
 
 
 
 
 
 
 
 

 

Onilude, Hammed Ayantola (2024) Reversible immobilisation of DNA and 

metal nanoparticles on engineered surfaces using the fluorous effect. PhD 

thesis. 

 

 

https://theses.gla.ac.uk/84888/  

 

 

 

Copyright and moral rights for this work are retained by the author  

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge  

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author  

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author  

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 

 
 
 
 

 
 
 
 
 
 
 

Enlighten: Theses  

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 
 

https://theses.gla.ac.uk/84888/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


1 

Reversible Immobilisation of DNA and Metal Nanoparticles on 
Engineered Surfaces using the Fluorous Effect. 

Hammed Ayantola Onilude 

April 2024 

A Thesis Submitted to the 

Division of Biomedical Engineering 

School of Engineering, University of Glasgow 

In Fulfilment of the Requirements for 

The Degree of Doctor of Philosophy (Ph.D.) 



2 

Abstract 

This thesis investigates the reversible attachment of nanomaterials to modified 

surfaces via the fluorous effect, a hydrophobic and non-covalent interaction 

involving perfluorinated molecules or molecules with a high fluorine content. The 

study introduces a novel approach to utilising the fluorous effect for the reversible 

attachment of fluorous-tagged nanomaterials, such as DNA and nanoparticles, on 

fluorous-modified patterned glass surfaces. 

In the first method, the stability of perfluorinated DNA when immobilised on solid 

support was evaluated based on factors including size, the number of fluorine 

atoms attached, branching systems, and the incorporation of a spacer/linker. The 

results revealed that the attachment strength of the DNA to the solid support 

increases with the length of the DNA chain, the number of branches, and a higher 

number of incorporated fluorine atoms. Consequently, the methanol 

concentration necessary to detach these strands from the solid support correlates 

with the number of attached fluorines. Additionally, the study compared the 

selective removal of different fluorous-tagged DNA structures (single and 

branched) based on their attachment strength to the fluorous-modified solid 

support. The results revealed that as the number of branch systems increases from 

one to four, the strength of attachment increases with the highest strength from 

the tetra-branch (four branches) without a linker, and the perfluorinated chains 

can be selectively removed from the solid support. This method is suitable for 

multiplex systems to identify and selectively remove target probes. 

The second method extends this approach to the reversible attachment of thiol-

modified metal nanoparticles (gold and silver) in aqueous environments. Here, 

citrate-coated gold nanoparticles of varying sizes (15 nm, 20 nm, and 45 nm) and 

chloride-coated silver nanoparticles (52 nm) were functionalised and reversibly 

attached to an 800 µm-sized fluorous-modified micropatterned surface. This 

method enables the repeatable and switchable attachment of gold and silver 

nanoparticles on the same reusable surface multiple times without damaging the 

fluorous-modified layer. 

Finally, the fluorous effect facilitated the self-assembly of 55 nm gold 

nanoparticles on a fluorous-modified nanopatterned surface (sub-500 nm). This 

method demonstrated repeatability at 500 nm without unwanted aggregation and 
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promising outcomes in the sub-100 nm region, enabling single-particle 

attachment. 

Overall, this research highlights the potential of the fluorous effect in the self-

assembly of nanomaterials, offering a practical method for microarray 

development and the reversible attachment of nanomaterials on solid supports. 
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Figure 40: Schematics illustrating the control of evaporation using the coverslip 
method. In this method, placing a coverslip on the surface of the liquid helps to 
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slow down unwanted evaporation. The sample was allowed to immobilise within 
15 hrs and rinsed with distilled water to prevent visible drying before surface 
characterisation. ......................................................................... 137 
Figure 41: AFM images across five sample areas showing the attached gold 
nanoparticles using the coverslip methods.  Each image represents a different 
region of the immobilised gold nanoparticles on the patterned surface. Image (a.) 
This was imaged on a 12.5 µm-sized region with a total nanoparticle height of 19.9 
nm (b.) The image was taken across a 6 µm length with a total height of 24.6 nm 
(c.) The image was taken across a 40 µm length of the sample surface spanning 
the fluorous and the non-fluorous region with a total height of 31.8 nm (d.) This 
region was imaged across 6 µm length with a height of 18.4 and a total height of 
36.8 nm. (e.) This region was imaged at 6 µm with a total height of 20 nm and 41 
nm. The total height may be attributed to artefacts, aggregated sample region or 
any other unwanted contaminants on the immobilised sample (f.) Photographic 
evidence from the AFM video during scanning of the surface. The average sub-
height and total height recorded from the images were 12.02 ± 8.71 nm and 30.82 
± 8.64 nm, respectively. Images were processed using the Nanoscope 
software. Scale bar = various. .......................................................... 138 
Figure 42: Schematics illustrating the attachment of gold nanoparticles in hexane: 
ethanol mixture. (a.) Fluorous-modified glass substrate (green squares)  is 
immersed in a hexane-ethanol mixture. (b.) PFDT-modified gold nanoparticles are 
introduced into the mixture and allowed to stand for 48- hrs. (c.) This enables the 
hexane to evaporate and simultaneously allows the fluorous effect between the 
surface and the PFDT on the modified glass surface. (d.) After 48 hrs, the glass 
substrate is removed from the solution, allowed to dry and imaged using AFM 
(Figure 43) and SEM (Figure 44). ....................................................... 140 
Figure 43: The image depicts the fluorous-modified glass substrate immersed in a 
hexane-ethanol mixture during the immobilisation of thiol-modified AuNPs. .. 141 
Figure 44: AFM images across four sample areas showing the attached gold 
nanoparticles using hexane-ethanol immersion for 48 hrs. Each image represents 
a different region of the immobilised gold nanoparticles on the patterned surface. 
Image (a.) This was imaged on a 125 nm-sized region spanning the fluorous and 
the non-fluorous region with a total nanoparticle height of 15.4 nm (b.) The image 
was taken across a 375 nm length spanning the fluorous and the non-fluorous 
region with a total height of 28.1 nm (c.) The image was taken within a 900 nm 
length of the sample surface with a sub-height of 18.7 nm and a total height 
of  37.5 nm (d.) This region was imaged within 1.2 µm length with a sub-height of 
16.5 nm and a total height of 33 nm. (e.) Photographic evidence from the AFM 
video during scanning of the surface. The average sub-height and total height 
recorded from the images were 14.18 ± 4.89 nm and 28.50 ± 9.54 nm, respectively. 
Images were processed using the Nanoscope software. Scale bar = various..... 142 
Figure 45: The SEM micrograph shows gold nanoparticles attached to distinct 
fluorous and non-fluorous layers. Using the Hexane-ethanol method, figure (a) 
displays the immobilised gold nanoparticles on the fluorous-patterned surface, 
with 12 squares showing distinct fluorous and non-fluorous regions. Micrograph 
image (b) shows an inset from (a). Image (c) was captured at 1 µm to highlight the 
fluorous region from the non-fluorous regions. Samples were also imaged at (d) 5 
µm, (e) 3 µm, and (f) 2 µm. Various scale bars. ..................................... 143 
Figure 46: SEM micrograph of dry non-functionalised gold nanoparticles on bare 
glass surface. The characteristic chain formation was evident after drying on this 
bare surface. .............................................................................. 144 
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Figure 47: Shows a schematic representation of the reversible immobilisation of 
gold nanoparticles on fluorous-modified surfaces. In (a.), the gold Nps is coated 
with sodium citrate to confer electrostatic stability to the NPs in the colloidal 
system. (b.) Ligand exchange occurs between the citrate layer and the sulphur, 
creating a gold-sulphur bond via covalent interaction. This critical step creates 
thiol-functionalised gold NPs for onward immobilisation on the fluorous-patterned 
surface. (c.) Re-immobilisation of the functionalised AuNPs after incubating the 
patterned surface in the colloidal mixture of the PFDT and the AuNPs. ......... 146 
Figure 48: The figure illustrates the LSPR peak and optical image showing the 
reversible attachment of sub-20 nm gold NPs using the fluorous effect. (a.) 
Illustrates the initial immobilisation of the gold NPs on a fluorous-patterned 
surface with a distinct fluorous layer (circle) from the non-fluorous layer (other 
areas). The blank image shows the recovered (refreshed) surface after ethanol 
wash, regenerating the surface in the process (b.) Shows the newly immobilised 
gold NPs on the refreshed or recovered surface (from (a.)). The same cycle 
continues for images (c and d), where the recovered surface (blank image) serves 
as the template for the next immobilisation stage. Scale bar: 800 µm. Mag. = 20x.
 .............................................................................................. 147 
Figure 49: The figures illustrate the LSPR peaks and optical images showing the 
reversible attachment of 45 nm gold nanoparticles using the fluorous effect. (a.) 
The figure depicts the initial immobilisation of gold NPs on a fluorous-patterned 
surface with a distinct fluorous layer (circle)  from the non-fluorous layer (other 
areas. The blank image (bottom-right) shows the recovered (refreshed) surface 
after ethanol wash, regenerating the surface in the process  (b.) Shows the newly 
immobilised gold NPs on the refreshed or recovered surface (from (a.)). The same 
cycle continues for image (c-g), where the recovered surface (blank image) is a 
template for the next immobilisation stage. Scale bar: 800 µm. Mag. = 20x ... 150 
Figure 50: UV-visible spectroscopy depicting the stability of PFDT-stabilised gold 
nanoparticles in ethanol for 12 months. The spectrum (red) indicates the initial 
spectrum detail just after the introduction of the PFDT, while the second (black) 
line represents the spectrum detail after 12 months. .............................. 151 
Figure 51: LSPR peaks of  40 and 51 nm of synthesised citrate-coated silver 
nanoparticles. (a. and b.) illustrates the absorption and transmission peaks of the 
KI-assisted citrate-coated silver nanoparticles, while c. and d. illustrates the 
absorption and transmission peaks of the citrate-coated silver nanoparticles, 
respectively.Dilution factor (DF) = 10. Narrow peaks were possible when 
estimating these synthesised silver NPs using these methods. However, the colour 
impact created using this method does not align with the goal of our research.
 .............................................................................................. 153 
Figure 52: The image depicts silver nanoparticles attached to a fluorous-modified 
surface. The first image (a) shows 40 nm silver nanoparticles, while image (b) 
shows 51 nm silver nanoparticles. The colour of the nanoparticles turns black after 
the solvent exchange, and the surfaces can be refreshed (c. and d.) with a simple 
ethanol wash. Image scale bar = 800 µm; Mag. = 20x (a and b) and 4x  Mag. (c and 
d); Dilution factor (DF) = 10. ........................................................... 154 
Figure 53: UV-vis spectra of silver nanoparticles synthesised with hydroxylamine 
hydrochloride: (a) Shows the LSPR peak of 396.5 nm during absorption. (b) LSPR 
peak of 396.5 nm during transmission. DF= 21x. .................................... 156 
Figure 54: This shows the distribution of the synthesised silver nanoparticles using 
DLS measurements. The results indicate a bimodal hydrodynamic size distribution 
with distinct peaks. ...................................................................... 156 
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Figure 55: Zeta potential showing the extent of the surface coating of the 
synthesised silver nanoparticles. The ZP of - 44.50 mV indicates a stable colloidal 
system post-synthesis. ................................................................... 157 
Figure 56: SEM micrograph showing the distribution of synthesised silver 
nanoparticles on bare glass surface. The average particle size estimated from 
image J is 40 nm. The significant deviation could be attributed to aggregated NPs 
during drying. Scale bar = 500 nm ..................................................... 158 
Figure 57: Spectra data and optical images showing the reversible attachment of 
silver nanoparticles using the fluorous effect. (a.) The figure depicts the initial 
immobilisation of silver NPs on a fluorous-patterned surface with a distinct 
fluorous layer (yellow circle)  from the non-fluorous layer (other areas). (b.) The 
spectrum illustrates the results after a simple ethanol wash, regenerating the 
surface in the process (c.) This figure shows the second immobilisation of silver 
NPs after washing or regenerating the surface with ethanol wash from (b.).The 
silver was successfully re-immobilised for the third time, and the cycles of 
immobilisation and re-immobilisation continued up to the tenth time (d-h). Data 
is presented  (only four of the ten data are presented in the graph) as the mean ± 
standard deviation of the measurements taken in triplicate. Scale bar: 800 µm; 
Mag. = 20x ................................................................................. 160 
Figure 58: Spectra and optical images depicting the reversible and switchable 
immobilisation of gold and silver nanoparticles on the fluorous patterned surface 
(1st - 4th) with gold and silver nanoparticles using the fluorous effect. The average 
wavelength of the assembled AuNPs = 632.75 ± 4.5, while the average wavelength 
of the assembled silver NPs = 455 ± 4.5. .............................................. 162 
Figure 59: UV-visible spectrum of recovered silver nanoparticles from the fluorous 
modified surface. This method is a crude and direct way to test the recoverability 
of the immobilised nanoparticles on each fluorous-modified layer after carefully 
rinsed in citrate solution. This method also confirms the non-covalent nature of 
the interaction between fluorous-modified molecules during the fluorous effect.
 .............................................................................................. 163 
Figure 60: The LSPR absorption peaks of citrated-coated gold nanoparticles (45 
nm, 55 nm, and 80 nm) were analysed using UV-visible spectroscopy. The results 
showed absorption maxima at 521 nm, 532 nm, and 537 nm, respectively, 
indicating that the absorption wavelength increases as the size of the 
nanoparticles increases (DF = 11). ..................................................... 168 
Figure 61: Stages during the synthesis of 80 nm gold nanoparticles monitored with 
DLS  measurements. Stage I. showed high instability due to the delayed nucleation 
stage. Stage II. Showed initial stability and continuous growth of the NPs.Stage III. 
Showed continuous stabilisation by the sodium citrate. ........................... 170 
Figure 62: Size distribution of synthesised gold nanoparticles of different sizes 
from DLS (left) and zeta potential analysis (right) of the bare gold nanoparticles 
of various sizes (45 nm, 55 nm, and 80 nm). The (a.) 45 nm and the (e.) 80 nm 
showed a bimodal distribution of nanoparticles, especially around the sub-12 nm 
region, while the (b.) 55 nm was the most monodispersed among the three 
colloidal systems. The three nanoparticles (b, d, and f) also showed adequate 
stability higher than 30 mV after the synthesis. ..................................... 171 
Figure 63: Scanning electron micrograph of bare  (a.) 45 nm, (b.) 55 nm, and (c.) 
80 nm gold- nanoparticles after synthesis on bare glass surface. ................. 172 
Figure 64: Size distribution of 55 nm gold nanoparticles (from average Zeta size) 
from SEM micrograph using ImageJ. The average nanoparticle size is 
approximately 36 nm. ................................................................... 173 
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Figure 65: The figure illustrates the distribution of immobilised 55 nm gold 
nanoparticles across various EBL-patterned sizes, ranging from 5 µm to 500 nm. 
SEM micrographs  (a), (b), and (c) display the immobilised gold nanoparticles on 
the 500 nm-sized nanopatterns, covering different regions of 5 µm, 5 µm, and 4 
µm, respectively. Each micrograph shows distinct fluorous regions compared to 
the non-fluorous areas. Micrographs (d), (e), (f), (g), and (h) show the immobilised 
nanoparticles sized between 3 μm and 1 μm. The SEM micrograph (i) illustrates 
the immobilised gold nanoparticles arranged in a 500 nm pattern, highlighting the 
distinction between the fluorous and non-fluorous regions. ....................... 175 
Figure 66: The figure shows the distribution of immobilised 55 nm gold 
nanoparticles on a patterned surface. ImageJ was used for size distribution 
analysis. This figure differs from Figure 63. The reason may be attributed to 
several factors highlighted in this thesis, including the selective immobilisation of 
functionalised NPs onto the modified nanopatterns. ............................... 176 
Figure 67: The SEM micrographs demonstrate the immobilisation of 55 nm gold 
nanoparticles on various regions of 100 nm-sized nanopatterns created through 
electron beam lithography using the fluorous effect. These images highlight the 
fluorous effect's capacity to selectively immobilise a small number of 
functionalised gold nanoparticles, ranging from 8 down to a single nanoparticle 
per region. Micrographs (a), (b), (c), and (d) display nanoparticle coverage across 
the entire nanopatterned surface. In contrast, micrographs (e) and (f) show a mix 
of nanoparticle counts, with numbers ranging from 1 to 5. Notably, micrograph (f) 
reveals the attachment of a single nanoparticle on a modified layer, although the 
repeatability and coverage was low at 100 nm. Various scale bars. .............. 176 
Figure 68: LSPR data of reversibly immobilised gold nanoparticles on 500 µm x 500 
µm patterned surface using the fluorous effect. The first (a.) and second (b.) 
immobilisations showed the same absorption maxima of  633.75 nm, indicating the 
ability to repeat and reversibly immobilise the NPs on these fluorous-modified 
surfaces using the fluorous effect. .................................................... 177 
Figure 69: The SEM micrograph illustrates the immobilisation of gold nanoparticles 
on a 100 nm nanopattern size. The challenge with the incomplete removal of resist 
remains a hindrance in this method (a-c). This method can also immobilise 
individual NPs (d., e., and f.) but requires further optimisation. Therefore, it could 
be adapted for other similar research. ............................................... 178 
Figure 70: The SEM micrographs (a) to (s) show the immobilisation of 55 nm gold 
nanoparticles on a sub-500 nm fluorous-modified surface using the acetone-lifted-
off method with drying. In Figure (a), patterns (1) and (2) represent two different 
regions from a  500 µm by 500 µm fluorous patterned surface, each with 500 nm 
and 100 nm size, respectively. (b.), (d.) and (f.) represent an enlarged 500 nm 
pattern size from (1.) at 300, 100 and 40 µm magnifications. g., h. and i. represent 
the immobilised AuNPs on a patterned 500 nm sized surface showing the non-
fluorous from the fluorous regions at 20, 10 and 5 µm, respectively. (m.), (n.), 
(i.,) and (p.,) show the immobilised nanoparticles in the nanometer range on the 
same region of the pattern. Likewise, (c.) and (e.) represent an enlarged 100 nm 
pattern size from (2.) at 300 and 100 µm magnifications.(j.),(k.), and (l.) 
represent the central region of the immobilised AuNPs on a 100 µm patterned 
surface from (2), at 10, 5 and 4 µm magnifications respectively. This study 
highlighted the significance of efficient ligand exchange, the influence of drying 
during immobilisation, and the need for optimisation without surface drying using 
the fluorous effect. ...................................................................... 179 
Figure 71: The images (a) through (f) show the immobilisation of 55 nm gold 
nanoparticles on an acetone-lifted off sub-500 nm fluorous modified surface 
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without drying during the 'one-pot' incubation. This method is promising as it 
shows a distinct fluorous layer from the non-fluorous background and can be 
optimised for single-particle immobilisation. ........................................ 181 
Figure 72: Comparison between (a.) citrate-coated silver NPs and (b.) HH-coated 
Silver NP after solvent washes in water.  After washing, a black remnant or head 
was seen in (a.) but absent from (b.) Scale bar = 50 µm. 4x Mag. ................ 230 
Figure 73 : The immobilisation of gold nanoparticles synthesised using the citrate-
coated method after solvent exchange in water (c.). Scale bar = 50 µm. 4x Mag.
 .............................................................................................. 230 
Figure 74: SEM micrographs showing the ability of fluorous modified 55 nm gold 
nanoparticles to form a self-assembly monolayer using the same protocol on bare 
glass. Images were taken at different regions on the surface.Various scale bars.
 .............................................................................................. 230 
Figure 75:Figure a-h shows SEM micrographs with the ability of fluorous modified 
55 nm gold nanoparticles to self-assemble and arrange into different structures 
on the fluorous modified surface. The red square shows areas where different 
patterns created by fluorous are visible. Various scale bars. ...................... 231 
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Chapter 1  Introduction 

1.1 Research Motivation 

Using the fluorous effect, this thesis investigates a novel strategy to reversibly 

attach nanomaterials (DNA and metal nanoparticles) onto micro and 

nanopatterned surfaces.  Microarrays are tools for examining gene activity, 

identifying genes, and studying protein interactions on a larger scale. They play a 

crucial role in medical research by enabling the identification, measurement, and 

analysis of various analytes for various applications. Over the years, these methods 

have been improved to enhance our understanding of diseases, their diagnosis, 

prognosis, and the monitoring of essential biomarkers or molecules using 

sophisticated equipment.[1–3]   

Despite significant progress in the microarray industry, the challenge of achieving 

selective, specific, and reusable functional surfaces persists. Current methods 

often require the complete removal of surfaces for immobilisation, which can 

damage them and reduce overall efficiency. Additionally, time, cost, and the need 

to prevent nanoparticles from drying on the surface during attachment are 

significant limiting factors that could prevent the creation of efficient re-usable 

protocols. [4, 5]   Therefore, there is an urgent need for new and less laborious 

platforms capable of overcoming these common challenges. 

