanostructure with biotin modification in “up” position (DNA1); and (d) DNA
nanostructure with 12 fluorous modifications and 1 biotin modification
(DNS5).
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5.2.3 Analysis of Nanostructures in order to determine “up”/”down”
Orientations
As already mentioned, the biotin-streptavidin interaction was used to determine
the “face-up”/”face-down” orientation of the nanostructures onto mica. Firstly, the
structures were incubated with streptavidin in solution before being purified away
from free streptavidin. They were then deposited onto mica. This method was used
due to an inability to carry out liquid AFM, which would have permitted the
immobilisation of the origami onto the mica first and then the observation of the
binding events with streptavidin in real-time.(149, 150)
Following immobilisation of the nanostructures bound to streptavidin onto mica, it
was imperative to decide an appropriate analysis technique to determine if said
structures were in a “face-up”/”face-down” orientation. As can be seen in Figure
5.5 (a), two structures, one in a “face-up” orientation and one in a “face-down”
orientation can be seen. They both have a streptavidin molecule bound, as can be
seen from the height profiles (Figure 5.5 (b)). However, there is a marked
difference in the height profile resulting from a streptavidin molecule pointing
towards the solution (“face-up”) compared to the streptavidin molecule pointing
towards the mica (“face-down”).
In order to analyse the data, a similar method was used to that found Reference
151. (151) In brief, 2.5 µm scans were flattened to the 1st order. This filter centres
and removes the tilt on each line by calculating and removing the offset, a, and
slope, b, so that the z = a + bx.(152) The height was then set from -2 nm to 3 nm
and the scans were exported and opened in ImageJ, Figure 5.5 (c). The colour
threshold was then changed for each image so that only the streptavidin molecules
pointing towards the solution showed up in red. For each sample set, 3 biological
repeats were carried out and 3 scans were taken of each sample set. The total
number of structures, and the number of structures with a streptavidin “face-up”,
was counted. This was then used to give a percentage of structures in a “face-up”
orientation which was averaged over the three biological repeats and the standard
deviation was calculated.
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Figure 5-5 Explanation of Data Analysis Process used to Determine if
Nanostructures were in “Face-Up” or “Face-Down” Orientation. (a) AFM Scan
of DNA Nanostructures showing Streptavidin in both a “face-up” and “facedown” orientation; (b) Height profile obtained from AFM scan showing the
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difference in height between a “face-up” nanostructure and “face-down”
nanostructure; and (c) Colour Threshold was changed to 155-255 and if the
streptavidin showed up in red it was counted as face-up.

5.2.4 Determination if the biotin-streptavidin conjugation influenced
the Orientation of the Nanostructures
As previously mentioned, nanostructures that have been decorated with
streptavidin molecules have shown a preference for the face on which they are
adsorbed onto surfaces if the number of streptavidin molecules exceeds three.
Therefore, before the influence of the fluorous “ponytails” on the immobilisation of
nanostructures onto solid supports was investigated, a study into the influence of
one streptavidin in the C3 position (on either the “up”/”down” face) was carried
out. Again, the structures were synthesised, and incubated with streptavidin for 2
hours (in 10 X excess) at room temperature. Extensive purification steps were
required to remove excess streptavidin from the solution, which was then dropped
onto freshly cleaved mica. The surfaces were then imaged and large area scans (2.5
µm) were obtained for both the samples, allowing for a greater number of
structures to be observed, (Figure 5.6 (a) & (c)). In order to fully observe the detail
in the structures, smaller scans were also acquired (Figure 5.6 (b) & (d)). The scans
were then subjected to the analysis described in Section 5.2.3 and the data
obtained can be seen in Figure 5.6 (e).
It was found that around 50 % of the nanostructures, modified to contain a
streptavidin molecule in either an “up” or “down” position, were deposited in a
“face-up” orientation, that is the streptavidin molecule pointed towards the
solution. Therefore the modified nanostructures showed no preference for the face
on which they were adsorbed following binding to a streptavidin molecule. This
confirmed the viability of the methodology used in this section to determine the
effect of fluorous tags on the orientation of deposited nanostructures.
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Figure 5-6 Effect of a Streptavidin Molecule on the Deposition of DNA
Nanostructures from Solution onto Mica. Nanostructures, modified with
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biotin motifs, were incubated with streptavidin and then deposited onto
mica. (a) 2.5 µm AFM scan of DNS1; (b) Zoomed in AFM scan of DNS1; (c) 2.5
µm AFM scan of DNS2; (d) Zoomed in AFM scan of DNS2; and (e) Graph
showing average percentage (and the standard deviation) of nanostructures
in “face-up” orientation. Total number of nanostructures analysed for DNS1=
880: total number of nanostructures analysed for DNS2 = 638.