This research proposes using the fluorous effect to immobilise fluorous-modified 

oligonucleotides of varying lengths, fluorine content, linkers, and branch systems 

on lithographically patterned fluorous surfaces. By utilising the fluorous effect, 

we expect to address some of the major concerns associated with other methods 

currently available for immobilising various oligonucleotides used in detecting, 

measuring, and diagnosing infections. [6–8] 

Specifically, we anticipate that the fluorous effect can selectively remove 

modified oligonucleotides of different strengths from the same fluorous-patterned 

surface. This approach would be highly desirable for developing reconfigurable 

metasurfaces suitable for the repeatable immobilisation of nanomaterials without 

noticeable damage. 

Also investigated is the use of the fluorous effect to deposit and remove optically 

active nanoparticles. Metal nanoparticles, such as gold and silver, exhibit colour 

change based on their size, shape, composition, and surroundings of the metal 

nanoparticle rather than a pigment or dye. Metal nanoparticles can be used as 
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alternative fluorescent dyes for tagging and observing molecules. Unlike 

fluorescent tags, gold and silver nanoparticles have high extinction coefficients, 

enabling visual observation during colour change at very low concentrations (nano 

and picomolar). They exhibit strong absorption in the UV-vis and near-infrared 

regions, high surface energy that can be tailored for molecule adsorption, and are 

not susceptible to photobleaching (i.e., they do not fade over time). 

This research uses the fluorous effect to precisely control and immobilise gold and 

silver nanoparticles on fluorous-modified surfaces. The objective is to achieve 

single-particle immobilisation, making it suitable for reconfigurable metasurfaces. 

This method holds promising potential for addressing significant challenges in the 

microarray industry, where the attachment of nanomaterials, including high 

signal-to-noise ratio, sensitivity, selectivity, and unintended aggregation. [9–12] 

Research Aim 

This research aims to develop a micro and nano-patterned surface capable of 

specific, selective, and reversible immobilisation using the fluorous effect. Such 

a reconfigurable surface has the potential to revolutionise micro and nano-

technological advancements by creating a robust and flexible platform for various 

applications. 

1.2 Fluorous Chemistry 

The term "fluorous" was initially used for molecules with superhydrophobic 

properties during fluorous-phase separation techniques using the fluorous biphasic 

system (FBS). This system consists of the fluorous phase containing a dissolved 

reagent or catalyst and another phase, which could be any common organic or 

non-organic solvent with limited or no solubility in the fluorous phase.[13] 

Historically, M. Vogt was the first to describe the use of perfluorinated polyether 

to immobilise homogeneous catalysts. [14] However, it was in 1994 that Horva´th 

and Ra´bai received much attention for their applications as an alternative in the 

liquid-liquid extraction phase in FBS and, recently, other applications. [15] Since 

then, a pioneer definition of the term ‘fluorous’ has been explicitly stated in the 

work of Gladysz and Curann. [16]  Unlike the sp3 hybridised C-F bond, aromatic 

(sp2) hybridised carbon does not exhibit enough dipole-dipole interactions. Hence, 
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it is much more soluble in organic solvents, e.g., aryl and perfluoroalkyl-

containing ligands. [17] 

Using earlier works on the FBS, different terminologies were proposed to classify 

fluorous from non-fluorous counterparts. [18] 

a. Presence of Fluorine: According to the definition from Horvath and co, 

the presence of a high number of fluorine atoms in the structure of a 

molecule gives a strong indication of being a fluorous molecule with a 

tendency for strong affinity for other molecules or compounds with a high 

or similar amount of fluorine atoms. It is therefore essential to note that 

‘not all that glitters is gold and not all that contain fluorine atom (s) are 

automatically ‘fluorous’ in nature’. 

 
b. Fluorous Tag: This could be used to induce the presence of fluorous 

nature in a molecule or compound. A fluorous tag is a distinct and 

characteristic functional group or moiety attached to a molecule. As a rule, 

using a perfluoroalkyl tag with at least three fluorine atoms in the RF group 

(where RF is a perfluorinated alkyl group represented by -CnF2n+1 and n ≥ 3) 

would, at least, qualify the molecule as fluorous. 

 
c. Hydrophobicity: Due to the high number of fluorine atoms in a 

molecule, the fluorous molecules exhibit high hydrophobicity and can easily 

interact, with strong affinity, between the fluorine atoms and hydrophobic 

surfaces. Apart from this, due to this high hydrophobicity, they are 

immiscible with water and other organic solvents compared to their non-

fluorous counterparts. 

 

d. Solubility in Fluorous Solvents: Fluorous molecules are 

‘fluorophilic’ in nature and, by extension, have high solubility in 

perfluorinated solvents, including perfluorocarbons and perfluorinated 

ethers. 

e. Fluorous - Phase Separation (FPS): Another way a molecule or 

solvent can be termed fluorous is if it can be efficiently separated from 

non-fluorous compounds using the widely known fluorous-phase separation 

techniques. 
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f. Compatibility with Fluorous Materials: A molecule will likely have 

a fluorous character or nature if it has a high chance of interacting with 

fluorous materials or surfaces, including fluorous silica gel or other fluorous 

stationary phases. 

Although the properties are not exclusive, they could serve as a guide to indicating 

the presence of a fluorous molecule. Therefore, it is expected that some 

molecules would not fit in to be termed “fluorous” if the conditions are not met. 

Using 5-fluorouracil with extra fluorine, for example, is not fluorous, even though 

it has a fluorine atom and exhibits some properties due to the presence of a 

fluorine atom in its structure, while perfluoro hexane is fluorous. In between 

these, there are many developing structures where these yardsticks can be used 

as a guide to determine if they are fluorous or not. 

 

1.2.1 Incorporating Fluorine and its Applications  

Fluorine (1s2, 2s2, 2p5) is the most electronegative element [19]  and belongs to 

group 7 of the periodic table. It is highly reactive and electronegative, with high 

ionisation energy but low polarizability. Due to this small size compared to its high 

electronegativity, it is difficult for other elements to form favourable interactions 

with the electron-withdrawing fluorine atoms. This property ensures specific 

interactions with other fluorine atoms and can be tailored for different 

applications.[20] Therefore, an adequate number of fluorine atoms in the 

molecule can induce the fluorous effect. Due to the non-covalent nature of the 

interactions, it is therefore reversible due to the presence of several van der 

Waal’s forces. During the interaction leading to fluorous effect, several types of 

other bonds have been identified, including F…F, C-F…H, C-F…π, and C-F…C=O). 

However, the non-covalent fluorous-fluorous interaction was recognised as the 

dominant and strongest attractive force, while other research is ongoing to 

determine the contending nature of these interactions.   [21, 22] Also, one of the 

significant reasons fluorine-containing molecules would continue to gain more 

attention is the distinct properties attributed to fluorine atoms. Being the most 

electronegative atom with a very small atomic radius (except for neon gas), 

fluorine has a small atomic radius of 50 pm compared to hydrogen atoms (25 pm) 

and other halogens such as chlorine (100 pm), bromine (115 pm), and iodine (140 

pm).[23, 24] Also, the carbon-fluorine bond is extremely strong, approximately 14 
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kcal/mol stronger than a C–H bond. Hence, this makes the resulting perfluorinated 

carbons inert to substitution reactions. The van der Waals radius of fluorine (1.47 

Å) is significantly longer than that of hydrogen (1.20 Å) in the C–F bond. This size 

difference creates steric hindrance or conformational changes when a hydrogen 

atom in a C-H bond is replaced by a fluorine atom, especially when there is more 

than one substitution, as in the transition from a methylene (CH2) to a 

difluoromethylene group (CF2). 

Apart from this, the overlap between the 2s orbital of the fluorine atom and the 

2p orbitals of the corresponding carbon atom allows the formation of a dipolar 

structure that favours multiple fluorine-substituted carbons. Hence, the C-F bond 

is highly polarised to form sp3 carbon (δ+) to the fluorine (δ-) due to the high 

electronegativity exhibited by the fluorine atom. Because of this, the electrons 

are drawn towards fluorine atoms in the opposite direction of the C-H bond. With 

these properties (high electronegativity and low polarizability), they exhibit non-

covalent characteristics along the C-F bond and the stronger energy bond 

conferred upon them compared to other halogens when bonded to carbon atoms. 

[25–30] These attributes of halogens significantly affect the physicochemical 

properties of molecules or compounds when they switch from CmHn to CmFn. (where 

m equals the number of carbon and hydrogen or fluorine, respectively) including 

electronegativity, reactivity, hydrophobicity, lipophilicity, and bond stability. 

Hence, their electron-withdrawing ability creates a repulsive and attractive 

electrostatic environment that alters their reaction rates, preferences, and 

molecular stability due to the strength conferred on the carbon–halogen (C-F) 

bond. For instance, the stability of the C-F bond is increased as the number of 

fluorine atoms bound to the same carbon atom increases. [31–34] 

Due to this, they find applications in different fields of science.[35–38]  For 

example, research by the Clark group revealed that incorporating fluorous tags in 

molecules can direct the hierarchical assembly of DNA origami nanostructures, 

improving the efficiency of self-assembling nanostructures.[39] In this research, 

fluorous-tagged oligonucleotides were synthesised using solid-phase methods and 

then purified using reverse-phase HPLC and MALDI-MS. Single-stranded M13mp18 

DNA was combined with staple strands in a buffer solution containing TAE and 

magnesium acetate to assemble the DNA origami structures. A core set of staple 

strands was retained for origami with modified edges, and unique staple strands 

were added for each specific configuration. Heterodimer assemblies were created 
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by mixing the filtered monomer solutions. Excess staple strands were removed 

through filtration, and the concentration of the filtered origami was measured 

using a UV/vis spectrophotometer. Agarose gel electrophoresis was conducted to 

analyse the assembled origami structures, while atomic force microscopy (AFM) 

was used to image over 275 origami dimers that formed the origami assemblies. 

Hence, this research introduces an innovative method for the hierarchical 

assembly of DNA origami nanostructures using a molecular recognition strategy. 

By combining Watson-Crick base pairing with the fluorous effect, the study 

demonstrates the creation of a complementary range of non-covalent interactions 

that efficiently form discrete dimeric species within the model origami system. 

Notably, this combined molecular recognition approach proves to be more 

effective than using either strategy alone. Compared to traditional DNA-based 

techniques, the orthogonal nature of this attachment method suggests that the 

observed benefits could extend to other DNA-based origami tiling systems, 

enabling the assembly of complex three-dimensional structures. This method 

offers several advantages: it is easy to synthesise, produces small-sized structures, 

and utilises the strength and mobility of the fluorous effect. These features make 

a DNA structure known as RF-DNA a promising tool in structural DNA 

nanotechnology. 

Moreover, the research indicates that fluorous-directed assembly of DNA 

nanostructures could be applied to create functional assemblies on a micron scale. 

The authors also propose the potential for integrating fluorous-directed assembly 

with other components to facilitate the targeted delivery of biological materials 

to specific cell types. This development has significant implications for biosensing, 

molecular computing, drug delivery, and Plasmonics applications.[40] In addition, 

Flynn et al. (2017) from the Clark group also used the fluorous effect to immobilise 

DNA onto specific patterns, allowing for reversible and rewritable patterning with 

no degradation in binding efficiency even after multiple removal and attachment 

cycles of different DNA sequences. In this method, short fluorous tags enabled the 

immobilisation of water-soluble oligodeoxyribonucleotides (ODNs) from aqueous 

solutions onto lithographically defined, micro-patterned fluorous surfaces. This 

method eliminates the need for direct sample spotting while the immobilised 

ODNs remain available for hybridisation with complementary strands. Notably, the 

genetic information can be removed entirely using a straightforward wash with 

organic solvents, allowing for the replacement with new genetic material during 
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a brief incubation period. This process was successfully performed five times 

without any noticeable surface degradation. This has been presented for 

applications in reconfigurable nanophononics and the microarray industry.[41] 

This thesis aims to expand the applications of the described protocol by 

facilitating the reversible immobilisation of various nanomaterials, specifically 

DNA and metal nanoparticles, on fluorous patterned surfaces. By achieving 

reversible immobilisation at the level of individual nanoparticles, this approach 

seeks to enhance the functionality of these nanomaterials in various applications. 

It will also contribute to developing more sophisticated nanostructured surfaces 

that can be engineered for specific uses in sensing, drug delivery, and 

nanomedicine. 

The ability to reversibly immobilise single nanoparticles could significantly 

advance the precision and efficiency of deploying nanomaterials in various 

scientific and industrial processes. Also, passivating surfaces with high-density 

perfluoro alkane brushes can improve the accuracy of single-molecule 

measurements and minimise protein complexes' irreversible binding and trapping. 

This technique has applications in several industries, including medical 

diagnostics, the biofouling release of marine organisms, and other biomedical 

applications.[42] Using fluorous tags, nanomaterials can be easily immobilised 

onto various surfaces, which can be reversed by simple washing or extraction. This 

provides a convenient way to functionalise nanomaterials and offers a possible 

pathway to developing new nanomaterial-based therapies. 

1.2.2 Plasmonics 

Plasmonics is an interdisciplinary field of science that explores the manipulation 

and interaction of light with nanoscale structures, particularly using noble metals 

such as gold and silver.[43] This interaction occurs by combining the properties of 

light with the excited electrons present in metals, which have a fixed positive 

core. In metals, the electrons are delocalised, meaning they are free to move in 

relation to the fixed positive core. A plasmon refers to the collective oscillation 

of these free electrons in a metal material in relation to the fixed positive ions. 

Surface plasmon resonance (SPR) or surface plasmon polariton (SPP) refers to the 

evanescent propagation of light waves between the interface of metals and 

dielectrics. For instance, when light interacts with a metal or an insulator, it 
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behaves differently because of the fields generated by free electrons in metals. 

SPP are transverse waves propagating between materials of differential 

permittivity (positive and negative). The behaviour is influenced by the 

permittivity or dielectric constant of the medium. This property allows intentional 

engineering of surfaces with exceptional characteristics, enabling the generation 

of surface plasmon polaritons (SPPs) that effectively concentrate electromagnetic 

fields. By manipulating surface properties, researchers and engineers can design 

structures that control electromagnetic wave behaviour, leading to potential 

applications in photonics, sensing, and nanoscale optical devices. This enables the 

creation of devices that manipulate light at the nanoscale, offering potential 

advancements in communication, imaging, and information processing 

technologies. This property of SPP, along with the increasing demand for 

miniaturised photonic components, is generating exponentially growing interest 

in SPP-mediated applications. [44, 45] 

These surface plasmons fall into two classes: propagating surface plasmons (PSPs) 

and localised surface plasmons (LSPs). 

Due to challenges associated with plasmon excitation on bulk metal surfaces, 

many techniques have been adopted to resolve this. The PSPs can be excited on 

thin layers of metallic films using various approaches, especially the Kretschmann 

[46] and Otto prism couplers, [47] and optical waveguide couplers. In contrast,

the LSPR can be excited on noble metal nanoparticles, including silver and gold

nanoparticles, where strong enhancement of the electromagnetic fields can be

induced (resonance amplification).

Since the propagation constant of surface plasmon is greater than that of light

waves of the same polarisation state in a dielectric medium due to differences in

refractive index values for metal and dielectric, direct light cannot excite surface

plasmon at a specific metal-dielectric interface, hence different configuration is

needed to increase the momentum and the wave vector of the incoming light from

the electromagnetic spectrum into the dielectric medium(ɛm<0 for a given metal

and ɛs>0 for a dielectric) (equation 1). [48] Therefore, the maximum propagation

constant of the light wave at frequency ω, propagating through the dielectric

medium, is given as

Ks = ω/c * (ɛs)1/2      equation (1)



29 

By combining plane polarised light with the decay properties of propagating waves 

using Maxwell's equations, the propagating constant of the surface plasmon that 

is continuous through the dielectric interface can be obtained. 

Ksp = ω/c (ɛmɛs/ɛm + ɛs)1/2             equation        (2) 

Two common methods are used to generate Surface Plasmon Polaritons (SPPs): 

Otto and Kretschmann.The Kretschmann method is more popular due to its simpler 

and more efficient design for coupling light to SPPs between the metal and 

dielectrics. This dielectric supports the SPPs accompanied by the evanescent 

longitudinal electric field with maximum field intensity at the interface. 

For the Otto configurations, the evanescent wave is coupled with the surface 

plasmon wave that travels along the metal-dielectric interface. This surface 

plasmon wave is highly sensitive to changes in the medium's interference. The 

coupling occurs at the base of the coupling prisms when the angle of incidence is 

greater than the critical angle of the prism-air interface. When the angle of 

incidence and the wavelength of light match the momentum of the SPPs, the SPPs 

become excited at the metal-dielectric interface. 

The wave vector represents the mathematical expression of the relationship 

between these:

Kev = ω/c (ɛp * sin𝜃𝜃) ½                  equation     (3)  

During the excitation of the plasmon, the k value must have a required value 

during the ATR, where Kev = x-component of the wave vector of the evanescent or 

decaying SPPs in the metal-dielectric medium. By introducing a metal layer into a 

decaying evanescent field between a metal layer and a prism, an air gap can still 

be created. This can excite the surface plasmon and make them extremely useful 

in many sensing applications. However, this arrangement is quite challenging, as 

the metal needs to be introduced at the nanoscale region (around 200 nm). 

The limitation in the Otto configuration was addressed and improved using the 

Kretschmann excitation method. Unlike the Otto configuration, the Kretschmann 

configuration involves using a high refractive index glass prism at ATR conditions. 

The light is shone through the glass at the glass-metal interface, coated with a 

thin layer of metal (less than 100 nm). This metal layer is in direct contact with 

the metal and the dielectric (the substrate) and is at an angle equal to or greater 

than the angle needed for ATR.  

This creates an evanescent wave that extends across the interface into the metal 

layer. When the wave vector of the evanescent wave matches that of the SPPs at 
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the metal-dielectric interface, resonance occurs, maximally transferring energy 

from the incoming photons to the plasmons, effectively exciting SPPs. Due to this 

phenomenon, a coherent and collective oscillation of the valence electrons occurs 

in phase, producing a phenomenon called Surface plasmon.  

Therefore, the surface plasmon excites when the wave vector of the propagating 

evanescent wave from the photon equals that of the plasmon. This happens if they 

have similar frequency, state of polarisation, specific angle of incidence, and 

other resonance conditions. 

Figure 1: Schematics illustrating (a.) Otto and (b.) Kretschmann configuration methods are 
used during the excitation of SPPs. The Otto configuration uses a metal film on a separate 
substrate with an air gap, while the Kretschmann configuration has the metal film directly on 
the prism. Light in the Otto configuration hits the prism first, and the resonance wavelength 
can be tuned using the air-gap distance. Conversely, the light interacts directly with the metal 
film in the Kretschmann configuration and the resonance wavelength can be tuned by 
increasing the air-gap distance between the metal film and prism. 

Where: 

ɛm = The permittivity of metal

ɛs = The permittivity of space or dielectric

ɛp = The permittivity of glass 

SPW = Surface plasmon wave 

EW = Electromagnetic wave

Mathematically, this can be expressed as 

ω/c *(ɛp)1/2 = ω/c * (ɛmɛs/ɛm + ɛs)1/2 equation        (4) 

Using this method to excite the SPPs, the excitation efficiency can be affected by 

several factors, including the angle of incidence, the properties of the metals 
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(e.g., permittivity), the quality of the optical components, and the dielectric 

properties. Hence, the working principle that guides SPR-based applications is 

based on equation (4). Therefore, using different coupling principles, this metal-

light interaction can be applied to create different plasmonic nanostructures with 

extraordinary potential for diverse applications. [49–52] 

1.3 Localised Surface Plasmon Resonance (LSPR) 

Unlike the challenges associated with SPR to couple light to the surface plasmon 

of bulk metal, using nanoparticles offers a simpler opportunity to enhance the 

electromagnetic field.  LSPR is one of the main concepts in plasmonic study. When 

light of a specific wavelength and frequency interacts with nanoparticles, the free 

conduction band electrons of the nanoparticles collectively oscillate at 180° due 

to the impact of the instantaneous electric field. However, due to the influence 

of the positively charged nuclei, the electrons are attracted or restored to phase 

and returned to the equilibrium positions after back-and-forth movements like in 

a harmonic oscillator. Once the free frequency of the incoming light equals the 

frequency of the oscillating electron, the resonance condition is met, and the 

particle efficiently scatters and absorbs light depending on its size. Additionally, 

the spatial distribution of the valence shell electron is affected by the size or 

cross-sectional areas of the nanoparticles. As the size or cross-sectional areas of 

the nanoparticles increase, their total extinction coefficient and ability to scatter 

or absorb light increases with respect to their immediate environment. Hence, 

their interactions with light create a substantial field enhancement around the 

surface of the nanoparticles. [53, 54] The electric field generated from these 

nanoparticles is highly localised but decays rapidly away from the nanoparticles 

interface into the dielectric background. This process creates an oscillating dipole 

in the metal during the interaction with the electromagnetic radiation of light. 