5.2.5 Determination if the Fluorous Effect could Specifically Orientate
DNA Nanostructures on Mica.
DNA nanostructures (DNS8 & DNS9) were used to determine if the fluorous effect
could be used to influence the face on which DNA nanostructures are deposited
onto mica. These structures contained 12 fluorous groups evenly distributed
throughout the structure, and a biotin motif either on the same face as the fluorous
tags (DNS8) or on the opposite face to the fluorous tags (DNS9). Following the
incubation of DNS8 and DNS9 with streptavidin and their deposition onto mica,
AFM scans were taken of the surfaces (Figure 5.7 (a)-(h)). The total DNA
nanostructures were counted and compared to the number of structures in the
“face-up” orientation. The data was then analysed and can be seen in Figure 5.7 (i).
It was found in this study that the inclusion of fluorous modifications into the
structure of DNS8 and DNS9 was found to force them to deposit in an orientation
whereby the fluorous “ponytails” pointed away from the mica and into the
solution. In the case where the biotin-streptavidin modification was on the same
face as the fluorous “ponytails”, around 85 % of the structures were found to be in
a “face-up” orientation. Again, when the biotin-streptavidin modification was
present on the opposite side to the fluorous “ponytails”, around 15 % of the
structures were in the “face-up” orientation, however this does not include the
structures that were in a “face-up” orientation and did not have a streptavidin
bound as they could not be distinguished. However, this result does suggest that
the fluorous effect influenced the face on which the nanostructures were deposited
onto mica, as the structures tended to be adsorbed onto the mica on the face
opposite the face modified with fluorous groups regardless of the error associate
with those structures without a streptavidin bound to them or synthesised without
a biotin modification.
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As the number of fluorous groups significantly exceeded that of the biotinstreptavidin modifications on the structures, an investigation into the number of
fluorous groups required to relatively orientate the nanostructures was carried
out, Figure 5.8.

Figure 5-7 Effect of Fluorous Groups on the Deposition of DNA
Nanostructures from Solution onto Mica. Nanostructures, modified to contain
biotin groups and 12 fluorous tags were incubated with streptavidin and
then deposited onto mica. (a) 2.5 µm AFM scan of DNS1; (b) Zoomed in AFM
scan on DNS1; (c) 2.5 µm AFM scan of DNS2; (d) Zoomed in AFM scan of DNS2;
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(e) 2.5 µm AFM scan of DNS8; (f) Zoomed in AFM scan on DNS8; (g) 2.5 µm
AFM scan of DNS9; (h) Zoomed in AFM can of DNS9; and (i) Graph showing
average percentage (and the standard deviation) of nanostructures in “up”
orientation. Total number of structures analysed for DNS8 = 350: total
number of structures analysed for DNS9 = 403.
DNA nanostructures were designed, and synthesised, to contain a biotin
modification in the “up” orientation and various numbers of fluorous tags: 1, 2, 4, 8
and 12. Again the structures were incubated with streptavidin and deposited onto
mica. Several representative scans from the experiment can be seen in Figure 5.8
(a)-(l) and the data from the analysis of the percentage nanostructures found to be
deposited in the “face-up” orientation can be seen in Figure 5.8 (m).
It was determined from this study that only one fluorous tag was required to
specifically orientate the nanostructures deposited onto mica. This is consistent
with the data obtained in Chapter 3 where it was found that only one fluorous tag
(mono-C8F17) was required to orientate the ODNs away from the unmodified QCM
chip and point toward the solution. Again, in order to complete the analysis, the
nanostructures were synthesised with 1 fluorous tag and a biotin modification on
either the “up” or “down” position. The data from this analysis can be found in
Figure 5.9.
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Figure 5-8 Effect of the Number of Fluorous Tags on Percentage of DNA
Nanostructures Deposited onto Mica in “Face-Up” Orientation. Images a-l are
AFM scans of: (a & b) DNS1- 0 fluorous tag; (c & d) DNS3- 1 fluorous tags; (e &
Gabriella Flynn - 2018