Therefore, an enhanced electric field is formed when there is appropriate 

interparticle distance or proximity between the particles. Hence, the efficiency 

of this interaction and coupling depends on the incident angle, light polarisation, 

and shape of the nanoparticles. This type of interaction has been applied to 

different phenomena of practical biomedical applications and research. For 

example, in sensing applications, LSPR is used where a change in refractive index 

could indicate a change in the optical characteristics of a biosensor with 

characteristics sensitivities of various orders compared to conventional methods 
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to detect a single or few molecules. [55, 56] Also, due to the isotropic nature of 

signals obtained from spherical or quasi-spherical nanoparticles, the plasmonic 

signal falls within the UV-vis region of the electromagnetic spectrum and has been 

used extensively for several biomedical applications. Conversely, this has 

limitations in other applications where the range of its applications needed is far 

beyond the UV-visible regions, which limits their applications.[57] Therefore, 

unlike spherical or quasi-spherical colloidal nanoparticles, nanorods have an 

anisotropic shape with adjustable plasmonic properties in near-infrared regions.  

This property confers extra advantages in several biomedical applications. [58] 

Figure 2 (a-d): Schematics illustrating the impact of shape on the delocalisation of valence 
shell electrons of nanoparticles upon interaction with electromagnetic radiation via surface 
plasmon resonance of (a.) isotropic and (b.) anisotropic nanoparticles.  (c.) and (d.) illustrates 
the interaction of light with the valence shell electron in the presence of (c.) isotropic and (d.) 
anisotropic nanoparticles in the visible and NIR regions, respectively. 

Unlike LSPR, which occurs on thin nanometer-sized metallic nanoparticles or 

surfaces when excited by light, SPR occurs by propagating surface plasmon along 

a continuous metallic film that is tens of nanometers thick and at the interface 

between the metal and the dielectric (air or water). Apart from this, the 

resonance condition of the LSPR depends on the size, shape, and type of 
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nanoparticles (Figure 2) and the dielectric medium. In contrast, the resonance 

condition of the SPR depends on the angle of incident light, the dielectric constant 

of the metal and the nature of the materials in contact with the dielectric 

materials. With these properties, the sensitivity of LSPR is localised and depends 

on the refractive index close to the surface of the nanoparticles. This refractive 

index sensitivity also applies to SPR but takes place over a wide length of the 

metallic surface due to a longer decay time. In addition, the plasmonic shift in 

the peak wavelength or intensity is usually used to monitor the LSPR absorption in 

the optical spectrum. In contrast, changes in the angle or intensity of the reflected 

light are usually used to monitor the sensitivity of SPR equipment. Based on the 

above, the LSPR method is suitable for single-molecule detection because of its 

high local sensitivity compared to the SPR method, which measures bulk changes 

across a larger area or region. [59–61] 

Even though metal nanoparticles are increasingly used in several biomedical 

applications to increase their plasmonic coupling for enhanced sensing properties 

or applications, this does not usually occur without a proper ligand exchange via 

conjugation with other molecules. Several strategies are used for signal 

amplifications, including the ones reported in [62] 

1.4 Metasurfaces and their applications in Microarray 
Technology 

Metasurfaces are thin, two-dimensional layers that can be engineered to have 

adjustable properties when interacting with electromagnetic waves, such as 

light.[63, 64]  

By engineering these surfaces, we can dynamically control various parameters of 

electromagnetic waves, including phase, amplitude, polarisation, and frequency. 

This adaptability allows for various applications, such as sensing, communication, 

imaging, and more. To achieve reconfigurability, metasurfaces often rely on 

external stimuli, such as electrical voltage, light, or temperature changes, which 

modify the resonant behaviour of these predefined constituent nanostructures. 

However, traditional methods of achieving reconfigurability pose challenges, 

including thermal issues, fabrication complexity, and integration defects. [65] 

Incorporating or attaching metal nanoparticles to these metasurfaces can create 
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a dynamic and reconfigurable surface tailored to developing strong localised 

surface plasmon resonance (LSPR) with improved sensitivity.  

As described earlier, gold and silver nanoparticles are known for their unique 

optical properties, influenced by their size, shape, molecular interaction, and 

surrounding environment. Specifically, the surface area to volume ratio of these 

MNPs affects their stability and reactivities, greatly impacting their surface energy 

(increases with the number of surface atoms). To achieve stability by the MNPs, 

the nanoparticles adjust themselves in such a way as to minimise the surface 

energy in a process called the Wulff construction principle.   This explains that 

during the crystal growth of nanoparticles, the shape that minimises the 

equilibrium between the internal energy and the surface areas will be favoured, 

leading to various types of shapes or morphology.[66, 67] Therefore, smaller 

nanoparticles are less stable due to their high surface energy stabilising them is 

necessary. Hence, this impact of size must be explored and functionalised with a 

surfactant or stabiliser of interest (e.g. thiol)   [68, 69], and tailored for specific 

applications, including colourimetric,[70] biomedical [7–9], bioimaging, optics, 

[74] and sensing. [75][12, 13]

Additionally, efficient chemical and biological species identification is essential

for real-time environmental monitoring, disease diagnosis and public health

analysis. However, rapidly detecting these species using simple techniques with

high sensitivity and specificity is challenging. Traditional methods, including

chromatography, electrochemistry, fluorescent microscopy, and dyes conjugated

with other molecules, require expensive and cumbersome instruments with skilled

personnel to operate them. Hence, they are unsuitable for home use or point-of-

care analysis. [78] Colourimetric assays offer an attractive alternative method to

identify, monitor, and analyse samples due to their simplicity and convenience.

They offer the opportunity for real-time data analysis at a low cost, with the

option for on-site detection or point-of-care analysis.

Gold and silver NPs are attractive because they can respond to their local

environment through a change in their plasmonic spectra. This is in contrast to

using dyes, which comes with many challenges, including photobleaching, low

extinction coefficient, stability, narrow range of measurement, and interference

with other molecules. [79] NPs, therefore, make for attractive alternatives to dye-

based systems for applications in reconfigurable metasurface. [80–82], catalysis

[83], and optics. [84] To tailor the nanoparticles to different applications, such as
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molecular tagging or label-free colourimetric assays, surface modification using 

ligand exchange is needed to replace the coated surfactant with a suitable 

functional group. This singular step (or in conjunction with other steps) is essential 

to overcome the common challenges (highlighted below) associated with the 

immobilisation of metal NPs on a platform or surface: 

1. If the gold and silver nanoparticles are not correctly conjugated, there is a high

chance that the eventual immobilisation will fail, even when other steps used

during the protocol are well optimised.  Therefore, the appropriate use of

functional groups, stability, and the inherent ability of NPs to bind the preferred

surface are essential factors to consider. [85]

2. Using glass as the immobilisation platform is cheap and common. However,

impurities and lack of uniformity can prevent the immobilisation of the preferred

nanoparticles or biomolecules from interacting with the activated surface. Hence,

a suitable cleaning protocol with acetone, methanol and Isopropanol is essential

to remove organic and inorganic impurities from the surface. An oxygen plasma

asher can also be employed to remove other organic impurities with the advantage

of activating the surface for subsequent reaction and  a pristine surface with good

surface chemistry. In addition to this, once nanoparticles are stuck to the glass

surface via evaporation, they are hard to remove using common solvents, including

acetone, methanol, IPA, and ethanol.

3. Control of nanoparticle size during immobilisation: The size distribution of

nanoparticles needs to be controlled during the immobilisation process. This is

required because of unwanted growth of the nanoparticles either via size increase

or unintended aggregation. This challenge can easily misdirect or clog the surface

of the materials (e.g., glass). [86]

4. Stability of the nanoparticles:

Several factors, including the size, shape, storage condition, ionic strength, pH,

and functional group can affect the stability of the nanoparticles. Silver NPs,

especially, are susceptible to oxidation, which can interfere with their reactivities

and stability over time. [87–89]

5. Selective immobilisation: Direct and selective immobilisation of these MNPs is

challenging, especially on a nanopatterned surface. Factors such as concentration,

unwanted aggregations, non-specific interaction, and lack of reversible

interactions or immobilisation are a few of the major challenges that must be

overcome. [90, 91]
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Therefore, by exploring the fluorous effect with the colourimetric properties of 

these nanoparticles, a reconfigurable metasurface capable of reversible 

attachment of metal NPs with a simple solvent wash can be created. 

1.5 Colloids and Colloidal System 

Colloids, colloidal particles, or colloidal systems consist of a heterogeneous 

mixture in which one microscopically dispersed insoluble particles (1-100 nm in 

diameter) phase are evenly dispersed in a continuous phase. They are very useful 

in DLS analysis.[92–94]   

The dispersed phase contains particles (or micelles) with a linear dimension 

between 1 nm and 1 mm. Due to their size range, colloidal particles are subjected 

to Brownian motion. However, as their size increases, they are affected by gravity 

and drag, which can be modelled with Stoke's law, which states that the friction 

experienced by colloidal particles in solution is related to their radius and the 

viscosity of the solvent. [95]  Colloidal particles can also be classified as Primary, 

coalescence, ripening, aggregated, and agglomerates. Primary particles are the 

smallest unit of the structure where other structures are built. When these 

particles come together, they can coalesce to form bigger-sized particles with 

entirely different surface areas than the sum of the two. Also, these particles, 

especially the smaller ones, have higher surface strain, creating higher surface 

energy that makes them energetically unstable. Over time, this process (Ostwald 

ripening) creates preferential solubility of the smaller particles compared to the 

larger ones. Consequentially, these small particles can contribute to the size of 

the other particles in the solution. Unlike the ripening process, when the inter-

particle distance between two primary NPs reduces to a critical limit, they can 

either aggregate or agglomerate depending on the number and packing created by 

the strong bonds between the NPs involved. Agglomeration takes place with 

weaker bond interaction between different aggregates or primary particles. [96] 

There are several stages in nanoparticle formation with underlying mechanisms, 

especially nucleation and growth. These mechanisms allow greater flexibility and 

control that determine the composition and properties of nanoparticles used for 

different fabrication and applications. 
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1.5.1 Metal Nanoparticles 

With continuous development and discovery of new insights into nanotechnology, 

noble metal nanoparticles, especially gold and silver nanoparticles, continue to 

attract attention.[97] This was attributed to their fascinating optical properties 

that can be tuned based on their size, shape, surface chemistry, and aggregation 

status. Due to these properties, they exhibit quantised electrical and optical 

properties, which, expectedly, significantly impact their physicochemical 

properties. Hence, they are exploited for sensing, drug deliveries, diagnosis, and 

imaging. [98–101] 

Gold nanoparticles exhibit excellent plasmonic properties with an extremely high 

extinction coefficient that allows visual observation at low nano and picomolar 

concentrations compared to organic dyes that require micromolar concentrations 

or more to achieve. Apart from this, being a nanoparticle, their high surface area 

to volume ratio also confers them a high surface energy and can strongly adsorb 

thiol, halides, and organic molecules with significant impact on their surface 

properties. [102] 

Due to this, one of the primary applications is label-free colourimetric analysis. 

The change in their optical properties alone or conjugated with other molecules 

can be used to identify, detect, and quantify different biological samples, such as 

protein, DNA, and carbohydrates. [103, 104] 

Generally, colloidal suspension is thermodynamically unstable and tends to 

flocculate; hence, it is important to monitor and control each of the experimental 

stages to achieve a sensible outcome. 

To prevent this aggregation, positively or negatively charged small molecules that 

induce electrostatic stabilisation are used. Hence, a good understanding of the 

stability and kinetics of the aggregation process is needed. These can be detected 

and characterised using DLS and UV-vis spectroscopic techniques. Also, as the gold 

nanoparticles increase in size, scattering of electromagnetic radiation dominates 

with significant differences in their LSPR peaks. This property has also been used 

to determine where their application is well suited. [105, 106]  Therefore, 

individual spherical gold nanoparticle colloids can be tuned with LSPR peaks in the 

visible region at 510 nm for 10 nm gold to around 580 nm for up to 100 nm gold 

nanoparticles. Hence, the ratio of absorption to scattering increases with reduced 
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particle size compared to increased scattering for larger-sized particles. [107]  In 

this research, we will concentrate only on in vitro studies.  

Gold nanoparticles have been used for several in vitro studies, especially in sensing 

applications using LSPR, which depend majorly on changes in the refractive index 

of the surroundings. This creates a plasmonic shift in its wavelength when gold 

nanoparticles are bound to other molecules or when free. Here, a red shift 

indicates a longer wavelength or increased refractive index when molecules are 

adsorbed to the nanoparticle's surface. However, a blue shift indicates a shorter 

wavelength, especially when the nanoparticle is free or attached to an 

electronegative element (e.g. fluorine) [37]. Therefore, a change in the local 

environment could easily be detected as a function of the plasmonic shifts specific 

for each properly functionalised gold nanoparticle. It is also important to note that 

the optical properties of gold nanoparticles or nanostructure in different sensing 

applications are not only based on localised surface plasmon resonance. Others 

are also based on Rayleigh scattering, surface-enhanced fluorescence, and 

Surface-enhanced Raman scattering (SERS).  

1.5.2 Plasmonic Response of Gold and Silver Nanoparticles 

The optical response of nanoparticles (especially silver and gold NPs) differs 

depending on their type, size, and bioconjugation. Generally, the electronic 

transition of the transition metal conforms with the Madelung (or Janet or 

Klechkowsky) rule where the order of degenerates orbital is filled and determined 

by the sum of the principal quantum number (n) and the azimuthal quantum 

number (l). Additionally, orbitals are filled following the order of increasing (n+l) 

value. When different orbitals have the same (n+l) value, the one with the lower 

n is considered first. With this convention, transition metals have completely filled 

d-orbitals, and their metallic properties are due to the single-filled s-subshell

orbitals. Despite similar configurations, the optical properties of gold and silver

atoms are exceptions due to their 5d → 6s  and 4d → 5s  transitions,

respectively.[108] Due to the high atomic number of gold nanoparticles, there is

a strong electrostatic interaction between the electrons and the positively charged

core, which includes relativistic effects. This interaction significantly impacts

their absorption properties, requiring higher excitation energy for it to occur.

Consequently, the intraband energy transitions of the nanoparticles play a crucial

role in their electronic transitions. The intraband energy transition refers to the
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amount of energy an electron requires to transition from one energy level to the 

other (often to the higher energy level) within the same band, unlike in interband 

energy transition, which involves energy transfer within different bands. 

Specifically, gold and silver nanoparticles have different intraband energy 

transitions, with Ag having almost twice the value of the intraband energy 

transition of gold nanoparticles (2.4 eV for Au and 4 eV for Ag). This plays a crucial 

role in the optical properties and the electronic behaviours of the metal NPs during 

their interactions with the electromagnetic spectrum. Hence, the plasmonic 

response of gold nanoparticles is usually dampened during their intraband 

transition under visible light. At the same time, this is not the case for silver 

nanoparticles, which are free from this effect or losses. Although reports have also 

emerged on damping mechanisms for lower-sized (20 nm) silver nanoparticles 

[109] Apart from this, silver nanoparticles have also been shown to have an

inherent advantage due to their higher theoretical refractive index, which makes

them a better choice for biosensing applications compared to gold nanoparticles,

even though both silver and gold nanoparticles have sensitive spectra responses to

their environment. [110–112]

1.5.3 Effect of Interparticle Distance of Nanoparticles on their 
Plasmonic Response 

Interparticle distance is between individual metal nanoparticles (e.g., gold NPs) 

and other surrounding metal nanoparticles in a colloidal system. It is an essential 

factor in biosensing applications, where its state can affect the sensitivity and 

impact the plasmonic properties of the NPs based on interactions with other 

particles or analytes. With this property, the colour and plasmonic properties of 

NPs can easily be affected upon aggregation (e.g., during conjugation) and 

dispersion (free state). These aggregations are reported to induce plasmonic 

coupling, especially when their interparticle distances are less than 2.5 times their 

overall diameter.  Hence, a red-shifted plasmonic peak associated with 

longitudinal resonance in the electromagnetic spectrum is expected.  [113, 114] 

Therefore, controlling the interparticle distance is essential in maintaining the 

physicochemical properties of metal nanoparticles for several sensing applications 

(Figure 3). 
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Figure 3: Schematic illustrating how changes in interparticle distance affect the absorption 
spectra and the stability of nanoparticles in a colloidal system. (a.) Depicts the absorption 
spectrum when the nanoparticles are well stabilised and without aggregation. Spectrum (b.) 
Depicts the absorption spectrum of nanoparticles after reduced interparticle distance, 
creating longer wavelength due to aggregation. 

The following are ways in which the interparticle distance affects the sensitivity 

of gold nanoparticles in biosensing and how this can be explored for sensing 

applications: 

1. Plasmonic biosensing:

In biosensing applications using the aggregation method, the challenge in

reproducibility of the readout during bioconjugation with analytes occurs due to

inconsistent interparticle distance and number of nanoparticles per cluster.

Hence, interparticle distance is one of the most portent parameters that affect

and influence the nature of aggregation-based biosensing applications at a fast,

low cost, and small sample volume with improved sensitivities.
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2. In optical biosensing, the interparticle distance of gold nanoparticles is

reported to affect their sensitivities. For example, the change in the interparticle

distance of the dimer of fabricated gold nanoparticles is shown to affect their

refractive index sensitivity. [115] In addition, inconsistent interparticle distance

and the number of NPs per cluster could lead to problems with reproducibility.

[116]

3. Bioimaging:

Adjusting the interparticle distance for different nanostructures has proved vital

in several medical fields, especially bioimaging. This offers the possibility of

improving sensitivity, specificity, speed, contrast, resolution, and penetration

depth. [117]

4. Signal enhancement

The gap distance created between dimers and trimers can influence their signal

enhancement in surface-enhanced Raman spectroscopy (SERS) [118]. Hence,

controlling this distance is important to improve the sensitivities of plasmonically

coupled nano-entities.

5. As the distance between closely packed nanoparticle arrays increases, the

plasmonic coupling among them weakens. Initially, the plasmonic band exhibits a

red shift due to their close interactions. However, as the nanoparticles move

further apart, this coupling diminishes, causing a blue shift in the plasmonic band,

indicating a rise in energy levels. Conversely, when the interparticle distance

decreases, the stronger coupling leads to a significant enhancement in signal

strength, amplifying the collective resonant behaviour of the nanoparticles. [119]

1.5.4 Challenges Associated with the Aggregation of 
Nanoparticles 

Surfactants stabilise colloidal suspensions, either during or after their synthesis, 

to prevent unwanted aggregations.[120] Fabricating patterned surfaces suitable 

for reversible attachment of these nanoparticles presents many challenges that 

hinder their effectiveness in various applications. 

For instance, surface functionalisation is often used to improve the stability of 

nanoparticles and reduce aggregation. This process involves attaching different 

functional groups to the surfaces of the nanoparticles to enhance their dispersion, 

stability, and compatibility. However, uneven coatings can create areas with 

varying charge density, promoting unwanted aggregation instead of preventing it. 
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Moreover, the stability of these functional groups may be compromised under 

unfavourable conditions, leading to additional instability and irreversible 

aggregation. Apart from this, when NPs are deposited onto a surface, the van der 

Waals interaction can reduce interparticle distance, favouring the attractive force 

against the repulsive force. Apart from this, the tendency of nanoparticles to 

favour the minimum amount of energy during their stability appears to be one of 

the contributing factors to favour aggregation. Additionally, the shape, size, 

structure, composition, nature of the adsorbed layer, and the ionic environment 

can significantly influence the stability of the nanoparticles. Addressing these 

concerns is essential to fully utilise gold and silver nanoparticles in various fields, 

such as biomedicine, sensing, and materials engineering. [121]  Drying of 

nanoparticles involves a physical and chemical process of isolating the 

nanoparticles from the aqueous or solvated environment, leading to irreversible 

aggregation or the possibility to re-disperse the nanoparticles. [122] Methods to 

immobilise these nanoparticles involve extensive silanisation, covalent 

immobilisation and varying temperatures. [123–125]  The current methods offer 

very little or no opportunity to reuse the surface of the hydroxyl-terminated or 

silane-modified glass substrate after the nanoparticles have dried and aggregated. 

Allowing nanoparticles to dry on glass surfaces is wasteful, environmentally 

unfriendly, and presents a pollution challenge for the scientific community, where 

the repeated use of sensors is crucial. 

Therefore, this research will focus on developing engineered surfaces that enable 

the reversible attachment of these nanoparticles. 

1.6 Surface Energy of Nanoparticles 

The surface energy of a material is the extra energy present at the surface 

compared to the total bulk of the material. This excess energy is due to the high 

surface-to-volume ratio and the concentration of the electron cloud at the surface 

or tip of the nanoparticles, which influences their physicochemical properties. This 

phenomenon is size-dependent and is affected by the kinetics and the 

thermodynamics of the nanoparticles during interaction with their environment. 