119

Immobilisation of DNA Using The Fluorous Effect
f) DNS5- 2 fluorous tags; (g & h) DNS6- 4 fluorous tags; (i & j) DNS7- 8
fluorous tags; and (k & l) DNS8- 12 fluorous tags. Graph (m) shows the
average percentage (and the standard deviation) of DNA nanostructures in
the “Face-Up” orientation. Total number of nanostructures analysed for
DNS1= 880, DNS3 = 1165, DNS5 = 903, DNS6 = 1374, DNS7 = 750, and DNS8 =
350.
Similar results were found for the inclusion of just one fluorous modified staple
strand on the relative orientations of the nanostructures. When the biotin group
was on the same face as the fluorous tag, it was found that around 80 % of the
structures were deposited onto the mica in the “face-up” orientation. This is lower
than other methods for facially directing the immobilisation of nanostructures
onto surfaces: up to 95 % of nanostructures have been deposited onto lipidsupporting bilayers in the “face-up” orientation.(153) However, when the biotin
modification was present on the opposite side to the fluorous tag, only 15 % of the
structures were in the “face-up” orientation. These relative percentages could
suggest that around 15-20 % of the structures did not contain the fluorous
modifications or were not bound to a streptavidin molecule. Therefore, by
purifying the structures through a streptavidin column the percentage of
structures found in a “face-up” orientation could increase when the fluorous and
biotin modifications are on the same face as one another.
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Figure 5-9 Determination of Lower Limit of Fluorous tags Required in order
to Specifically Deposit Nanostructures in “Face-Up” position on Mica.
Nanostructures, modified to contain 1 biotin group and 1 fluorous group,
were incubated with streptavidin, and then deposited onto mica. (a) 2.5 µm
AFM scan of DNS4 which is the negative control i.e. the biotin group is in the
“down” orientation; (b) Zoomed in AFM scan of DNS4; (c) Graph showing
average percentage of nanostructures in “face-up” orientation. Total number
of nanostructures analysed for DNS1= 880, DNS2 = 638, DNS3 = 1165 and,
DNS4 = 1161.
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5.2.6 Determination if the Fluorous Effect could Specifically Orientate
DNA Nanostructures on SiO2.
The deposition of DNA nanostructures onto mica is ill suited for integration with
micro- or nano- fabrication.(154) Therefore, an investigation was carried out to
determine if the fluorous effect could be used to influence the face on which the
DNA nanostructures were immobilised onto SiO2, as this material can be easily
integrated into fabrication processes. However, the method of deposition was
modified: although SiO2 would have a negative charge at the pH of the buffer (~pH
8.0), more Mg2+ ions are required to invert the charge on the surface compared to
that required for mica (~125 mM compared to~12.5 mM). Therefore, the DNA
nanostructures were concentrated in 10X TAE.Mg buffer, in order to obtain the
required Mg2+ concentration, and were deposited onto SiO2 in the same manner as
carried out for mica.
As can be seen in Figure 5.10 (a), it was observed that the inclusion of 12 fluorous
tags into the nanostructure, on one face, specifically orientated the DNA
nanostructures so that around 68 % of them were in a “face-up” orientation. In
order to make sure this observation was due to the fluorous tags, the control
structure, no fluorous tags and only a biotin modification in the centre of the
structure, was incubated with streptavidin and then deposited onto SiO2, Figure
5.10 (b). This showed around 40 % of the structures in the “face-up” orientation
and therefore the influence of the fluorous effect was confirmed for the structures
on SiO2. However, the observed decrease in the percentage of nanostructures in a
“face-up” orientation compared to that observed for mica is not fully understood as
there are several factors that may have had an effect including the roughness of the
substrate making the designation of the structures in a “face-up” orientation
difficult, and the increase in the Mg2+ concentration may have caused the
streptavidin to aggregate.(67)