[126–128]  It is a distinctive characteristic of nanoparticles (NPs) that is critical in 

their use. This energy tends to increase as the surface area of the NPs becomes 

larger or the size of the nanoparticles becomes reduced.  [129]  Due to the high 
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surface energy, NPs are often unstable or metastable. Managing this energy is 

essential during their synthesis and storage. By decreasing the particle size to 

nanoscale proportions, surface area and surface energy can be increased seven-

fold.[130] Such an increase in surface properties leads to a reduction in bond 

length and changes in lattice properties as the atoms on the surface experience 

inward forces. These are significant points to consider in the application and 

handling of NPs.  [131, 132] 

1.7 Chemical Properties 

The surface chemistry and properties of gold nanoparticles play essential roles in 

several functionalisation strategies. The surface of the nanoparticles can easily be 

conjugated with compatible and different moieties or functional groups. This can 

be used for several therapeutic purposes, including self-assembly monolayer and 

drug delivery.  

Since its first breakthrough as a method for functionalising gold nanoparticles, 

gold-sulphur conjugation methods have continued to gain attention. [133] The Ag-

S bond, with a bond strength of 45 kcal/mol (1/2 C-C bond of ~83 kcal/mol), 

ensures that the nanoparticles are anchored to the surface of the nanoparticles 

via several bonds.  

The stability of these gold-sulphur bonds has been shown to depend on whether 

the thiol molecules form monodentate, bidentate, or tridentate ligands with the 

gold nanoparticles with the multidentate interaction with higher stability, 

especially against oxidised desorption at physiological conditions. When used with 

silane of interest, the density of the monolayer can easily be altered based on the 

concentration and the scope of the research. For this research, 0.5 mM of gold 

colloids were functionalised with a 50 mM concentration of PFDT using a fluorous-

functionalised surface as an anchor in a non-covalent and reversible interaction. 

The degree of the surface ligands was analysed using UV-vis to evaluate the 

plasmonic shift or scanning electron microscope (SEM) to observe the surface 

morphology and quantify the surface density of the gold nanoparticles. Other 

analytical tools that can be used are zetasizer, via the dynamic light scattering 

technique and thermographic analysis (TGA).  
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1.8 Why should we aim to Synthesise Monodispersed 
Nanoparticles? 

The mode of synthesis of nanoparticles influences their stability and distribution 

in colloidal systems. Hence, the distribution of these nanoparticles is vital for 

tailored applications. Monodispersed gold nanoparticles are shown to be desirable 

in biomedical applications due to sharp peaks and tunable LSPR when coupled with 

light. Consequently, higher performance and unique properties have been 

reported to be associated with gold nanoparticles with less than 5% size variation 

(SD ˂ 5.0%) compared to the polydisperse AuNP. These properties are desirable, 

especially when their size, morphology, surface chemistry, and optical properties 

can be controlled. These controlled distributions afford them critical properties 

with invaluable applications in biomedicine, sensing, and bioimaging. Hence, this 

is crucial in designing a research-based colourimetric protocol using gold 

nanoparticles. (Figure 4) Monodispersed gold nanoparticles are desirable for 

efficient and tailored sensing applications, achieving higher sensitivity and a lower 

limit of detection (LOD).[134–136] 

Figure 4: Schematics illustrating the concept of narrow and width size of colloids in colloidal 
systems. A narrow full-width half maximum (FWHM) indicates likely monodispersed AuNPs 
in the colloidal system (blue), and higher values indicate likely polydispersity of AuNPs in the 
colloidal system (red). 

Hence, nanoparticles' size and interparticle distance significantly affect their 

plasmonic peak, which varies during sensing applications.[137, 138] Reports of 
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synthesised monodispersed nanoparticles have been put forward using different 

surfactants. [83, 84].  However, using the fluorous effect, careful selection of the 

surfactant or stabiliser was essential to meet the immobilisation needs of this 

research. 

1.9 Metal Nanoparticles in Colourimetric Sensing 

Noble metals are preferred for biosensing due to their optical properties, stability, 

and easy functionalisation with other materials. [141] While design rules for 

surface-based plasmonic sensors are established, knowledge of sensors based on 

nanoparticle aggregation is limited. This is because control over interparticle 

distances, number of nanoparticles per cluster, and mutual orientations is lacking, 

blurring the readout.  

Colorimetric sensing, especially for gold nanoparticles, has several advantages 

over spectral sensors in mass testing. These advantages include facile fabrication, 

low cost, fast readout, and societal acceptance. Furthermore, the untrained 

human eye can complete the readout without medical assistance, making it a 

convenient tool for mass testing. Conversely, spectral sensors are difficult to 

implement as a mass testing method since they usually require sophisticated 

optical readouts, such as spectrophotometers and data processing, and are 

operated by expert personnel. 

Therefore, optical geometric parameters that depend on nanoparticles' size, shape 

and interparticle distance are needed to enable fast and reliable readout without 

the need for a trained eye, computer vision or experts. 

Current research by Montaño-Priede et al., 2023 shows that the size, shape and 

interparticle distance are influential in controlling the geometric parameters 

needed to maximise optical readout during the conjugation of nanoparticles (gold) 

with biomolecules without the reliance on spectral data. Apart from this, a 

comparison between experimental and simulated data showed that gold 

decahedron nanoparticles with 30 nm edge length are the best-performing due to 

their colour transition-enhancing (red-to-blue) morphology. Also, reducing the 

interparticle gap of nanoparticles from 12 nm to 6 nm was reported to give a 4-

fold increase in response, while decreasing from 6 nm to 2 nm gives an additional 

3-fold increase at varying nanoparticles per cluster, especially for 20 nm

decahedron nanoparticles size. Hence, this method uses gold nanoparticles at
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ultra-low concentrations to find applications in real-time refractive index 

measurements, Surface-enhanced Raman scattering (SER), and ELISA.  [142] 

1.10 Consideration for Blood Analysis 

Blood is a complex mixture of cellular and molecular components, including 

proteins, lipids, carbohydrates, cells, platelets, and plasma. Many non-invasive 

protocols have been developed to detect and monitor different biomarkers in 

blood using specific biomarkers. [143, 144] Traditional methods involve multiple 

steps, including dilution, filtration, and centrifugation. These methods mitigate 

the matrix effect due to the complex nature of the blood. [145] Additionally, 

several methods employ sample pretreatment, [146–148]  signal amplification 

[149], coupled immunoassay  [150], extensive volume centrifugation using 

a microfluidic device [151], ELISA [152–154]. Hence, overcoming this barrier is 

crucial for the accurate and reliable performance of sensors required for point-

of-care diagnosis (POC), which directly impacts the test's sensitivity, specificity, 

and variability. [155–157]  

Despite the progress, these methods require sophisticated and expensive 

laboratory equipment and technical skills, which hinders their use in the efficient 

development of POC testing. Hence, creating new strategies to reduce this 

complexity or bypass the matrix effect is necessary to reduce the sample matrix 

effect, leading to reduced sensitivity, increased background noise, and inaccurate 

quantification. [158, 159] Surface modification is crucial for minimising the impact 

of blood's complex properties on the sensitivity, specificity, and variability of tests 

involving ligand interactions. This process can be customised independently or 

combined with other techniques to reduce or prevent the matrix effect. It is 

crucial to create an anti-biofouling surface that promotes effective interactions 

between analytes and the immobilised surface molecules while ensuring 

favourable non-specific interactions between the surface and various blood-

associated molecules. A study conducted by Chen et al. (2021) explores the 

hydrophobic nature of a fluorinated layer by modifying the surfaces with 

fluorinated polymer brushes using activators regenerated by electron transfer 

atom transfer radical polymerisation (ARGET-ATRP) and thiol-epoxy click 

reactions. Fluorinated alkyl chains are applied by coating the surface with 

brominated polydopamine (PDA) and initiating ARGET-ATRP with glycidyl 
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methacrylate (GMA). This process results in low surface-free energy. The method 

demonstrated high hydrophobicity and reduced protein adsorption, indicating its 

potential as an antifouling coating. This research underscores the effectiveness of 

these modifications in addressing biofouling challenges and can be combined with 

other methods to achieve specific interactions. [160] Another study examined the 

in vitro surface modification of a poly (2-hydroxyethyl methacrylate) (pHEMA) 

hydrogel film to enhance its hydrophobic and anti-biofouling properties. The 

pHEMA film was modified by grafting perfluorooctanoyl chloride (F15) onto its 

surface through covalent bonding. This modification significantly improved the 

surface's hydrophobicity compared to the unmodified layer. Specifically, the 

water contact angle increased from 101.5° for the unmodified pHEMA film to 

135.8° for the pHEMA-F15 film. The surface energy decreased from 45.07 mN/m 

for pHEMA to 13.32 mN/m for the modified film, creating a hydrophobic layer 

suitable for various medical applications. When evaluated, the pHEMA-F15 film 

demonstrated the potential to significantly reduce bovine serum albumin (BSA) 

protein adsorption compared to the unmodified pHEMA. This approach improves 

the elimination of unwanted molecules and aids in detecting and analysing 

molecules in blood and complex samples. It prevents non-specific protein adhesion 

on device surfaces and can be adapted independently or alongside other methods 

for medical diagnostics and research. [161]  Such non-specific interactions can 

lead to thrombus formation or the failure of blood-contacting devices during their 

interactions with the blood, creating an aggregate of platelets and fibrin. In this 

case, anticoagulants and antiplatelet agents are commonly used to prevent or 

treat blood clotting. Modifying the surface with multiple coatings is beneficial to 

enhance the antifouling properties of blood-contacting devices, which is crucial 

for clinical and biomedical applications. This approach can create low surface 

energy (for hydrophobic surfaces) and improve stability and efficiency. 

Additionally, combining this method with localised surface plasmon resonance 

could offer further advantages for signal amplification due to the opportunities 

provided by the size and shape-dependent properties of the nanoparticles upon 

interactions with electromagnetic radiation. [162]  Therefore, developing a 

refreshable hydrophobic surface, especially utilising the fluorous effect, is an 

essential protocol that can be explored. The fluorous effect is crucial for 

developing stable hydrophobic surfaces with low surface energy necessary for 

specific interactions. In the past, it has been utilised to create reversible 
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immobilisations and develop fluorous-directed architectures, particularly by the 

Clark group. [32, 163]   This proposed method can potentially reduce or eliminate 

the matrix effect, which can adversely affect the performance of devices needed 

for various diagnostic applications. The knowledge from this approach is 

invaluable and can be tailored or utilised independently or with other surface 

chemistry techniques to improve overall results. 

Specifically, the hydrophobic interaction and specificity created using the fluorous 

effect can be utilised to passivate the surface of these devices to create multiple 

or differential surface affinities adaptable for specific interactions, enabling 

researchers to customise their applications. This is especially valuable for critical 

clinical applications, including point-of-care diagnostics, where blood and 

analytes are required for analysis. Hence, customising this surface allows for a 

reliable strategy to overcome non-specific interactions associated with various 

devices used in blood analysis for the selective, specific, and reversible 

attachment of biomolecules or their related analytes. 

For example, hydrophobic interactions or layers are key factors in protein (e.g. 

fibrinogen) adsorption to device surfaces, as they are energetically more 

favourable for proteins to adsorb. [164] Therefore, more proteins are readily 

adsorbed to the hydrophobic layer than the hydrophilic layer. By incorporating 

and conjugating perfluorinated molecules with analytes specific to proteins, 

carbohydrates, or other essential molecules, along with the necessary surface 

chemistry for fluorous interactions, we can enhance the functionality and 

performance of devices. This enhancement can significantly improve the 

efficiency of analytical devices used for blood-related diagnostics. However, 

further research is needed to evaluate the effectiveness of the fluorous effect in 

enhancing the efficiency of devices that utilise blood analytes or analysis. 

1.11 Mechanisms of Nucleation of Nanoparticles 

Nucleation is the initial step in the formation of nanoparticles. [165]  It refers to 

the process by which small clusters of atoms or molecules (nuclei) form from a 

supersaturated solution or vapour. This rapid process shapes the size and 

properties of the nanoparticles (NPs) and requires high supersaturation levels. 

Understanding this critical stage is essential to controlling the NP dimensions and 

functionalities. 
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During the mechanisms, the nucleation stage initiates the formation of 

nanostructures (crystalline or amorphous) from the reaction phase (gas, plasma, 

liquid, solid). Here, crystals are formed from the solution, liquid, vapour, or solid, 

containing a small number of ions, atoms, or molecules where they arrange 

themselves in a characteristic pattern like a crystalline solid. From here, they form 

sites on their surface where additional particles are deposited to encourage 

further growth. Factors that can affect the nucleation stage are the ionic strength, 

temperature, colloidal volume, stoichiometry of reactants and the level of 

agitations.  

Increasing the temperature of the reaction vessels lowers the critical 

supersaturation and increases the kinetic energy and, hence, the nucleation rate. 

So, efficient control of this stage is important in producing tailored NPs. Apart 

from this, the ionic strength affects the reactivity of the reactants (ions), the ionic 

double layer at the crystal interface and crystal growth and the subsequent 

adsorption of the ionic species on the nuclei and crystal growth. Also, careful 

agitation of the reaction vessels can induce nucleation or create a form of 

increased fluctuation that leads to nucleation by shear-induced nucleation or an 

increase in fluctuation. [166–169] 

Apart from this, several theories have been proposed in support of the nucleation 

and growth mechanisms of NPs [170] 

1. Lamer’s mechanisms

2. Ostwald and Digestive Ripening

3. Finke-Watzky Two-Step Mechanism

4. Coalescence and Orientated Attachment

5. Intraparticle Growth

1. Lamer’s mechanisms of nanoparticle synthesis

This stepwise process includes nucleation, growth, and ripening during NPs 

formation. Since its explanation by Lamer et al. in 1950, it is a widely accepted 

model for the formation of nanoparticles. [83][171, 172] It accounts for the stages 

in the formation where NPs come together to form small clusters or nuclei. These 

clusters serve as the template for adding other precursors to form the NPs of 

interest. There are three stages involved. 
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(I) A rapid increase in the concentration of free monomers in solution, (II) the

monomer undergoes “burst-nucleation”, significantly reducing the concentration

of free monomers in solution. The rate of this nucleation is described as

“effectively infinite”, and after this point, there is almost no nucleation occurring

due to the low concentration of monomers after this point; (III) following

nucleation growth occurs under the control of the diffusion of the monomers

through the solution. A good example is the growth of silver halides, which have

been studied and follow this classical nucleation and growth. [173, 174]

1. A rapid increase in the concentration of free monomers in solution. Here, the

concentration of the monomers increases to a critical supersaturation level (Cmin)

or concentration needed for nucleation to occur. [175]

2. These monomers undergo “burst nucleation”, which significantly reduces the

concentration of free monomers in the solution. This process reduces or exhausts

the concentration of the monomers, and the rate of this nucleation is described

as “effectively infinite” after this point.

3. The reduced concentration of these monomers reflects the growth of the

monomers controlled by diffusion of the monomers through the solution. Hence,

the growth of the nanocrystals is a function of the reaction time and concentration

of precursor atoms in the reaction mixture. [176–178]

LaMer and Dinegar also explain the correlation between the nucleation and growth

of the generated nuclei for monodisperse particles in a homogeneous solution.

Increased solute concentration up to a critical level (Ccrit) from the system or

external source encourages nucleation. [179] Depending on the supply rate and

the amount of the solute or precursor consumed per time, this stage soon peaks

(Cmax). Once the peak is reached, the curve faces a downward trend due to

increased consumption of the reactants for product formation and reaches the

critical level again. This signifies the end of the nucleation stage, and stable nuclei

are generated until the supersaturation stage is attained below the critical level

without further re-nucleation. At this point, the growth stage ensues with a

distinct difference between the nucleation and the growth stage and yields

monodispersed particles. Therefore, since the final number of the dispersed

particles is determined only in the nucleation stage and kept constant in the

growth stage. Apart from this, the control of particle size is equivalent to the

control of particle number. Hence, the nucleation stage creates an opportunity to

control the size of the NPs in the reaction system. [180]. However, LaMer ‘s model
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was created to measure the qualitative explanation of monodispersed particle 

formation and not for size control. Other models have been put forward to explain 

different phenomena of NPs growth and formation. [181] 

2. Ostwald ripening

The mechanism of Ostwald ripening occurs due to dissimilarities in the solubility 

of NPs in solution. Due to the size of smaller NPs, they have a higher surface 

energy, which impacts their solubility in solution. When they interact, they are 

guided by thermodynamic factors that influence the further growth of larger NPs 

in solution. Unlike the Ostwald ripening, digestive ripening is also a process of 

colloidal synthesis for NPs formation.  Here, the smaller particles, with high 

surface energy, grow instead of the larger ones because the larger particles re-

dissolve into the solution depending on thermodynamic factors. The digestive 

ripening is used mainly for synthesising NPs with a narrow size distribution, which 

helps convert polydisperse nanoparticles into monodisperse nanoparticles. In 

contrast, the Ostwald ripening favours particle growth during synthesis. 

3. Finke-Watzky Two-Step Mechanism
Unlike the classical nucleation theory, the Finke-Watzky two-step Mechanism 

describes the simultaneous nucleation and growth of NPs in the colloidal system. 

Although this has not been fully proven explicitly, it is still shown to follow the 

growth pattern in the classical nucleation framework. This model is used to 

synthesise the nanostructure of transition metals (especially Ir, Au, Ag, Pt, Rh, Pd, 

and Ni) and the protein aggregation process. [182] 

4. Coalescence and orientated attachment

Except for the orientation created, these processes are similar. Here, NPs can 

come together to randomly form a larger particle when they coalesce compared 

to oriented attachment, where there is a pattern of crystallographic alignment of 

the attachment along planes.[183] 
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5. Intraparticle Growth

This process-specific growth of NPs arises due to instability in the surface energy 

of the NPs. It is reaction-specific (Figure 5) and can be affected by many factors, 

including the size, conjugation process and concentrations. [184–186]   

Figure 5: Schematics illustrating different stages affecting the size and stability of colloidal 
suspension. (a.) The nanoparticles are dispersed well in solution with adequate interparticle 
distance. (b.) Agglomeration of nanoparticles of bigger sizes is due to an unfavourable 
environment. This method creates tightly bound NPs. (c.) Particles aggregated due to a 
reduced interparticle distance. This method could be reversible under favourable conditions. 
(d.) The smaller nanoparticles merge to create a larger nanoparticle, reducing the number of 
particles  (e.) In this case, larger particles grow at the expense of smaller ones in a dispersion. 

1.12 Nanopatterns and their Applications 

Recent advancements in creating colloidal nanoparticles have led to impressive 

developments in self-assembly applications, particularly on micro-patterned 

surfaces. The applications of this technique cut across several fields, including 

tissue engineering, biosensors, biochips, drug testing, optics, and fundamental 

research in molecular and cell biology.[187–189] However, nanoparticle 

immobilisation and self-assembly into controlled, nanometer-sized patterns is 

challenging due to factors like pattern size and the tendency of the nanoparticles 

to aggregate on the patterned surface. Achieving specific, controlled assemblies 
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of nanoparticles and the positioning from colloidal systems demand precise 

strategies. 

Several methods exist for fixing nanoparticles in patterns, including single-layer 

electrostatic attachment of charged particles, multilayer electrostatic 

attachment, embedding within polymer brushes, and incorporation into sol-gel or 

polymer matrices. However, significant challenges need to be addressed to 

successfully immobilise gold nanoparticles over large, patterned areas. [190]  

1. Controlled placement:

This is one of the most prominent challenges during the controlled immobilisation 

of nanoparticles on a functionalised surface or platform, especially at the 

nanoscale region. Hence, efficient functionalisation of the nanopattern surface for 

biorecognition purposes is essential. 

2. Tendency for aggregation:

Because nanoparticles have a large surface area compared to their volume, they 

also have high surface energy and are very reactive. This makes them more likely 

to clump together. This clumping, or aggregation, is a significant problem as it can 

interfere with the precise placement of nanoparticles in the desired location. 

3. Efficient surface modification

Ligand exchange is essential for creating surfaces that can chemically and easily 

interact with each other. If ligand exchange is inefficient during surface 

modification, it can block or slow down the precise placement of nanoparticles in 

their intended pattern. 

4. Immobilisation techniques

Several methods have been created to attach nanoparticles to surfaces precisely. 

Yet, each method presents its difficulties. Hence, an immobilisation technique 

favours efficient ligand exchange, functionalisation, and proper orientation of the 

interacting functional groups is desirable for immobilisation in nanopatterns. 
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5. Nanopattern techniques

Creating nanopatterns with e-beam is costly, time-consuming, and complex, 

especially below a certain nanometer scale. Nanoparticles need optimal conditions 

for effective immobilisation; larger ones easily immobilise, but as size decreases, 

aggregation issues arise. Capillary force methods for nanopattern immobilisation 

present control challenges, particularly for particles under 30 nm. 

1.13 Nanofabrication Techniques 

Figure 6: Schematic illustrating the top-down and bottom-up nanofabrication approaches to 
reduce the mass of bulk materials to produce fine particles down to the nanometer size (top-
down method). (a.) The bulk materials are broken down into smaller pieces by different top-
down methods to form fine materials (b.) The fine materials are further broken into the 
nanoparticles (c.) In the bottom-up method, various reduction methods and chemical vapour 
decomposition methods are used to produce nanoparticles. A similar process is followed in 
the bottom-up approach but from the smallest-sized material (c.). 

Several techniques can be used to define and deposit engineered nanostructures. 

These can be broadly categorised as either top-down or bottom-up 

approaches.[191] Top-down approaches involve additive or subtractive methods 

to define nanostructures from their bulk materials, such as photolithography, 

scanning probe lithography, laser machining, soft lithography, nanocontact 

printing, nanosphere lithography, colloidal lithography, scanning probe 

lithography, ion implantation, diffusion, and deposition.[191–193]  Despite its 
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numerous advantages, it is limited by cost (especially the lithographic process), 

hazardous materials, surface properties requirements, and longer etching 

times.[194, 195] On the other hand, the bottom-up approach provides the step-

by-step assembly of atoms or molecules to achieve the desired nanostructures. It 

incorporates the direct synthesis of materials (Error! Reference source not 

found.). Examples include plasma arcing, chemical vapour deposition, metal-

organic decomposition, laser pyrolysis, molecular beam epitaxy, sol-gel method, 

wet synthesis, and self-assembly processes. [196]  

Using different top and bottom-up fabrication methods, nanomaterials can be 

precisely directed at specific areas of micro and nanopatterned materials to 

create a reconfigurable metasurface. 

1.14 Microarrays 

Microarray technology began in the 1980s and 1990s, when scientists first 

developed DNA microarrays to measure the activity of many genes at once. Since 

then, researchers have improved these methods to analyse gene activity, genetic 

differences, and protein interactions more efficiently. [197, 198]  

DNA microarray technologies are powerful tools designed to detect and measure 

the expression of thousands of genes in a single experiment and are vital to 

studying mutation and other genomic features in biomedical and clinical research. 

Microarray platforms were initially designed to measure the transcriptional levels 

of RNA transcripts derived from thousands of genes among genomic sequences in 

a single experiment. This technology remains the basis for next-generation 

sequencing strategies using microarray spotting or light-directed chemical 

synthesis methods. 

Apart from its limitations, which involve the need to pre-manufacture and transfer 

DNA for each spot (initially 450 μm), is costly, requires a large gap between each 

spot and involves cumbersome washing steps, microarray spotting has been used 

for over 20 years. However, recent advances in spotting devices create 

opportunities for smaller spot distances, and the length of DNA molecules is only 

limited by PCR (up to several kb).[199] 

The light-directed chemical synthesis method was initially used to generate 

peptide arrays using photolabile groups with the aid of photolithography. Further 

improvement in this method showed that it is possible to create oligonucleotide 
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arrays via light synthesis to generate different DNA spots as many as 135,000 

different spots, each measuring 35 μm × 35 μm, can fit on a single slide. Further 

improvements in spot size down to 5 μm have been reported in the literature 

[200][201] This method is cumbersome, costly, time-consuming, and requires 

several photolithographic masks to create the desired array. Different protocols 

have also been developed to address these. [202–207] Since its development, 

several research have reported them to study different gene expression signatures 

in tumours, disease progression, cellular response to stimuli, and drug target 

identification.[208–210] 

Using a multi-stage approach, the microarray design has recently gone beyond use 

in gene expression analysis approaches to other research areas. Notable among 

these is the detection of Single Nucleotide polymorphism (SNPs) of the genome, 

methylation error, and alternative RNA splicing. [211–214] However, due to the 

need to create detection platforms with high accuracy and low cost, other high-

quality microarray tools with standardised protocols have emerged to accurately 

detect and measure analytes of interest with powerful computational output. 

However, most are non-specific [215], non-repeatable, costly [216], and lack the 

desired efficiency. [217, 218] 

Exploiting microarray for expression profiling is based on two fundamental 

principles. 

1. In many gene pools, the change in expression occurs due to the alteration in

the abundance of the cognate mRNA. Apart from this, posttranscriptional factors

can also affect gene expression but are not generally amenable to microarray

analysis.

2. Only the DNA strands with complementary sequences can hybridise with another

DNA to form a stable, double-stranded molecule.

Therefore, using the property of this microarray by immobilising millions of single-

stranded copies of a gene as individual array elements on a solid support surface.

The incoming DNA is then incubated with mixture of labelled DNA molecules

containing, in proportion, the representation of all the genes that are being

expressed in each tissue sample. The amount of heteroduplex formed between

the labelled or complementary molecules and the gene of interest can be used to

estimate the relative transcript abundance level of each gene.  From here, the

gene expression pattern can be compared to other RNA abundance levels for

thousands of genes in a single experiment. [219]
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Based on the length and size of the length and size of the molecules, two types of 

microarrays exist. 

1. DNA microarray, printed on membrane or glass with large fragments of genes

between 400-2,000 bp and usually synthesised by PCR amplification.

2. Oligonucleotide-based microarrays of smaller, short synthetic molecules

between 20 bp. The design and production of oligonucleotide-based

microarrays usually occur via specialised equipment that is not typically available

to research laboratories. The in-depth analysis of this process is beyond the scope

of this research, which aims to focus more on the DNA microarray.

According to the analysis by Deyholos et al.,2001, the design and production of

DNA microarrays can be grouped into three stages:

1. DNA probe preparation is one of the most resource-intensive aspects of

microarray production. This can be immobilised DNA produced with high

throughput via PCR amplification or any other source.

2. Preparation of a suitable array substrate. Here, primers are designed while the

concentration and type of probe available are estimated from electrophoresis and

3. Robotics deposit array elements on different supports, such as nylon or glass.

The properties (e.g., hydrophobicity, rigidity, and porosity) of the surface where

the probes are spotted are very important. [220–222]

1.15 Immobilisation Techniques 

Immobilisation techniques are techniques designed for tailored applications in 

microarray development. The aim is to ensure overall efficiency while reducing 

costs to the minimum. These techniques can be divided into physical and chemical 

methods depending on the type of biomolecules or nanoparticles involved and 

their interactions or the immobilisation surface involved (Figure 7). 

Consequentially, several methods used for enzyme immobilisation can also be used 

or adapted for the immobilisation of nanomaterials or both simultaneously (in case 

of conjugation of the nanomaterials and enzyme) for enhanced signal and 

sensitivities. However, several conditions, including those that can maintain or 

support the stability of the biomolecules, their kinetics, and reaction mixture, are 

needed for efficient immobilisation stages on the substrate's surface and must be 

considered.[223–225]  
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Figure 7: The diagram shows the various methods used to immobilise materials, which can 
be adapted based on the specific goals of each research study. 

1.16 Support Materials for Reversible Attachment 

Using compatible support materials during immobilisation is one of the most 

critical steps in achieving efficiency. [226] The following are the properties of the 

support materials: 

1. Insoluble: This is important to ensure that the materials do not dissolve and

participate in the reaction mixture during the Immobilisation process.

2. Mechanical strength: The surface needs this to withstand the different stages

of the immobilisation process, including fabrication, if involved.

3. Non-biodegradable: The surface intended for the immobilisation process must

retain its integrity. This prevents them from actively participating in the chemical

reactions when not needed.

4. Reusability and inertness: The reaction surface must be inert to prevent

unwanted side reactions of the reactant or products. Also, the surface reaction

must be created to ensure that the bare surface can be reversible/re-produced for

subsequent reactions. This is needed to manage the cost and wastage.

5. Specificity: The essence of most immobilisation is to ensure specific interactions

that ensure the biomolecules of interest can be detected, identified, and
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immobilised using the right chemical or physical interactions. Therefore, high 

specificity is desirable in biosensing applications. 

6. Ultraclean surface: The substrate or support materials must be adequately

cleaned to prevent hindrance to the reaction mechanism and

7. Biocompatibility: Biocompatibility of biomolecules is necessary; just like in the

‘lock and key’ hypothesis, the interacting molecules or surfaces must be

recognisable via the head group or specific functional group of interest to trap the

incoming molecules.

These properties have also been applied to enzyme immobilisation. Unlike

enzymes, which are biological catalysts and are subjected to several alterations in

their activity, specificity, and stability upon immobilisation or anchor to solid

support, using MNPs creates a better opportunity to explore their optical,

catalytic, and magnetic properties while preventing unwanted aggregation and

facilitating their recovery or re-use. In addition to the stated above, the efficiency

of the immobilisation depends on the overall properties of the reacting species

and their environment, including the pH, temperature, ionic strength and ratio of

the reactants or products formed. Therefore, depending on the aim, several

immobilisation techniques have been reported.

1.17 Self-Assembly Monolayer 

The term 'self-assembly monolayer’ refers to a single layer of molecules on a 

surface formed by self-packing. [227]  With this phenomenon, several 

supramolecular interactions can be created with unique properties tailored for 

significant biomolecular engineering and nanotechnology applications. This is a 

fundamental phenomenon in biology where biomolecules, especially proteins, 

peptides, and DNA, spontaneously organise themselves into complex and 

functional architecture. Due to these important spontaneous assemblies, the 

inherent properties of different molecules (DNA) or nanoparticles (gold and silver) 

can be tuned to serve specific functions where they can open exciting 

opportunities in sensing, diagnostics, biomaterials, bioelectronics, drug delivery, 

catalysis, molecular recognition, [223, 226] and nanocomposite with 

unprecedented control towards precision and specificity. 

Recently, interest has grown in various fields due to the versatility of self-

assembled molecules, which surpass barriers in molecular recognition 
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architecture, thus reducing costs and enhancing scalability and overall efficiency. 

Despite this gain, several challenges have been reported to reduce this 

phenomenon, which distorts their applicability in several biomedical fields.  

Due to the high surface energy of nanoparticles, there is a tendency for 

uncontrolled aggregation, polydispersity, and a lack of directional interactions 

due to constant Brownian motion; it is, therefore, challenging to achieve self-

assembly and specific structural interactions for intended applications. Apart from 

this, the contribution and balance of different interacting forces, including van 

der Waals, dipole-dipole, and other non-covalent or covalent interactions, are a 

few challenges that make precise self-assembling of these nanoparticles difficult. 

In addition, the size, shape, functional groups, solvation, concentration, and 

immediate environment of the nanoparticles are other major contributing factors 

that can hinder the success of self-assembly monolayer formation. [228]   

1.17.1 Physical Adsorption 

Figure 8: Schematics illustrating the non-covalent attachment of molecules on the glass 
surface. The hydroxyl-terminated layer of the glass is explored to create a self-assembly 
layer suitable for interaction with the amine functional group. This creates a template for 
ionic interactions in the presence of opposite charges. 

This is the most common and simplest method of immobilising biomolecules or 

nanoparticles (also between the bioreceptor and the substrate). It is one of the 

most essential components to consider during the immobilisation of biomolecules 

due to the cost involved at this stage. Here, the substrate can be charged to favour 

ionic interactions or uncharged to create weaker bond interactions, including 

hydrogen bonds, van der Waals, hydrophilic and hydrophobic interactions, which 

favours immobilisation or SAM formation (Figure 8). Although this interaction is 

non-specific, it is fast, simple, and direct.[229, 230] However, the major 
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drawbacks to this method include random orientation, desorption, crowding 

effect, sensitivities to Ph, poor reproducibility, and limited applicability.[231] 

[232] For example, electrostatic interactions using charged SAM with amine

functional and negatively charged carboxyl groups have been reported. [233] Also,

a study showed that single use of charged molecules (i.e., amine-, epoxy- or

aldehyde-silane) does not give the best SAM, but when synergistically combined

with other charged molecules at specific ratios. However, combining different

functional groups to aid the overall reaction conditions, including stability, is

desirable. Using physical adsorption techniques, MNPs can be used for

colourimetric sensing either alone or to enhance signals when conjugated to other

molecules, e.g., enzymes or proteins. For citrate-coated gold nanoparticles, the

extra carboxylic group can be electrostatically immobilised with functional groups,

including amine. [234]

1.17.2 Chemical Attachment 

Figure 9: The schematics illustrate the chemical attachment of molecules on the glass 
surface. In this method, the chemical attachment between thiol and gold nanoparticles is an 
ideal example where covalent interaction can be explored. Furthermore, a hydroxyl-
terminated surface is well-suited for the self-assembly of silane monolayers. 

This approach strengthens the process, solving issues of desorption and instability 

often seen in physical adsorption.[235] It can involve chemisorption or firmly 

attaching biomolecules like proteins using specific functional groups. These 

include carboxylic (-COOH), amine (-NH2), hydroxyl (-OH), or sulfhydryl (-SH) 

groups and can come from aldehyde, epoxy, silanes, or isothiocyanates, among 
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others. These groups help anchor molecules in place through silanisation or similar 

methods. The binding can occur through a chemical reaction that either donates 

or accepts electrons. 

Covalent attachment is an example of a chemical method of immobilisation. This 

method leads to an even distribution of probes on a surface, enhancing reliability 

and consistency. This method could be direct immobilisation, direct 

immobilisation after surface modification, and/or indirect (use of cross-linkers). 

Some copolymers such as molecules such as poly (glycidyl methacrylate-co-methyl 

acrylate) (P(GMA-co-MA)) and poly (styrene-co-maleic anhydride) (PSMA) can 

easily attract electrons on their own, and this favours their interactions with other 

molecules without the need for any modification. Research shows that P (GMA-co-

MA) has a ring-shaped epoxide that can easily react with the amine functional 

group of biomolecules, making them invaluable for direct immobilisation 

technique. [236–238] Conversely, indirect attachment involves surface 

functionalisation of the surface or biomolecules of interest to introduce functional 

interest groups.  

Gold nanoparticles have become popular in colourimetric and biosensing because 

they can be used alone or combined with other molecules to boost sensitivity in 

identification, detection, and separation processes. Using EDC as a cross-linker, 

extensive research has gone into EDC (1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide) and its ability to link up with amines and form a bond between a 

solid surface and a biomolecule of interest, by activating the carboxylic acid group 

on nanoparticles. These activated groups then react with primary amines. Adding 

sulfo-NHS (N-hydroxy-succinimide) from an active ester compound speeds up this 

process and creates stronger, more stable bonds for later reactions. This method 

is often used when attaching gold nanoparticles to antibodies. The research by 

Mimari et al. (2021) [158] and colleagues describes a reliable method to attach 

citrate-coated gold nanoparticles (NPs) to plastic surfaces, which then allows for 

the addition of various biomolecules at a high concentration. The technique uses 

the strong bond between gold and sulphur-containing thiol groups, commonly 

utilised in developing functional surfaces (Figure 9). Furthermore, bare gold 

nanoparticles can be modified by attaching polyethene glycol (PEG) to the thiols 

(creating PEG-SH). This reduces unintended reactions due to PEG's water-

attracting properties, enhancing biocompatibility. The modified gold 
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nanoparticles also have additional carboxylic acid groups that can interact with 

different substances of interest. [240–242]  

Consequently, hybrid nanomaterials could also be created by attaching amino-

functionalised gold nanoparticles, about 5 nm, onto graphene oxide sheets. This 

was achieved through a straightforward chemical reaction that forms a covalent 

bond between the molecules. This method opens the door for the development of 

new graphene-based hybrid nanomaterials.[243] Other functional groups used to 

form covalent immobilisation are maleimide and mercapto silane, which have 

improved efficiency. In addition, the combination of physical adsorption and 

covalent immobilisation can also be explored. Therefore, using covalent 

immobilisation offers several benefits compared to physical adsorption methods. 

These include high efficiency, enhanced specificity, cost-effectiveness, and 

increased stability. 

1.17.3 Avidin/Streptavidin-biotin Interaction 

Figure 10: Schematics illustrating the avidin-biotin interactions during immobilisation. (a.) 
Illustrates the introduction and self-assembly of avidin on the treated glass surface. (b.) 
Interaction between the modified oligonucleotide and self-assembled avidin. (c.) Specific non-
covalent interaction between avidin and biotin.  

Avidin/streptavidin-biotin interaction is one of the most specific and stable non-

covalent interactions, approximately 103 to 106 times higher than an antigen-

antibody interaction (Figure 10). Avidin (PI = 10, originally derived from the eggs 

of aves, reptiles, and amphibians) is a basic tetrameric glycoprotein (70 KDa) with 

four identical subunits and terminal N-acetyl glucosamine and mannose moieties, 

where each unit can bind to biotin (Vitamin B7) with high specificity and affinity 

(Kd = 10−15 M). This complex interaction involves biotin binding to the tetrameric 

avidin/streptavidin molecule with four binding sites. Compared to other covalent 

and non-covalent interactions, the binding affinity (Kd = 10−15 M) of 
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avidin/streptavidin to biotin during reaction provides desirable advantages such as 

amplifying weak signals, efficient operation, and high stability. It enables the use 

of highly diluted primary antibodies. Also, streptavidin is usually preferred against 

avidin because of its small isoelectric point (pI = 5) compared to Avidin (pI = 10.5). 

[244, 245] Avidin-biotin interactions have been used in several immobilisation 

protocols.  [246, 247][156] Wang et al., 2020 also described the use of biotin in 

novel biosensors. Here, a gold nanoparticles-decorated graphene field-effect 

transistor (AuNP-GFET) was used for detecting biotinylated macromolecules 

consisting of protein (protein A) and nucleotide at an approximately 0.4 pM 

sensitivity and high specificity. The specificity and applicability were later 

confirmed using real and synthetic samples and its ability to detect biomarkers of 

interest. 

1.18 Concept of Multiplexing 

Multiplexing is a powerful concept in biosensing microarrays, where multiple 

analytes can be detected simultaneously in a single sample. [248, 249] This allows 

the diagnosis of many diseases to be dramatically improved using a small number 

of samples at a reduced cost, time, and possibly technical know-how. Hence, this 

can be used to analyse samples to generate more information and interpret 

analytes. 

One critical point in developing multiplexed biosensors is the immobilisation of 

receptors on the sensor or surface. Several protocols, including optimisation, 

biofouling, and affinity, have been designed to overcome these challenges and 

prevent cross-reactivity and lack of specificity among the analytes. [250–253] 

A few of the challenges and progress that have been points of focus in the past 

include:  

1. Optimisation of sensor surface: Developing optimised sensors consisting of

specific materials that prevent cross-reactivity and biofouling improves the

performance of multiplexing platforms or surfaces.   For example, graphene oxide

is reportedly used as a modified surface alone or with other specific groups that

can reduce non-specific binding. [254]

2. Adoption of different detection methods: Combining different detection

methods or methods of interactions, including optical, electrochemical, and
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magnetic detection methods between the surface and the analytes, can reduce 

cross-reactivity and improve the specificity of the biosensor. [255, 256] 

3. Use of affinity agent:

To improve the specificity and affinity of the multiplexing platforms, new affinity

agents, including aptamers and molecularly imprinted polymers, are developed to

improve the presence of affinity agents necessary to enhance specificity and

affinity with the target analyte, prevent cross-reaction, and improve the

sensitivity of the biosensor in question. [257]

4. Improved technology: The advent of continuously improved technology has been

used to create advanced multiplexing technology, including nanoswitches and

microfluidics, with enhanced sensitivity and specificity during the detection of

multiple target analytes using a single sample. [258]

5. Improved quality control system: A quality control system that can improve and

enhance the quality and reliability of the data produced from the multiplexed

reaction in biosensors is essential. A combination of parameters, including positive

and negative controls, is also essential.

Even though many proposed methods are used to improve the reliability of these

biosensors with multiplexing functions, new technologies are currently being put

forward to improve the existing ones to simplify the working principles of these

sensors further.

Therefore, selecting the best immobilisation method for the multiplexed

interactions requires several considerations, including specificity, selectivity,

cost, stability, and the overall intention of the applications.[259, 260]

This introduction and review provide an overview of the progress made and the 

challenges commonly faced in designing and developing microarrays for the 

reversible attachment of nanomaterials. These challenges include issues related 

to surface chemistry, stability, the specificity of binding interactions, and the 

repeatability of the protocols. 

1.19 Research Objectives 

A clear understanding of these challenges is essential for creating surfaces that 

can effectively facilitate the reversible assembly of various nanomaterials, 

including DNA and metal nanoparticles (MNPs). The ability to develop protocols 
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that can overcome the challenges and direct this assembly process is crucial for 

many applications, including sensing, drug delivery, microarray designs, and 

nanotechnology. Hence, the objectives of this research are: 

1. To immobilise fluorous-modified oligonucleotides (DNA) on a fluorous

patterned surface in a repeatable manner (3 times).

2. To investigate how the number of fluorine atoms incorporated in fluorous-

modified oligonucleotides affects the strength of immobilised oligonucleotides.

3. To direct the reversible and switchable immobilisation of gold and silver

nanoparticles on micro-patterned surfaces (800 µm) for at least 10 times on

the same engineered surface using the fluorous effect.

4. To direct the re-usable immobilisation of gold nanoparticles on a sub-500 nm

fluorous patterned surface with the hope of immobilising single nanoparticles

onto a sub-100 nm fluorous patterned surface using the fluorous effect.
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Chapter 2 

2.1 Materials and Methods 

This chapter gives an overview of the materials used for this research, including 

the fabrication steps at the James Watt Nanofabrication Centre (JWNC), the other 

experimental stages carried out at the Rankine building, and finally, the Advance 

Research Centre (ARC), University of Glasgow. 