122

Gabriella Flynn –2018

Chapter 5: Deposition of DNA Nanostructures Directed by the Fluorous Effect

Figure 5-10 Effect of the Inclusion of Fluorous “Ponytails” into DNA
nanostructures on their Deposition from Solution onto SiO2. (a) 2.5 µm AFM
scan of DNS 8; (b) 2.5 µm AFM scan of DNS1, the negative control; and (c)
Zoomed in AFM scan of DNS8.
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5.2.7 Determination if the Fluorous Tags could Take Part in FluorousFluorous Interactions
5.2.7.1 Fluorous-Tagged Biotin
In order to determine if the fluorous-tags present on the DNA nanostructures
could also be used to capture fluorous-tagged molecules from solution, the
structures were incubated with fluorous-tagged biotinylated DNA, as shown in
Figure 5.11.
Briefly, both the DNA nanostructures and the fluorous-tagged biotinylated DNA
were incubated with streptavidin separately (Fig 5.11 (a) & (b)). Following this,
the

streptavidin-DNA

nanostructures

and

streptavidin-fluorous-tagged

biotinylated DNA were incubated together (Fig 5.11 (c)). The resulting structures
were then purified away from free streptavidin and deposited onto mica. As can be
seen in Figure 5.11, three types of biotinylated DNA were investigated. These
differed in the fluorous-tag coupled to the DNA strand: ATS51 (mono-C8F17 tag);
ATS52 (bis-C8F17 tag); and ATS53 (tetra-C8F17 tag).
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Figure 5-11 Schematic of the Proposed Method to Determine if the Fluorous
Effect could be used to Capture Fluorous-Tagged Molecules on a DNA
Nanostructure. (a) Incubation of DNS3 with streptavidin; (b) Incubation of
fluorous-tagged biotinylated DNA with streptavidin; and (c) Incubation of
streptavidin bound biotinylated DNA (ATS51) with DNS3 bound to
streptavidin.
Results from the experiments can be seen in Figure 5.12. Only the use of ATS51,
mono-C8F17-tagged biotinylated DNA, resulted in the capture of fluorous-tagged
biotin from solution (Figure 5.12 (c)). Closer scans of DNA nanostructures
appearing to have captured a fluorous-tagged biotinylated DNA bound to a
streptavidin molecule were obtained and a representative image can be seen in
Figure 5.12 (d). The DNA nanostructures were designed to have a biotin
modification in the centre, as a control for streptavidin binding, and two fluorous
tags. Only one of the fluorous-tags present on the structure was ever observed to
have captured a fluorous-tagged biotinylated DNA bound to a streptavidin
molecule. A control sample, a representative scan of which can be seen in Figure
5.12 (d), which had no fluorous tags incorporated into the structure and therefore
Gabriella Flynn - 2018

125

Immobilisation of DNA Using The Fluorous Effect
shouldn’t have captured any fluorous-tagged molecules from solution, was also
incubated with streptavidin and streptavidin-fluorous-tagged biotinylated DNA.
These scans also showed the presence of DNA nanostructures with bright spots in
close proximity to where the fluorous-tags were on the actual sample. Therefore, a
comparison of the total number of DNA nanostructures investigated and the
number of structures with bright spots in the regions where the fluorous-tags
were, or were supposed to be, can be seen in Table 5.2. This shows that it is
unlikely that the fluorous-tagged biotin was captured from solution and that the
presence of bright spots on said structures were due to random chance.
However, the presence of bright spots on the mica for the sample incubated with
ATS53, tetra-C8F17-tagged biotinylated DNA, was very interesting, Figure 5.12 (a).
These bright spots, not present in any other sample, were attributed to the
formation of micelles with a fluorous interior and biotin corona bound to
streptavidin molecules.(106) As such, it is postulated that the incorporation of
tetra-C8F17-tags into the DNA nanostructures could lead to the capture of tetraC8F17-tagged molecules from solution due to the enhanced fluorous effect these
tags show.
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Figure 5-12 Investigation into the Feasibility of Capturing Fluorous-Tagged
Molecules from Solution using the Fluorous-Tags Present on the DNA
Nanostructure. (a) Incubation of DNS3-streptavidin with ATS53-streptavidin;
(b) Incubation of DNS3-streptavidin with ATS52-streptavidin; (c) Incubation
of DNS3-streptavidin with ATS51-streptavidin; (d) Control sample showing
incubation of DNS1-streptavidin with ATS51-streptavidin; and (e) closer scan
of DNS3-streptavidin with potentially captured ATS51-streptavidin. Blue
squares represent DNA nanostructures with potentially capture fluoroustagged molecules.
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Table 5.2 Investigation into Feasibility of using the Fluorous Effect to Capture
Fluorous-Tagged Molecules onto a DNA Nanostructure. Table shows the total
number of nanostructures counted for each sample and the total number of
structures with a bright spot where the fluorous-tag was and therefore
potential captured fluorous-tagged molecule.
Nanostructure