2.2 Materials 

Except stated otherwise, all chemicals listed in (Table 1) were used without 

further purifications from the manufacturer. 
Table 1: List of chemicals used in this research and their sources. 

Name Source 

Perfluorodecanethiol (PFDT, 97%), Gelest, Inc. (Sigma 
Aldrich) 

Trisodium citrate dihydrate (Na3C6H5O7·2H2O, ≥ 
99.0%) 

Merck 

Gold (III) chloride trihydrate (≥99.9%) Sigma-Aldrich 

1H,1H,2H,2H-heptadecafluorotrimethoxylsilane Gelest, Inc. (Also from 
TCI and Sigma Aldrich) 

Citrate- coated gold colloids (20 nm and 40 nm) Sigma-Aldrich 
Citrate-coated silver colloids (40 nm) Sigma-Aldrich 
n-Decyltrimethoxylsilane Gelest, Inc. 
S1805 and S1818 positive resists Shiply 
Polymethyl methacrylate, PMMA All resist 
Silver nitrate Sigma-Aldrich 
Sodium hydroxide (>99.0%), Sigma-Aldrich 
Hydroxylamine hydrochloride (HH, 99.999%), Sigma-Aldrich 
Silver nitrate (>99%), Sigma-Aldrich 
Glass (borosilicate) Pi-kem 
Acetone Sigma-Aldrich 
Ethanol (99.96%) VWR chemicals 
Methanol Honeywell chemical 
Isopropanol Sigma-Aldrich 
H2O (MilliQ) Milli-Q purification 

system 
RO water JWNC 
Phosphate saline buffer Sigma-Aldrich 
MIBK (methyl isobutyl ketone) Merch chemical 
Microposit MF CD-26 Shiply 
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H2O refers to high-purity water with conductivity of 2 μS cm−1 and resistivity of 

18.2 MΩ·cm at 25 °C obtained from a Milli-Q purification system.  

2.3 Methods 

2.3.1 Surface Cleaning and Functionalisation (SAMs) 

a. Glass substrates are widely used due to their stability, inertness, and low

autofluorescence. In addition to this, their chemistry supports the chemical

modification of silanes and permits several modifications.

In this research, 500 µm-thick borosilicate glass wafers (pi-kem) were scribed into

4 square centimetres. The substrate was thoroughly cleaned by ultrasonication in

acetone, methanol, and isopropanol for 3 min each. The cleaned sample was

activated using O2 plasma (PlasmaFab 505) set at 150 Watts for 3 min.

b. The surface required to immobilise DNA was silanised using two-layer self-

assembled functionalisation with nDTS and FDTS.

c. The substrate required for the immobilisation of metal nanoparticles (MNPs)

had its surface functionalised using a single-layer silane deposition with FDTS only.

2.3.2 Resist Spinning (EBL) 

Electron beam lithography was used to create the required nanopatterns. To 

achieve this, a bilayer of poly-methyl methacrylate (PMMA) consisting of 4.0% 

dilution of PMMA (2010) in anisole was spun on the surface at 5000 r.p.m for 60 

seconds to give a resulting resist layer of 100 nm, baked at 180 °C for 15 seconds 

to evaporate the trapped solvent. This process was repeated using another layer 

of 2.5 % solution of PMMA (2041) to produce a second layer with a thickness of 40 

nm. This arrangement ensures that a good undercut profile and improved 

resolution were made after the development. Consequently, the sample for the 

immobilisation of the metal nanoparticles (MNP) was spun at 4000 r.p.m. each for 

60 seconds and cured at 180 °C intervals (for each PMMA layer). 
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2.3.3 Charge Conduction Layer for Ebeam Samples (DNA and 
Nanoparticles) 

Vacuum deposition for surface metallisation is a technique where metal is heated 

in a vacuum until it evaporates. The vaporised metals are later condensed on the 

surface of the metal to form a thin metal layer. The thin conduction layer of 

metal, such as Aluminium or Tin, is needed to dissipate charges when the surface 

is exposed to a stream of electrons. For the fabrication of the substrate used for 

DNA attachment, a 30 nm aluminium layer was deposited on a glass substrate at 

a rate of 0.3 nm/s using the Plassys MEB 4005 e-beam evaporation system. 

Subsequently, a 20 nm aluminium layer was evaporated onto the sample at 0.5 

nm/s with a Plassys IV to act as a conduction layer for the nanoparticle 

immobilisation. 

2.3.4 Pattern Design for E-Beam Lithography (DNAs and Metal 
Nanoparticles) 

Photolithography and e-beam lithography (EBL) are two common methods to 

transfer molecular patterns to desired surfaces using light and electron beams, 

respectively. Unlike photolithography, which is limited by the wavelength of light, 

e-beam lithography provides greater resolution with improved fidelity at the

nanometer scale region. Patterns were designed to fabricate a sample for the

immobilisation of oligonucleotide, using an L-edit CAD software from Tanner

Research Inc. The design was exported as a graphical data system (GDS) file with

a multilayer pattern. Layout Beamer (GenlSys Gmbh.) was used to extract each

layer from the designed GDS file to generate a corresponding file with a defined

resolution in GPF format. From this, each GPF file was opened as a cjob file using

MobaXterm software, where the substrate size and exposure parameters were

defined (Table 2). In the final stage, the cjob file was transferred to the EBPG

machine for writing at the JWNC. An appropriate dose test was done to determine

the optimum exposure to create the patterns. [261, 262]
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Table 2: Parameters for electron beam lithography (EBL) on engineered surfaces used to 
immobilise DNA and nanoparticles, developed using the Raith EBPG instrument. 

a. Oligonucleotide sample  Parameters 
Beam current 180.6 nA 
Dose  390 μC/cm2 
Step size 50 nm 
Aperture 300 µm 
Beam diameter 82 nm 
b. Nanoparticles sample  
Beam Current 2 nA 
Dose 800 μC/cm2 
Step size 2 nm 
Mainfield Resolution 1 nm 

 
 
2.3.5 Pattern Design using Photolithography  

 
Photolithography is a light-based technology that transfers patterns from a mask 

to a substrate by illuminating it with a light source, such as UV radiation. [263] To 

achieve this, light-sensitive photoresists (positive or negative) spun on the 

sample's surface are subjected to structural evolution after light irradiation. The 

mask creates a transparent and opaque layer where the desired patterns are 

transferred during irradiation. The transparent area of the mask allows light to 

penetrate the positive photoresist, where the areas undergo structural evolution 

and become soluble. Unlike the positive photoresist, the photo-reactive regions 

of the negative photoresist become insoluble or solidify upon irradiation with 

light, while the unexposed area becomes soluble. [264] In this research, 

photolithography was performed to create sensing (where the fluorous molecules 

are attached) and non-sensing (where the non-fluorous molecules are attached) 

regions on the sample. The cured wafer was exposed for 6.5 sec. using 

photolithography (SUSS Microtec, MA6) with a 5’-chrome photomask (JD 

Photodata) featuring an array of 50 µm squares and 800 µm circles for 6.5 sec. 

each.  

(a.) For the micropatterned surface used for the oligonucleotide immobilisation, 

S1818 resist (Shiply) was spun at 4,000 r.p.m. for 30 s and baked at 115 °C for 3 

minutes to create a thick positive resist layer used for the microarray 

experiments. 
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(b.)  S1805 resist (Shiply) was also spun at 4,000 r.p.m. for 30 seconds and baked 

at 115 °C for 3 minutes to create a thick positive resist layer to immobilise 

nanoparticles (micro and nano-patterns). 

 

2.3.6 Sample Development (Photolithography) 

The sample was developed using a mixture of RO and Microposit developer (Shiply, 

USA) (1:1) for 40 seconds, rinsed with excess RO water and dried under a stream 

of Nitrogen. The developed sample was checked under the microscope to ensure 

adequately developed samples (Figure 111). The excess underdeveloped resist was 

removed using low-oxygen plasma treatment (80 W, 30 s). The sample with well-

developed features was used for the next stage of the experiment, while the bad 

samples were discarded.  

                
              

Figure 11: The patterns created from the developed sample are as follows: (a) The sample 
was of poor quality, not well-defined, and does not reflect the specification of the designed 
mask used during photolithography. Hence, it was not used for the subsequent fabrication 
stage. (b) The sample meets the necessary standards for the subsequent fabrication stage 
after development. 20x magnification, scale bar = 50 µm. 
 

2.3.7 E-beam Sample Development (ODNs) 

The charge-conducting aluminium layer was first removed using Microposit CD- 26 

developer (Shiply, USA), rinsed in excess RO water, and dried in a stream of 

Nitrogen for the sample prepared for the oligonucleotide immobilisation. The 

cleaned sample was developed using 2.5:1 IPA: MIBK at 23 oC for 45 seconds while 

the remaining sample was rinsed with excess IPA for 1 minute. The (Methyl 

isobutyl ketone) MIBK: IPA is a high-resolution positive developer used to dissolve 

positive tone resist selectively (PMMA) exposed via electron beam lithography, 

leaving behind the desired pattern. The MIBK is a strong ketonic compound that 



72 

can dissolve PMMA with high resolution, shorter development time, and high 

sensitivity. IPA solvent is used to control the rate of the development of the PMMA. 

The excess PMMA sample was removed and cleaned using an oxygen plasma asher 

at 80 W for 30 seconds. [265–267]  

2.3.8 E-beam Sample Development (Metal Nanoparticles) 

Nanopatterns with size ranges 20 nm, 40 nm, 100 nm, and 500 nm were created 

using e-beam lithography (Reith). The aluminium layer was removed using CD26 

for 1 min, as initially used in the previous protocol (Figure 12). The resulting 

substrate was developed using MIBK: IPA solution (2.5:1) for 1 min, rinsed in excess 

IPA for 1 min. and cleaned with a stream of nitrogen gas before use. The sample 

was ashered in flood of oxygen at 100 W for 2 mins., to remove excess impurities 

and activate the surface. The cleaned sample was silanised using vacuum 

silanisation with 20 uL FDTS solution for at least 2 hrs. The remaining PMMA layer 

was subjected to two-lift-off processes.       

Figure 12: Diagram illustrating the stages in the e-beam process and the attachment of gold 
nanoparticles in an ethanolic solution of PFDT to produce fluorous-fluorous interactions.   

2.3.8.1 Acetone lift-off 

Conventionally, acetone has been used effectively to lift off PMMA. The current 

research used a 5-minute lift-off in acetone at 50 °C to remove the excess PMMA 

after silanisation. 
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2.3.8.2 Methanol Cleaning/Lift-off  

Methanol can also be used to initiate the lift-off process, although it works slower 

than other conventional methods, including acetone. Consequently, it is not often 

used for this process. In this explorative instance, methanol sonication was applied 

for 5 minutes to clean the patterned surface, followed by a three-minute rinse in 

IPA.  

2.3.9 Sample Sputtering  

Sputtering is one of the physical vapour deposition methods used to create a thin 

metal film. In sputtering, a thin film of various materials is generated through 

plasma near the surface of the target or the materials. The positively charged 

energetic ions generated near the surface collide with the negatively charged 

materials where their atoms are ejected or sputtered on the substrate. This is 

unlike in evaporation, where the materials are heated to their vaporisation point, 

and the resulting vapour condenses onto a substrate to form a thin film. In this 

research, a 5 nm thin Au/Pd layer was sputtered on the sample before Scanning 

Electron Microscopy.  

 
2.3.10 Silanisation and Surface Wettability 

Silanisation of the fabricated surface was done using three different approaches  

(Figure 13):   

(a.) Gas silanisation (90 ° C) 

(b.) Gas silanisation (vacuum) 

(c.)  Liquid silanisation 

              

   
Figure 13: Schematics illustrating silanisation stages. (a.) The hydrolysis of the three labile 
silane groups in the presence of a hydroxyl group (b). The condensation of the silane group 
with subsequent water loss (c.) Hydrogen bond formation between the free hydroxyl group 
(d.) Drying and the removal of water with covalent bond formation. 
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The ultra-clean wafer was used to immobilise the ODNs. In this research, 20 µL 

silane was incubated at 90 °C while the MNPs were silanised under vacuum in a 

desiccator containing 200 µL of 1H,1H,2H,2H-heptafluorotrimethoxylsilane for 2 

hrs. Before use, the silanised wafer containing resist was further cleaned with 

acetone, methanol, isopropanol, and nitrogen gas.  
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Figure 14: Diagram showing the (a.) Fabrication of glass substrate (50 µm and 800 µm sizes) 
using photolithography (b.) Reversible immobilisation of the gold nanoparticles shows the 
immobilisation of thiol -modified gold nanoparticles on the FDT-modified glass. This platform 
creates an opportunity for re-immobilisation after the first wash step (c.) Reversible 
immobilisation of the silver nanoparticles on the patterned surface using the fluorous effect. 
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Figure 15: Diagram showing the ‘switchable’ patterned surface for reversible immobilisation 
of gold and silver nanoparticles. Using this method, it was possible to use different NPs (gold 
and silver)  on the same patterned surface.  

 

In general, silanisation is a low-cost, covalent process that modifies a hydroxyl-

terminated surface (e.g., glass) by applying a thin silane layer. This process involves 

several steps (Figure 13) that ensure proper adhesion and coverage and help create 

a self-assembly monolayer of molecules that bridge the functionalised surface and 

the oligonucleotide or nanoparticles. The concentration and reaction conditions are 

crucial in making the desired layer. To ensure the efficiency of adhesion, bond 

formation, and impact homogeneity, the surface of the glass must be thoroughly 

cleaned with appropriate solvents to expose the free hydroxyl layer of the glass 

samples or any other oxide surface involved.  

The following conventional steps have been reported as stages involved during 

liquid silanisation.[268–270]  

1. Hydrolysis:  The three labile alkoxyl groups are hydrolysed and converted to 

silanol groups (SiOH) in the presence of water or appropriate solvents  

2. Condensation and hydrogen bonding: The functional groups of the 

silanol group are condensed with water loss. Here, they form hydrogen bonds with 

the surface hydroxide groups while the siloxane (Si–O-Si) network is formed from 

the remaining silanol group.  

3. Bond formation (Drying): This stage drives off water to complete the 

covalent bond formation among the compatible moieties. The last step creates a  
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close-packed and well-organised molecular film. In general, the concentration of 

the silane and the reaction time may affect the eventual bond formation here. 

Consequently, the same procedure can be repeated and reproduced using the gas 

silanisation method. This process offers advantages to producing a thin self-

assembly monolayer with improved surface properties, less contamination, less 

time, reproducibility, and stability.[271, 272] 

For the immobilisation of oligonucleotides, silanisation was performed to effect the 

chemical interaction between the glass surface and n-decyltimethoxysilane (nDTS), 

which acts as the non-sensing region. At the same time, the second fluorosilane 

(FDTS) creates the self-assembled layer for the sensing region, where the fluorous-

fluorous interaction occurs. This research used gas silanisation for all 

photolithography and nanoparticle immobilisation experiments. Liquid silanisation 

was used for silanisation using the e-beam sample (DNA).  

Three silanisation methods were used:  

 
a. Vacuum-Mediated Gas silanisation: 
 
Here, the same 20 µL sample was incubated with the ultraclean borosilicate glass 

and subjected to at least 1 hr silanisation under vacuum. This process creates both 

sensing and non-sensing regions, which are used for the immobilisation stage and 

prevention of non-specific interactions, respectively.  

 
b. Gas silanisation (90 OC): 
For this gas phase silanisation protocol, 20 uL of n-decyltrimethoxysilane (n-DTS, 

Gelest) was incubated with the cleaned 4 cm2 glass samples in the oven at 90 ºC 

oven for 1hr (Figure 13b). The sample was sequentially cleaned in acetone, 

methanol, and IPA for 3 minutes and dried with a stream of nitrogen gas. 

c. Liquid silanisation: 
Here, 1 % (v/v) FDTS was dissolved in toluene and incubated with ultra-cleaned 

samples for 1hr. The sample was sequentially cleaned with excess toluene and 

dried in a stream of nitrogen gas before the next stage. 
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2.4 DNA Modifications and Immobilisation 

2.4.1 Modification of Oligonucleotides (ODNs) 

ODNs purchased from Integrated DNA Technologies (IDT), USA, were fluorous 

modified by Dr. Jamie M. Withers and Dr. Andrea Sender from Prof. Glenn A. 

Burley of the Burley group at the University of Strathclyde using phosphoramidite 

chemistry and purified with high-performance liquid chromatography (HPLC). 

Phosphoramidite chemistry was used due to its simplicity, ability to synthesise 

large oligonucleotide volumes, and ease of modification. [273, 274] The remaining 

fluorescently labelled complementary oligonucleotides were purchased from the 

IDT.  

Several protocols have been used in microarray designs, including physical 

adsorption, covalent interaction, and streptavidin/biotin interaction. [274]. In 

this research, 1 μM aqueous solution (12 uL) of fluorous tagged ODNs was carefully 

spotted on the silanised surface, covered with a clean glass slide, and incubated 

in a humidity chamber for 2 hrs at RT. The sample with the immobilised ODNs was 

rinsed with DI water before hybridisation. 

Figure 16: Schematics illustrating the interaction between fluorous-modified single-stranded 
DNA (green) with different branch systems and dye-modified (blue) oligonucleotides with 
varying systems of branch (Dyes used are TAMRA and Alexa -fluor). 

a. For single ODN immobilisation, the complementary ODNs were fluorescently

labelled with TAMRA dyes (Figure 16).

b. For multiplex immobilisation, complementary TAMRA and Alexa-fluor dyes

attached via the 5’end of the nucleobase were used.



79 

2.4.2 Dilution and Determination of ODNs Concentration 

In line with the instructions from the manufacturers, all ODNs were re-suspended 

in nuclease-free water to produce a final concentration of 100 µM. Aliquots from 

this were mixed and diluted in clean Eppendorf tubes before use. At the same time, 

the concentration of the single-stranded oligonucleotides was determined using a 

Nanodrop Spectrophotometer (ND-1000, Thermo Fisher), built with a capacity to 

measure nucleic acid concentration with high accuracy and reproducibility. 

The concentration of the ODN was calculated using the Beer-Lambert equation from 

the absorbance measured at 260 nm. The final concentration of ODNs used for this 

experiment was 1 μM, while each measurement was carried out with 1.5 µl aliquots. 

The final solution was stored at -20 ˚C before use. 

A= ε c l     equation (1) 

Where: 

 A = Measured absorbance, 

 ε = Molar extinction coefficient (M−1cm−1) 

 c = Concentration (mol/L), and  

l = Path length (cm)

2.4.3 Immobilisation of ODNs on Fluorous-Modified Glass 

Figure 17: Shows a plastic incubation chamber (12 cm x 12 cm) prepared with wet (using 
water) tissue paper and parafilm (on top) during the immobilisation and hybridisation of DNA 
experiments. This environment was made humid to prevent unwanted drying of the droplets. 
In addition, the chamber was covered with aluminium foil during the hybridisation stage to 
avoid the direct effect of light on the attached fluorophores. 
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1 μM aqueous solution (12 uL) of the fluorous tagged ODNs was carefully spotted on 

the cleaned silanised surface, covered with a glass slide, and incubated in a 

humidity chamber for 2 hrs at RT (Figure 17). The sample with the immobilised 

ODNs was rinsed with DI water before hybridisation. For the multiplex 

immobilisation, 12 uL of each of the different fluorous modified oligonucleotides 

(weakest and strongest strand) were spotted and incubated for 2 hrs at RT.  

 

2.4.4 Hybridisation of ODNs 

To take advantage of the molecular recognition property of DNA, the surface with 

the already immobilised oligonucleotide was rinsed with excess solvent to remove 

the non-specifically bound or unbound ODNs from the surface. 

a. 1μM (12 uL) of 16-mer complementary oligonucleotide (GCA GGA CAT CAC AAA 

T or CTG CTA TCT ATC TGC A), modified at the 5-end was spotted directly at 

the already immobilised oligonucleotides on the surface of the glass substrate. 

The sample was incubated at RT and covered with aluminium foil to prevent 

direct light interference for 1 hr. 

b. For the multiplex immobilisation, the same concentration and volume of 

oligonucleotide were used for each fluorescently tagged oligonucleotide 

(TAMARA and Alexa). The sample was incubated like in (a) above. 

2.4.5 Removal of attached DNA from the Fluorous Immobilised 
Surface 

(a.) After 1 hr incubation, the sample mix was rinsed in Phosphate Buffered Saline 

(PBS), (pH=7) followed by washing in a solution containing methanol: buffer (PBS) 

mixture between (10 % - 80 %) in an ultrasonic bath for 2-3 minutes. The sample 

was rinsed in DI water, and the surface was dried under a stream of nitrogen gas. 

The sample was then imaged using the fluorescent microscope. 