and Number

fluorous-biotinylated DNA

Nanostructures

of Number of Nanostructures
with captured fluorousbiotinylated DNA

DNS3 & ATS53

42

Unknown

DNS3 & ATS52

102

0

DNS3 & ATS51

107

6

DNS1 & ATS51 (control)

60

3

5.2.7.2 Fluorous-Tagged DNA & Hybridisation to DNA conjugated to a
Nanoparticle.
Due to the inability of the fluorous modified DNA nanostructures to capture
fluorous-tagged molecules from solution, an investigation was carried out as to
whether fluorous-tagged DNA nanostructures could be captured onto the surface
of a fluorinated nanoparticle, Figure 5.13 (a). It was postulated that the presence of
multiple fluorous “ponytails” on the surface of the nanoparticle would act similar
to that of a fluorinated solid support and therefore capture the DNA
nanostructures. As such, Au nanoparticles were modified to have a fluorous
surface by reacting them with a fluorinated thiol, synthesised in Dr Glenn Burleys
group. However, this resulted in the nanoparticles aggregating in solution.
Therefore, in order to circumvent this, DNA strands were modified to contain a
thiol group at the 3’ end and a fluorous tag at the 5’ end, Figure 5.13 (b). However,
again the nanoparticles were found to aggregate on the sides of Eppendorf tubes
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and therefore incubation of the nanoparticles with fluorous modified DNA
nanostructures could not be carried out.

Figure 5-13 Schematic of the Proposed Method to Determine if the Fluorous
Effect could be used to Capture Fluorous Modified DNA Nanostructures on
Fluorous Modified Nanoparticles.

Two methods were investigated (a)

capture of nanoparticles modified with fluorous thiol; and (b) capture of
nanoparticles modified with fluorous-modified thiolated DNA. Both methods
resulted in the aggregation of the nanopartciles on the sides of the Eppendorf
tube.
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5.3 Conclusions & Future Work
In order to realise the many potential applications of DNA nanostructures, there
needs to be control over the orientation of their immobilisation onto solid
supports. Due to the results found in Chapter 3, it was postulated that the fluorous
effect could be used to control the adsorption of fluorous modified DNA
nanostructures on mica and silicon dioxide. Therefore, DNA nanostructures were
successfully synthesised to contain a range of fluorous (mono-C8F17) tags and
biotin motifs. The DNA nanostructures were then deposited onto both mica and
SiO2 surfaces where they were found to specifically adsorb onto the surface via the
face opposite to the fluorous tags. It was found that only one fluorous tag on the
structure was sufficient to influence the facial adsorption of the nanostructures
onto the surfaces, with around 80 % of the structures being adsorbed via the face
opposite to that modified with a fluorous tag. However, lower efficiencies were
found on SiO2 surfaces. This was attributed to the change in the buffer composition
causing the streptavidin molecules to aggregate.
This work was then built on by testing the ability of the fluorous tags to capture
fluorous-tagged molecules from solution. Unfortunately, it was found that the tags
could not capture fluorous-tagged biotinylated DNA from solution. However,
attachment of a tetra-C8F17 ponytail resulted in the aggregation of the fluoroustagged biotinylated DNA bound to a streptavidin molecule. Therefore, it is
postulated that the incorporation of tetra-C8F17 ponytails into the DNA
nanostructures will allow it to capture fluorous molecules from solution.
Again, in order to determine if the fluorous effect could be used to capture fluorous
modified particles onto the surface of fluorous modified DNA nanostructures,
fluorous encapsulated Au nanoparticles were synthesised. However, the
nanoparticles were found to aggregate in solution. In order to circumvent this, an
ODN modified with a thiol group at the 3’ end and a fluorous tag at the 5’ end was
synthesised. However, this also resulted in the aggregation of the nanoparticles in
solution due to their hydrophobicity.
As stated, the fluorous effect resulting from one mono-C8F17-tag was insufficient to
capture fluorous-tagged molecules from solution. However, it is postulated from
the results found in this chapter that the use of a tetra-C8F17-tag could have a
strong enough fluorous effect to capture tetra-C8F17-tagged molecules from
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solution. Therefore, future work should focus on the synthesis of DNA
nanostructures containing tetra-C8F17-tags in order to capture said molecules from
solution. Furthermore, an investigation into the strength of the fluorous
interaction could be carried out using fluorous modified DNA nanostructures and a
fluorous modified cantilever.(155) Furthermore, the use of the fluorous effect to
capture fluorous modified DNA nanostructures onto fluorinated solid supports in a
reversible fashion could be another avenue of research, combining the work
carried out in this chapter and the work from previous chapters.
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6 CONCLUSIONS & FUTURE
WORK
By tagging oligonucleotides (ODNs) with fluorous “ponytails”, it was shown in this
work that said strands could be specifically immobilised onto fluorinated solid
supports in an arrangement that permits hybridisation to its complementary
sequence. This immobilisation technique occurs through fluorous-fluorous
interactions, and is due to its non-covalent nature. It was then demonstrated that
by using a simple washing procedure, the fluorous-tagged ODNs could be removed
from the solid support. This immobilisation and removal strategy has potential for
the fabrication of reusable sensing platforms, and future work would be to test the
design for the fabrication of a multiplexed DNA microarray, and determine the
detection limits that the immobilisation chemistry permits.
Building on this work, it was found that by varying the fluorine content of the
fluorous “ponytail” the fluorous-fluorous interaction could be tuned, with the
higher the fluorine content, the stronger the interaction. This in turn required a
more stringent washing procedure to remove the ODN via the fluorous tag. Using
this, it was demonstrated in a preliminary study, that by immobilising two distinct
ODN strands, with different fluorous tags, we could specifically remove one strand,
leaving the other intact on the surface, depending on the methanol content of the
wash. It was also apparent that the linker molecule, present between the fluorous
“ponytail” and the ODN, had a strong effect on the hybridisation densities: it was
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found that the longer the linker, and therefore the further the ODN was from the
surface, the better the hybridisation capabilities. This work has the potential for
the design of platforms that can allow for the separation and purification of, for
example, PCR products on solid supports.
Finally, fluorous-tagged ODNs were incorporated into DNA nanostructures. This
allowed for the immobilisation of the nanostructures, onto both mica and SiO2, in a
facially directed manner: the fluorous “ponytails” orientated the nanostructures so
that they immobilised on the face opposite to the tags. This has the potential to be
used as a means to specifically orientate DNA nanostructures onto solid supports.
This would then permit bottom up self-assembly by providing a means to control
the facial immobilisation of the nanostructures by ensuring that the functional
groups are present on the solution facing side on the nanostructure.
An investigation into the capture of fluorous-tagged biotin onto the DNA
nanostructures with incorporated fluorous “ponytails” was then carried out.
Unfortunately, it was found that neither the mono-C8F17 tag nor bis-C8F17 tag was
sufficient to capture the fluorous-tagged biotin from solution. This was attributed
to the accumulative effect of fluorous-fluorous interactions, and as such there was
not enough attraction between two single tags. It was also found the tetra-C8F17
tagged biotin formed micelles in solution which could not be purified away from
the nanostructures and therefore the AMF images obtained were not clear enough
to determine if the fluorous-biotin had been captured onto the DNA
nanostructures. Nevertheless, due to the formation of fluorous micelles, it is
postulated that by incorporating tetra-C8F17 tags into the DNA nanostructures
themselves, and subsequently tagging the biotin with a tetra-C8F17 tag, said biotin
could be captured onto the nanostructures. Finally, due to the non-covalent nature
of the fluorous-fluorous interaction, it is postulated that by tuning the
concentration of the ions, specifically magnesium, in the buffer, a completely
reversible system could be designed, allowing for the capture and release of
molecules on DNA nanostructures. This would have potential applications as a
means for drug delivery.
As the use of the fluorous effect as a means for attaching molecules to surfaces is
still in its infancy, there are many other avenues of research that could be perused.
For example, the fluorous effect could be used as a means to reversibly immobilise
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DNA nanostructures onto fluorinated solid supports. The immobilisation of DNA
nanostructures onto fluorinated supports has been carried out elsewhere.(156)
However, this method utilised hydrophobic porphyrins to facilitate immobilisation
onto the fluorinated solid support. Furthermore detailed AFM scans of the DNA
nanostructures following immobilisation onto the solid support were not
provided. Therefore following the immobilization of the structures onto the solid
support, the structural integrity of the structures was not probed. A preliminary
study carried out in this work showed that there was a change in the morphology
of the DNA nanostructures following the immobilization of DNA nanostructures,
with 13 fluorous tags incorporated into the structure, onto a fluorinated solid
support, Figure 6.1. As such, more work needs to be carried out to determine why
this occurred, and explore possible methods to stabilise the structures following
their immobilisation onto solid supports.