(b.) For the multiplex, the sample was rinsed in PBS buffer (pH=7) after 

hybridisation in a 5 ml solution consisting of methanol: buffer (PBS) mixture from 

0-60% in a water bath for 2-3 minutes.  

The treated sample was rinsed in DI water, dried with a stream of nitrogen, and 

imaged using Axio Observer Z1 (Zeiss, Germany) with 20x magnification, NA 0.4 and 

1.0 sec exposure time. The grey 8-bit scale image captured was analysed using 

ImageJ software, where the difference in sample region and background were 
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captured and normalised to give the actual quantitative measurement. The final 

data was average triplicate data expressed as mean ± SD. 

 

2.5 Immobilisation of Metal Nanoparticles (MNPs) 

2.5.1 Synthesis of Silver Nanoparticles (AgNPs) 

Initially, the synthesis of citrate-coated, KI-assisted silver nanoparticles was done 

using the method by Tao et al. (2013) with slight modifications. [275]  

a. Briefly, 1ml of an aqueous solution of sodium citrate (1 wt. %) and 0.25 mL of 

the aqueous solution of AgNO3 (1 wt. %) were premixed and added to 1.25 ml of 

MilliQ water, incubated under stirring and room temperature for 5 mins. The 

resulting mixture was injected into a boiling solution (47.5 mL) after adding 50 uL 

of Ascorbic acid for 1 min. The colour of the reaction changed from colourless to 

yellow and was sustained during the reaction boiling and stirring at 400 r.p.m. for 

0.5 - 1hr at 200 °C.  

b. Briefly, 1 ml of an aqueous solution of sodium citrate (1 wt. %) and 0.25 mL of 

the aqueous solution of AgNO3 (1wt. %) were premixed and added to 1.25 ml of 

MilliQ water, incubated under stirring and room temperature for 5 min. The 

mixture was injected into a boiling solution (47.5 ml) after adding 50 uL of 

Ascorbic acid for 1 min. The colour of the reaction changed from colourless to 

yellow and was sustained during boiling and stirring at 400 r.p.m for 10 min at 200 

°C.   

c. Here, 50 uL (0.4 mM) of aqueous solution of Ascorbic acid (AA) 0.4 mM was 

added to 47.5 mL of boiling water in a clean beaker and boiled for 1 min. A pre-

mixed mixture (5 minutes stirring) consisting of 1 ml solution of sodium citrate (1 

wt. %) and 0.25 ml of silver nitrate (1 wt. %), and 0.0016 mM of potassium iodide 

was injected into the boiling solution of ascorbic acid just after 1 minutes. The 

colour of the solution changed from colourless to yellow, and it was boiled further 

for 1 hr with continuous stirring, indicating the formation of silver nanoparticles. 

d. To synthesise quasi-spherical AgNPs, a modified method by Leopold and Lendl. 

was used. A 90 ml solution of HH (0.017 M) and sodium hydroxide (0.033 M) in H2O 

was freshly prepared.10 ml of 0.01 M silver nitrate solution was injected into the 

reaction mixture, stirring at 5,000 r.p.m. for 20 min. The colour of the final 

colloidal suspension was orange-brown. All NPs were used as-prepared for the 
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subsequent immobilisation reaction. The remaining solution was stored at 4°C 

before use. 

2.5.2 Synthesis of AuNPs 

This research utilised three different methods to synthesise gold nanoparticles of 
various sizes. 

a. Turkevich method:

The Standard Turkevich method was used to synthesise sub-20 nm gold 

nanoparticles by injecting 5 ml of a 5 mM solution of sodium citrate into a boiling 

495 ml solution of gold chloride (0.0985 g). Within 10 minutes, the gradual colour 

change was observed from light yellow to colourless, which turned grey to grey-

bluish, blue, and purple, and finally to ruby red, indicating the formation of gold 

nanoparticles. The synthesised sample was stored at 4 oC before use. 

b. Modified Turkevich method:

Quasi-spherical colloidal AuNPs were synthesised using a previously reported 

citrate-mediated protocol with slight modifications. Briefly,  50 ml of freshly 

prepared 0.25 mM gold (III) chloride trihydrate solution was heated to boiling in a 

250 ml Erlenmeyer flask. 2 ml of trisodium citrate dihydrate (34 mM) was injected 

into the boiling solution under vigorous stirring at 550 r.p.m. which was kept for 

3 min. The reaction was monitored by observing colour changes from pale yellow 

to colourless, purple, and red. The reaction was stopped once there was no visible 

colour change and then cooled to room temperature. 

c. Reversed Turkevich method:

For the larger gold nanoparticles (beyond 55 nm), the reversed Turkevich method 

was adopted. In this method, a 150 ml solution containing 2.2 mM sodium citrate 

was heated to boiling in a clean Erlenmeyer mask. 1ml solution containing 25 mM 

gold (III) chloride trihydrate was injected under vigorous stirring at 1000 r.p.m. 

After the colour change from colourless to red, the solution was cooled to 90°C 

and stirred for an additional 30 min. before adding another 1ml of gold (III) 

chloride trihydrate solution (25 mM). The final mixture was further stirred for an 

additional 30 min. and brought to room temperature before use while the 
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remaining solution was stored at 4°C.All NPs were used as prepared for the 

subsequent immobilisation reaction (calculation in Appendix 1). 

 

2.6 Immobilisation of Metal Nanoparticles  

The substrate with the fluorous patterns was cleaned, modified, and incubated 

following the fabrication design and silanisation. 

 

2.6.1   Drop-casting method (50 µm) 

   We began the immobilisation of these nanoparticles using ordered citrate-gold 

nanoparticles from Maersk. This method aimed to see the immobilisation pattern 

of the nanoparticles on the fluorous-modified surface. In this method, the citrate 

layer of the gold nanoparticles was removed by centrifugation and concentrated 

to 0.5 mM. In contrast, 10 uL of the functionalised gold nanoparticles was spotted 

on a clean, fluorous-patterned surface and allowed to dry at RT using the 50 µm 

micropattern arrays.  

 

2.6.2  Cover slip method (50 µm) 

In this method, 30 uL of the already functionalised 0.5 mM gold nanoparticles were 

spotted on the fluorous modified surface, protected with a cover slip for 1 hr. 

before characterisation. 

 

2.6.3 Hexane-ethanol method (50 µm)  

In this method, the fluorous-modified glass substrate was immersed in an already 

functionalised 0.5 mM gold nanoparticle solution containing a hexane-ethanol 

mixture (1:2) for 48 hours. The sample was thoroughly rinsed in distilled water and 

allowed to dry before characterisation. 

 

2.6.4 Immersion method (800 µm) 

A clean, silanised borosilicate glass sample measuring 2 cm x 2 cm and 800 µm thick 

was incubated in 3 mL of ethanol containing 1.33% perfluorodecanethiol (PFDT). 

The mixture was stirred for at least 2 hours. Following this, 2 mL of as-synthesised 

gold/silver nanoparticles (NPs) were added to achieve instant immobilisation. 
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Image and video recordings of the immobilisation process and solvent exchange 

were captured using the EVOS microscope (EVOS FL Auto2, Invitrogen, Thermo 

Fisher Scientific). 

2.7 Stability of Gold Nanoparticles in a Colloidal System 
using Perfluorodecanethiol (PFDT) 

To evaluate the stability and efficiency of PFDT in stabilising gold nanoparticles, 2 

mL of sub-20 nm gold nanoparticles were incubated with a 3 ml ethanolic solution 

consisting of 30 uL of PFDT. The sample was allowed to stand for 12 months (without 

stirring), and measurements were taken at the beginning and end of the incubation 

period. 

 

2.8 ‘Switchable’ Modified Surface for Immobilisation 

To create a re-usable surface where gold and silver nanoparticles can be used 

interchangeably without the visible loss of functionalities after washing, an 800 µm-

size lithographically patterned surface was used as in Figure 14. Briefly, 2 mL of 

gold nanoparticles were incubated and immobilised on the surface for 2 hrs, and 

solvent exchange was achieved using sodium citrate solution followed by spectra 

acquisition. The sample was sonicated in ethanol to remove the immobilised 

sample. The same sample and spots were re-incubated and immobilised with silver 

nanoparticles for at least four (4) cycles.  

 

2.9 Solvent Exchange/ Wash Steps (MNPs) 

Solvent exchange of immobilised NPs (in solution) was carefully carried out in 0.5 

mM sodium citrate solution three (3) times the volume of the incubating mixture to 

obtain a clear solution with distinct surface immobilisation of MNPs in the fluorous 

regions. 

 

2.10 Sample Recovery (Silver Nanoparticles) 

An immobilised silver nanoparticle sample was used to estimate the amount of 

silver nanoparticles. In a typical 800 µm pattern (30 fluorous patterned circles) with 

immobilised silver nanoparticles, solvent exchange was done using 0.5 mM sodium 
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citrate. At the same time, the sample was re-dispersed in a 2 mL solution of sodium 

citrate. The absorbance or transmission was monitored using UV-vis spectroscopy. 

2.11 Immersion method (20 nm, 40 nm, 100 nm and 500 
nm Nanopatterns) 

To direct the immobilisation of gold nanoparticles into the nanopatterns, several 

protocols were considered for proof of concept.  

2.11.1 Protocol 1 

The cleaned and silanised substrate was incubated in a 3ml ethanolic solution 

containing 30 uL PFDT via a one-pot protocol. The resulting sample, containing 55 

nm gold nanoparticles, was left undisturbed overnight before solvent exchange in 

a 0.5 mM sodium citrate solution. The sample was allowed to dry at room 

temperature before surface characterisation using the SEM. 

Density (g/mL) = mass (mg) / volume (mL)     equation (2) 

Using 30 uL (0.03 mL) or 0.04 mg/mL of PFDT with 1.389 g/mL at RT. 

2.11.2 Protocol 2 

The cleaned and silanised substrate was incubated with functionalised 55 nm gold 

nanoparticles and allowed to stay undisturbed overnight. The solvent exchange was 

done using a 0.5 mM sodium citrate solution, and the sample was also allowed to 

dry at room temperature before surface characterisation using the SEM. 

2.11.3 Protocol 3: 

Cleaned and silanised substrate was incubated in a mixture containing 30 uL PFDT 

and 3 ml ethanol. The substrate was allowed to mix for 2 hrs while 55 nm gold 

nanoparticles were added immediately. The mixture was stirred overnight before 

exchanging the solvent in 0.5 mM sodium citrate solution. The sample was allowed 

to dry at room temperature before surface characterisation using the SEM. 
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2.11.4 Protocol 4: 

The sample was incubated for 48 hrs with functionalised gold nanoparticles with 

continuous stirring for 2 hrs. 

2.12 Statistical analysis 

Statistical analysis was done using the OriginPro software  (Version 2023b, OriginLab 

Corporation, Northampton, MA, USA). ImageJ v1.53e [276] was used to analyse 

fluorescent data of the immobilised DNA and the nanoparticles from SEM 

micrographs. The steps for ImageJ analysis and nanoparticle counting are outlined 

below. We used triplicate measurements with the standard deviation, which 

provided us with 95% confidence intervals. Additionally, the margin of error was 

also applied to estimate the data variability  (equation 3) using : 

 𝑧𝑧 ∗ 𝑆𝑆.𝐷𝐷/√𝑛𝑛.                                                                           equation (3) 

Where n is the sample size and z is the z-score at a specified confidence level. 

Estimating the variability was necessary to quantify uncertainty, assess the 

reliability of results, and make informed decisions based on the data.  

2.12.1 Fluorescent Data Analysis 
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Figure 18: Step-by-step method for the estimation of fluorescent data from the immobilised 
DNA. Where necessary, a margin of error was also used to check for data variability among 
the triplicate values.  
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2.12.2 Nanoparticles Counting and Analysis 
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Figure 19: A step-by-step method adopted to estimate the size of nanoparticles after 
immobilisation. (a-g).  
 
 
2.12.3 Spectra Data Analysis 

To ensure consistency and comparability, all spectroscopic data generated during 

this study were normalised using the OriginPro software  (Version 2023b, OriginLab 

Corporation, Northampton, MA, USA) package, which scaled the values from 0 to 

1. Additionally, unless stated otherwise, all ultraviolet (UV) graphs presented in 

this report were fitted using the Lorentzian function after normalisation to 

enhance the clarity and precision of the graphical representations of the data. 
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Figure 20: A step-by-step method adopted to estimate the absorption spectrum of 
nanoparticles (a-j).  

2.12.4 Zeta and DLS analysis 

The Zeta potential and DLS data were generated automatically by the Malvern 

analytical instrument during the triplicate data acquisitions and used without 

further manipulations.  [277]  

2.13 Characterisation Tools and Techniques 

2.13.1 UV-visible Spectroscopy 

UV-visible spectroscopy is a straightforward, non-invasive, and non-destructive 

analytical method. It measures the interaction between samples and light in the 

UV-visible regions to provide information about the electronic and chemical 

composition of matter at specific concentrations. [278] This is based on the 

principle that electrons are promoted to higher or excited states from their ground 

state upon interaction and energy absorption in the UV-visible regions. These 

transitions could be π to π, where electrons in the π-bond (bonding molecular 

orbital) are excited to a π* (anti-bonding molecular orbital). This type of transition 

is common in molecules with conjugated π-systems. Another type of transition is n 

to π, where non-bonding electrons (n) on atoms such as oxygen, nitrogen, or sulphur 

are excited to a π* orbital. The σ to σ transition occurs when electrons in a σ-bond 

(single bond, bonding molecular orbital) are excited to a σ* (anti-bonding molecular 
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orbital). This transition requires higher energy and typically occurs in the UV region. 

The last type of transition is n to σ, where non-bonding electrons are excited to a 

σ* orbital. This transition is less common but can be observed in molecules with 

lone pairs of electrons. [279–283] In UV-visible spectroscopy, the absorbed photon 

is used to determine the wavelength (absorbance or transmission) of light absorbed 

or transmitted by the molecule. This is based on the difference in energy between 

the ground state and the excited state of the molecule. Additionally, the ratio of 

the intensity of incident light to transmitted light can be related to the absorbance, 

A, at a specific wavelength (equation 4). Absorbance is defined as the negative base 

10 logarithm of the transmission (equation 5). With this method, the intensity of 

light across the visible spectrum can be compared using the Beer-Lambert law, 

where the absorbance, the absorptivity ε(λ), and the length of the light path (I) 

are related to their concentrations (c) upon interaction with light. This property is, 

therefore, used in identifying and analysing the molecules.  

Transmission = T = 

wavelength of  IS (wavelength) / wavelength of IO        equation (4) 

A = - log 10 (T) = log [wavelength of Io/wavelength of Is]                   equation (5) 

Where IO and IS are the intensity of light that passes before and after the sample 

is introduced. [284] 

The spectroscopic properties showing the surface plasmon peak of the synthesised 

and immobilised AuNPs or AgNPs were collected using the Ultrospec 9000 and 

Nikon Microscope (LV-TV) connected to StellerNet Tungsten Halogen Lamps in the 

UV-NIR range, respectively. 

For the synthesised NPs, 200 uL of the sample was diluted to 2 ml to make a 

dilution factor 10 before data was collected within the 300-900 nm wavelength 

range using a cuvette of 1 cm path length. At the same time, the optical properties 

of the immobilised NPs on the patterned surface were collected using a Nikon 

Microscope. The spectra data were analysed with OriginPro 2023 software (Origin 

Lab Corporation). Unless stated otherwise, all real-time LSPR data during the 

reversible immobilisation of the nanoparticles were taken in triplicate at room 

temperature.  
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2.13.2 Contact Angle  

 
In general, the contact angle instrument measures the contact between the 

surface of the solid and the liquid droplet. The working principle behind the Kruss 

goniometer involves the analysis of the shape of the liquid and the behaviour of 

the liquid droplet on the surface of the solid with a characteristic interface 

between the solid and the liquid droplet. Here, the contact angle is measured as 

an angle between the droplet and the surface of the solid using an inbuilt image 

processing algorithm to capture and analyse the images at various stages in which 

the liquid was added, allows to spread and at equilibrium. Lightning conditions, 

sample preparation, and calibration levels of the instrument have an impact on 

the result. Hence, care must be taken in image acquisition. This surface 

characterisation method finds applications in several fields, including surface 

chemistry, material science, and biotechnology, where understanding the type 

and nature of interactions between molecules and supports is vital to various 

discoveries. [285] 

In this research, we monitored the wetting properties of the surface after 

silanisation by measuring the contact angle using a 5 µl RO water (18.2 MΩ cm) 

with the sessile drop method on the glass surface and immediately measuring the 

tangent of the water droplet with the silanised (FDTS and nDTS) glass using the 

DSA25 goniometer (Kruss). Here, an average of 3 measurements at room 

temperature was used to confirm the change in surface hydrophobicity. A bare, 

non-silanised glass sample was used to monitor and control this modification 

stage. 

 

2.13.3 The Double Layer Theory 

The double-layer theory was reported over 150 years ago by Helmholtz [286] and 

subsequently modified by Guoy-Chapman and Stern. [287–289] The double layer 

theory is an essential concept in colloidal science. According to the DLVO theory, 

it visualises the ionic environment in the vicinity of any charged colloids and its 

interaction with the colloidal environment in a sequence of steps. [290] The 

double-layer theory can be described in two ways. The first involves the effect of 

the positive ions (counter-ions) on negatively charged colloidal particles. The 

presence of negatively charged NPs causes the initial attraction of a positively 
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charged firm layer of counter-ions to the surface of the particles. This layer is also 

referred to as the stern layer. From here, further addition of positive charges 

causes repulsion of the excess positive charges by the initially deployed positive 

charges that make up the counter ions. Subsequently, the presence of the initial 

positive charges causes the attraction of other negative charges (co-ions) in the 

colloidal system. The movement of these mixed ions creates a diffuse layer of 

counter ions, which decreases with distance from the surface of the negative 

charges until an equilibrium is reached, unlike the concentration of the co-ions, 

which increases with the distance. This same scenario plays out for positively 

charged colloids. According to DLVO theory, the diffuse layer can be visualised as 

a charged atmosphere surrounding a colloid. The density of this charged layer at 

any distance is equal to the differential value between the two charges at that 

point. It is larger near the colloids and decreases with the distance depending on 

their concentration. The combination of the attached counter-ion on the stern 

layer and the mobile region of the diffuse layer is known as the double layer. [291] 

Between the stern and the diffuse layer is an imaginary line called the slip pane 

representing the ZP, whose exact position remains contentious among researchers. 

[292–295] Hence, the double layer helps to neutralise the charged colloids, 

creating electrokinetic potential between their surface and the surrounding 

medium. Other factors that can affect the double layer are the ionic strength or 

pH of the medium, the concentration of any additives, and temperature. [296] It 

has been estimated that the thickness of the double layer is defined by the Debye 

length (1/K), which is a function of the ionic strength and the general properties 

of the solution (i.e., ionic valency, temperature, and the ion concentration in the 

bulk solution) and not on any property of the charged surface. [297] Therefore, 

the relationship between the electric double layer and concentration is 

characterised by the thickness of the double layer (Debye length) being inversely 

related to the ionic concentration. Higher concentrations lead to a compressed 

double layer, increased ionic screening, and lower zeta potential. Understanding 

this relationship is critical for applications in electrochemistry, colloidal stability, 

and surface interactions, as it affects the behaviour of charged surfaces in various 

environments. 



96 

2.13.4 DLVO Theory 

The DLVO theory was postulated by Boris Derjaguin, Lev Landau, Evert Verwey, 

and Theodoor Overbeek. The DLVO theory describes the balance of force between 

charged surfaces interacting through a medium (Figure 21). It accounts for the 

relationship between attractive and repulsive forces, with Van der Waals and 

electric double-layer forces identified as the independent forces that influence 

the interactions between two particles at a specified distance. [298, 299]  

1. Van der Waals:  These forces arise from the interaction between electron clouds

of particles. They are the primary source of minimum potential energy curves

where the particles are close to each other due to the strong force of attraction.

2. The electric double layer described by the double layer theory:

When two particles come close together in a colloidal system at room

temperature, their ionic atmosphere begins to overlap, and repulsive forces

develop due to electrical double-layer forces. These forces (from the double layer

theory) arise due to the interaction between charged particles and the ions from

the surrounding system. This interaction simultaneously takes place in the

presence of van der Waals forces. The stability would be sustained if the repulsive

force exceeds the attractive van der Waals forces. Therefore, the electrical double

layer forces are responsible for the repulsive domain between the local maximum

(corresponding to the barrier that prevents sticking together of particles) and the

secondary minimum (favours coalescing of particles) in the potential energy curve.

Hence, when the colloidal particles become energetic (from Brownian motion),

they can overcome these repulsive forces, creating a zero-surface energy where,

at any distance between the particles, the energy of attraction over the repulsive

energy prevails, causing colloidal instability or flocculation. [206–208]



97 

Figure 21: This diagram illustrates the balance of forces during the interaction of 
nanoparticles in a colloidal system. A reduced interparticle distance increases the tendency 
for aggregation within the colloidal system (blue). Conversely, a sufficient repulsive force is 
crucial for maintaining this distance (red). Aggregating in the colloidal system occurs when 
the attractive force outweighs the repulsive force. 