Figure 6-1 Immobilisation of Fluorous Tagged DNA nanostructures onto
Fluorinated Solid Supports. (a) AFM image of fluorinated solid support
before immobilisation of DNA nanostructures; (b) AFM image of fluorinated
solid support following the immobilisation of DNS12 (no fluorous ponytails);
and (c) AFM image of fluorinated solid support following the immobilisation
of DNS13 (13 fluorous ponytails).
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APPENDIX 1 MODIFIED ODN STRANDS USED FOR THE
SYNTHESIS OF DNA NANOSTRUCTURES
Attachme

Sequence 5’ to 3’

nt

Name

Fluorous

A1

TTTTATCGAGAACCAATTACCTGAGCAAAAGAAGAGTACCGC

5’

107F

ACTC

C1

TTTTACAAAAGGTTGAGAAGAGTCAATAGTGAATTATAAAG

132F

TACCG

E1 47F

TTTTAAATAAGAACCGTGTGATAAATATAGCAAACG

B2

TTTTTTTTCATAACCAGAATGGAAAGCGCAGTCTGCGTTTGC

158F

CATC

D2

TTTTCACCGACTTGGATTAGGATTAGCGGGGTTTAATTATCA

146F

CCGT

C3

TTTTTTGAGGATTTTCACCAGTCACACGACCAGTTAGATAAT

178F

ACAT

A3

TTTTTTCTGAATAAGTCTGTCCATCACGCAAATTTTTGGATT

185F

ATAC

E3
170F

TTTTGTCACCAGATGTACCGTAACACTACCGCCTG
TTTTTTCACGTTGATATTCATTACCCAAATCAACAATAATAA

D4 32F

TTTT
TTTTCCTCAGCAGAAAGTACAACGGAGATTTGTACGGGATCG

B4 84F

TCAC
TTTTGCGCGTAACGTGCCAAGCTTGCATGCCTGCAGCGGTCA

A5 64F
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C5

TTTTAACCGTCTAGAGTGAGCTAACTCACATTAACAAAGGGC

123F

GAAA

E5 73F

TTTTACATTATTAATAAAACGAACTAACCTTCACC

E1

48

new:
5’Biotin

5’Biotin

TAGAAAATTATTACGCAGTATGTAGGCGTT

C3
178F

TTTTTTGAGGATTTTCACCAGTCACACGACCAGTTAGATAAT

Biotin

ACAT

C3
Biotin

TTTTGCAGCACCGTAATCCCTTGAGTAACAGTGCCCGTAATC

152

GATA

5’

Fluorou

Fluorous

s oligo

5’thiol

NP
cDNA

ATTATTATTATTATTATT

AATAATAATAATAATAAT
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