The DLVO theory is a valuable model that explains the interactions of colloidal 

systems. However, this has limitations, and alternative hypotheses have also been 

proposed to explain these limitations where the DLVO theory cannot be applied. 

[303, 304]  

The DLVO theory could not explain the following colloidal system, so alternative 

systems have been proposed. 

1. Colloidal systems with short-range attraction and long-range repulsion

In this system, stability should be sustained once the repulsive force exceeds the

attractive van der Waals forces. However, it was reported from experiments that

systems that exhibit phase separation can create aggregation. Hence, an

alternative theory is needed to explain the results.[305]

2. Colloidal system with non-DLVO forces: Unlike the DLVO theory, which assumes

that van der Waals and electric double layer forces are the only forces in a colloidal

stability system. However, other factors such as hydrophobic interaction, steric

repulsion, and specific ion effects have also been identified to play roles in

colloidal stability. Therefore, the DLVO theory can act as a guide to understanding

colloidal stability but is not sufficient to explain complex colloidal systems.

Therefore, alternative theories are needed to describe complex colloidal systems.
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3. Electrostatic stabilisation: This theory proposes steric repulsion, which arises 

from the combined effect of steric hindrance, and electrostatic repulsion occurs 

due to the adsorption of polymers or surfactants to the surface of particles, 

contributes to the stability of a colloidal system. 

4. Consistent alternatives to DLVO theory: This theory proposes that interactions 

from infinity to contact could be drawn from their models, including the low 

potential (LP) model, the co-ion exclusion (CX) model, and the constant potential 

(CP) model. [306] 

 

2.13.5 Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS), otherwise known as photon correlation 

spectroscopy [211] or quasi-elastic light scattering [308] is a non-invasive analytical 

method used to determine the hydrodynamic size distribution profile of small 

particles in suspension based on the time-dependent Brownian motion of the 

suspended particles with respect to scattered light. [309]  Particles in solution do 

not exist alone but with different surface charges that maintain their stability, 

impact surface characterisation, and functionalisation for several biomedical 

applications. 

Depending on the scattering angle (θ) and the observation time (t), Tyndall effect 

(scattering) and Brownian motion are the two common modes that colloidal 

suspension can be subjected to for analysis. Due to this, the information acquired 

from the scattering experiment can be static (Static Light Scattering), where the 

time-averaged scattering intensity is measured at various scattering angles or by 

Dynamic Light Scattering (DLS), in which the time dependence of the intensity is 

measured. The SLS can only estimate the particle size distribution of colloidal 

suspension when they are in the same range as the wavelength (λ) of light or at 

least greater than λ/20. In contrast, the DLS can measure the particle size 

distribution profile of particles much smaller than the wavelength of light. [310, 

311] 

 

2.13.5.1 Principle 

The principle behind DLS is based on the ability of the dispersed colloidal particles 

to scatter incident light proportional to the 6th power of their radii.[312] 
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Since colloidal particles are always in constant random and translational 

movement due to Brownian motion, increasing concentration and path length 

affects their speed and interparticle distance. [313] 

2.13.5.2 Sample Concentration 

An ideal concentration of colloidal samples is difficult to ascertain for the DLS 

analysis. A high sample concentration leads to multiple scattering, where the 

scattered light from one particle can interact with other particles before reaching 

the detector. Here, the intensity of interaction or scattering will be lost before 

getting to the detector, which can tentatively affect the size of the resulting 

measurements or cause further agglomeration. At the same time, very diluted 

samples may be unsuitable for the analysis. Other parameters such as sample 

preparation, scattering angle, volume of sample, contamination, laser power, and 

detector sensitivities can also affect the output of the generated data. [314–316] 

However, using too much diluted concentration may not be enough to generate 

the minimum count rate for the scattered light required to proceed with the 

measurement. 

During DLS measurement, the suspended NPs are illuminated by a monochromatic 

laser at a specific angle while its scattering intensity is collected with a photon 

detector. Since the scattered intensity is time-dependent, the fluctuation of the 

intensity is affected by the diffusion rate of the particles. From here, the 

autocorrelation function is used to capture the fluctuation of the scattered 

intensity per time using a logarithmic function. [317]  DLS measurement is useful 

for determining the range of sizes of nanoparticles synthesised, especially since 

this size can change depending on how they were synthesised. 

In this research, the hydrodynamic size distribution of the NPs was measured using 

the zetasizer Nano series (Malvern Panalytical, 6.12). Here, 700 uL of each sample 

was laser-illuminated in a folded capillary cell while scattered light was collected 

at 90° with 30 measurements. All measurements were done in triplicate at 25°C. 

2.13.5.3 Zeta Potential (ZP) Measurement 

Nanotechnology has transformed many areas of science, such as biomedicine, 

pharmaceuticals, food, textiles, electronics, machinery, chemistry, and 
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biomedical engineering. This is because of the diverse uses of nanomaterials, 

which range in size from 1 to 100 nm.  [318, 319] In colloidal chemistry, the 

properties of nanoparticles, especially their stability, are important for practical 

applications. The Zeta potential is one of the most crucial parameters used to 

analyse the stability of colloidal suspension.  [320] ZP represents the potential 

difference at the slipping or share plane of suspended colloidal particles in 

solution under an electric field. It is also known as the electrokinetic potential 

between the electric double layer and the immediate surrounding charges around 

the slipping pane. As the size of the nanomaterials reduces from their bulk size, 

their surface area-to-volume ratio increases and impacts the distribution of their 

surface charge. Hence, this can induce either electrostatic repulsion or attraction 

among the charges. Depending on the coating or the stabilising materials on the 

surface of the nanoparticles, the surface charge can be positive or negative, with 

a high ZP equivalent to the stability of the colloidal system. Research has shown 

that ZP is crucial to determining colloids' stability and surface charge, including 

gold nanoparticles. Specifically, research shows that ZP above +30 mV or below -

30 mV is likely to be stable for gold nanoparticles due to sufficient electrostatic 

repulsion. [321–324] Furthermore, a negative ZP has been associated with good 

stability in gold nanoparticle suspensions. Particle size is another factor that can 

influence the ZP of gold nanoparticles. [325–328] Additionally, ZP can act as an 

important indicator in interactions between NPs and biomolecules, with various 

applications.[329, 330] In summary, ZP analysis provides valuable insights into the 

surface charge and stability of nanoparticles in aqueous suspensions. In this study, 

the zeta potential of the NPs was determined using the same zetasizer at room 

temperature. 

 

2.13.6 Resist Spinning /Spin Coating 

This is a versatile and viable nanofabrication technique used to apply a thin layer 

of resist on substrates before pattern transfer. There are several methods used to 

achieve resist-spinning [331–334]  

 

1. Spin coating: 

Spin coating is a fast and easy method to apply a thin layer of uniform resist film 

on a flat or planar substrate. In this method, the resist is carefully dispensed on 
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the surface of the substrates. In contrast, the substrate is spun at a specific speed 

and time depending on the surface tension, rotation speed, drying rate, % of solids, 

and viscosity of the resist used. Apart from this, the thickness of the spin-coated 

film is inversely proportional to the square root of the angular velocity or the 

speed, w.  The spin-coating method is appropriate only for flat surfaces, and over 

90% of the resist applied is spun off the sample. For example, PMMA is a positively 

toned resist used in nanofabrication. PMMA can be used as a layer, alone or in 

combination with a copolymer, to produce the desired thickness. To produce a 

PMMA layer with high resolution and the desired profile, different bilayers of PMMA 

are used due to their differential dissolution rate during the development stage. 

A good undercut can be created from the first PMMA layer under the thicker, less 

sensitive PMMA during the development.  

In addition, as the molecular weight of the resist increases, their sensitivity and 

rate of development reduce, with a lower molecular weight resist giving rise to 

higher sensitivity due to shorter polymer chains and less scission. Hence, a less 

concentrated developer is needed to make them soluble during the development. 

[239, 240] 

2. Dip coating:

This simple, reliable, and robust industrial process is used to manufacture bulk

products and specialised coatings in biomedical fields. It involves five basic steps:

immersion, start-up, withdrawal, drying, and curing (optional).

In general, the substrate is submerged in the initial solution and then pulled out

at a constant or control speed and evaporations to produce a thin film layer of

desired property. The major drawbacks in this are the unbalanced coating and

build-up during the coating process.

3. Spray coating:

In this method, substrates are aerosolised and sprayed through a nozzle that

spreads across the entire surface of the substrates. Unlike in spin-coating

technique, spray coating is suitable for coating a non-planner surface. In addition

to this, high aspect ratio features such as pillars and deep trenches can be

generated and uniformly coated on substrates at reduced sample amount.

However, it is time and labour-intensive to generate thin film layer.
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4. Roll coating:

This is a form of pre-metered coating in which the coating materials are applied

to the surface of the substrates using pre-designed rollers. Like the other coating

methods above, the coating thickness is also influenced by the roller's rotation

speed and the coating fluid's rheological characteristics.

5. Doctor blade coating:

This technique generates a well-defined film thickness and works by placing a

sharp blade at a fixed distance from the surface ready to be coated. This technique

has minimal sample loss but takes time to optimise. [241, 242] In addition, coating

methods for other materials are available depending on the desired needs.

2.13.7 Scanning Electron Microscope (SEM) 

The scanning electron microscope is a valuable tool in topography measurement 

that uses a beam of highly energetic electrons to take a magnified image of an 

object with fine resolution using their interactions with the bombarding electrons 

in the sample. [339] A Scanning Electron Microscope (SU8200 series, HITACHI) with 

0.8 nm resolution was used to characterise the morphology of the immobilised 

gold and silver NPs using the 5.0 KV electron beam with a 3.6 mm working 

distance. In this research, 100 uL of the colloidal samples were diluted in 1 mL of 

DI (except stated otherwise) and dried under ambient conditions. Particle count 

was analysed using image J. 

2.13.8 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is a tunnelling microscope developed to overcome 

the basic drawbacks of the Scanning Tunnelling Microscope (STM). [340]   The STM 

can only image conducting or semi-conducting samples, and they are often 

destroyed and non-reusable after processing before exposure to the electron beam 

from the STM. AFM provides highly detailed surface profiling of samples, including 

the topography and roughness on the nanometer scale.   

The concept behind this involves measuring the intermolecular forces between 

the tips of the cantilever of the AFM and the surface of the sample as the tip of 

the AFM approaches the surface of the sample. Here, the deflection is monitored 

by the laser beam that reflects off the backside of the cantilever with a mounted 



103 

microscopic tip. Therefore, once the tip scans across the surface of the sample, 

the deflections across the surface due to these forces between the sample and 

the tips are measured using a position-sensitive photodiode detector that records 

these deflections, mathematically extrapolated and presented in the form of 

topological, mechanical, or electrical date. Examples of the forces that exist 

during the measurements include Van der Waal’s, electrostatic, chemical, and 

steric forces.[341, 342]  

With the inclusion of non-contact mode, there are two major modes in which the 

AFM operates - Contact and Tapping mode: 

1. The contact mode: Here, the cantilever tip continues to contact the

sample's surface. This mode improves the resolution, but the surface of the

sample or the tip can easily be damaged.

2. Non-contact mode: Here, the tip of the cantilever oscillates near the

surface of the sample without touching it, detecting the forces between

the samples and the tips, creating a change in the cantilever's oscillation

patterns. It is less invasive but more challenging regarding operations,

sensitivities, and resolution.

3. The Tapping mode: In this mode, the cantilever tip occasionally taps

lightly or gently on the sample's surface. This reduces the lateral forces and

makes the cantilever tip soft enough to prevent damage to the sample.

Hence, it is suitable for imaging fragile biological specimens or surfaces.

Other modes of image generation, such as phase imaging, lateral force

microscopy and force modulation mode, can be used to improve image

acquisition using AFM. To reduce the risk of damage to the sample, the

sample was imaged using Bruker AFM in tapping mode, while images were

analysed using Nanoscope software 1.9 from Bruker (2017). The post-

scanned images were processed by image flattening and cleaning to

produce 2D and 3D output.

2.13.9 Contact Angle Measurement 

Non-wetting surfaces are one of the critical targets in science, especially in surface 

chemistry, where their potential applications in self-cleaning, anti-fouling, anti-

corrosion, and anti-adhesion are desirable. [343, 344] Hence, creating surfaces 
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that are hydrophobic, homophobic, or oleophobic is not an exception in the 

microarray industry, where self-assembly monolayers are desirable.  

Using fluorous chemistry, where the perfluorinated thiol (PFDT) or silanes (FDTS 

and nDTS) act in the machinery that directs the attachment of ODNs, gold, or silver 

NPs to create ordered perfluorinated SAMs films with hydrophobic surface is 

embedded in the objectives of this research.  

In this research, the wetting properties of the silanised sample were evaluated by 

depositing a 5 µL drop of RO water (18.2 MΩ cm) with the sessile drop method on 

the glass surface and immediately measuring the tangent of the water droplet with 

the silanised (FDTS and nDTS) glass surface. Subsequently, the contact angle was 

measured using a DSA25 goniometer (Kruss) with an integrated CCD camera. The 

contact angle measurements were carried out to monitor and compare the stage 

from hydrophilic to hydrophobic layer during surface functionalisation, with an 

average of triplicate data recorded for this experiment.  

A surface contact angle greater than 90° signifies a hydrophobic layer or increased 

perfluorination. In comparison, a contact angle below 90° signifies hydrophilicity 

due to a free hydroxyl group on the hydroxy-terminated glass surface. This also 

agrees with earlier reports on fluorous effects on surfaces. [247–249] This surface 

characterisation method finds applications in several fields, including surface 

chemistry, material science, and biotechnology, where understanding the type and 

nature of interactions between molecules and supports is vital to various 

discoveries.[348]  

 

2.14 Conclusion 

This section focused on the techniques for immobilising oligonucleotides and 

metal nanoparticles on fluorous patterned surfaces using the fluorous effect. It 

also summarised the theoretical and practical methods that support each method.  
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Chapter 3

3.1 Repeatable and Selective Immobilisation of DNA 
using the Fluorous Effect

3.2 Introduction 

The history, potentials, and limitations of microarray technology were discussed 

briefly in chapter one. It highlighted how this technology has evolved since its 

discovery and various applications. Microarray technology allows the simultaneous 

analysis of multiple genes and their targets, a crucial aspect of this method. This 

high-throughput method has great potential, making it an essential tool in gene 

expression profiling, mutation detection, genotyping, and other complex 

biomedical requirements. Despite its remarkable properties, the technology faces 

several limitations that require urgent attention to realise its full potential in 

various biomedical fields. One of the major challenges is the tendency for high 

background noise [349], which can compromise the accuracy of data 

interpretation. Low reproducibility is also a common issue in most reports from 

the literature. [350, 351] In addition, several factors can limit the widespread use 

of immobilisation experiments. Firstly, the costs associated with the experiment, 

the amount of time needed to conduct it, and the requirement of specialised 

equipment can be significant barriers. Furthermore, even if the experiment is 

successfully carried out, understanding the data it generates and interpreting it 

accurately can be challenging, which may impact its overall acceptance. [352] 

Many protocols have been proposed to address this challenge, either through 

improved sophistication with a high-cost impact (including polymerase chain 

reaction) or a trade-off between the two.  [353–357] Therefore, it is desirable to 

develop a straightforward, sensitive, specific, and repeatable method.   

3.2.1 Incorporation of Fluorous Tags for Microarray Applications 

Central to the core of fluorous microarray technology is the fluorous phase 

interactions that can be applied for the reversible attachment of biomolecules in 

a highly uniform manner, leading to an increase in signal-to-noise ratios during 

detection. One of the most prominent applications of fluorous microarrays 

is diagnostic testing, where it can be used to detect disease biomarkers with higher 
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sensitivity. It is also widely used in genomics, proteomics, and drug discovery, 

where accurate and high-throughput screening of biomolecules is crucial. 

Despite its promising applications, fluorous microarray technology is not without 

challenges. The synthesis and purification of fluorous-tagged biomolecules can be 

complex and costly, which limits the availability of ready-to-use fluorous reagents. 

Rigorous experimental conditions are also necessary to capture only the intended 

fluorous-tagged molecules on the microarray surface. Apart from this, there are 

technical challenges in fabricating the microarray itself. Creating a uniform 

fluorous surface with consistent functional groups across the entire substrate is 

essential for effectively immobilising biomolecules. Furthermore, the complexity 

of fluorous tagging and the unique properties of fluorous compounds can pose 

difficulties in the detection process. 

Despite these challenges, a well-conjugated fluorous microarray can provide 

exceptional sensitivity and specificity, surpassing traditional microarray 

platforms. This makes it an essential tool for research and practical applications 

in clinical diagnostics and other biomedical applications. 

To improve the specific interaction necessary for microarray applications, the 

oligonucleotides are conjugated with perfluorinated chains to impact the required 

hydrophobicity for specific interactions. Three distinct regions can be created 

from the alky chain (Figure 22): 

1. The perfluorocarbon group, also known as Rf, where the inherent

electronegativity of the perfluorinated chain is used for fluorous interactions.

2. The spacer

3. The organic group consisting of the interacting moieties (oligonucleotides).

In this research, the perfluorinated group creates fluorous tags or ponytails to 

encourage fluorous-fluorous interactions. As described in Chapter 1, the 

physicochemical properties of the fluorous tag are different from the rest of the 

hydrocarbon chain. Hence, there is a tendency for this perfluorinated region to be 

excluded from other aqueous and organic phases to  

prevent unfavourable interactions. Therefore, exploring this property is the 

central focus of this research. 
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This section aims to address the following issues: 

1. Determine if the fluorous effect is suitable to immobilise fluorous modified

single-stranded oligonucleotide on fluorous modified support.

2. Compare the effect of incorporations of fluorine atoms on the size, length,

branch system, and HEG linker of modified oligonucleotides.

3. Determine the repeatability of this method using the same protocol

4. Determine the suitability of the fluorous effect for multiplex applications

Table 3: List of oligonucleotides used for this research. The number of branches attached 
describes the modified oligonucleotides as ‘mono, bis, and tetra. RF was used to indicate the 
DNA attached to specific fluorous tags. The subscript indicates the chain length of the 
oligonucleotides. 

Fluorous tags Linker DNA-LINKER-RF Sequence (5′-3′) 

Mono-C4F9 None DNA-RF4 TGC AGA TAG ATA GCA G 
Mono-C6F13 None DNA-RF6 TGC AGA TAG ATA GCA G 
Mono-C4F9 HEG DNA-HEG-RF4 TGC AGA TAG ATA GCA G 

MonoC6F13 HEG DNA-HEG-RF6 TGC AGA TAG ATA GCA G 
Tetra-C8F17 None DNA-(RF)8 TGC AGA TAG ATA GCA G 

Bis-C8F17 None DNA-(RF8)2 TGC AGA TAG ATA GCA G 
Bis-C8F17 HEG DNA-HEG-(RF8)2 ATT TGT GTA GTC CTG C              

Tetra-C8F17 HEG DNA-HEG-(RF8)4 ATT TGT GTA GTC CTG C              
Mono-C8-F17 HEG DNA-HEG-RF8 TGC AGA TAG ATA GCA G 

Complementary sequences: 
1. 5′- CTG CTA  TCT ATC TGC A-3′
2. 5′- GCA GGA CAT CAC AAA T-3′
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Figure 22: The schematics illustrate the evolution of the branching system in fluorous-
modified oligonucleotides. (a) depicts the conjugation of an oligonucleotide with a single 
fluoro-alkyl chain. (b) demonstrates the conjugation of an oligonucleotide chain with two 
branches, each made of fluoroalkyl chains. (c) shows the conjugation of an oligonucleotide 
with four fluoroalkyl chains. The spacer region is included only in the tetra-branch system for 
illustrative purposes. 
 
3.3 Results and Discussion 

Microarray technology identifies and analyses multiple genes or oligonucleotides 

through various methods and designs, such as electrostatic adsorption, covalent 

interactions, and avidin-biotin interactions. These interactions are designed to 

create fast, stable, or reversible bonds. However, most immobilisation platforms 

are designed to provide maximum hybridisation signals, which could also result 

from unwanted interacting species rather than specific interactions. On the other 

hand, platforms like Polymerase Chain Reaction (PCR) (Figure 23), which are 

limited in their ability to amplify and detect multiple targets simultaneously, can 

be time-consuming, costly, and sensitive to variable conditions. [358]     
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Figure 23: Schematics illustrating how PCR is adapted for DNA multiplexing.  

Researchers have developed techniques to selectively localise fluorous-tagged 

molecules on surfaces or specific regions to create defined patterns or structures. 

These methods are attractive for applications in the microarray industry, where 

tailored surface properties are required. However, combining microarray design 

with other conjugation methods requires covalent interactions, which are difficult 

to achieve and involve multiple chemical steps. The protective functional group 

also offers little or no opportunity for reversible interactions. [359] 

To address these issues, Pohl et al. (2005) demonstrated a highly specific fluorous 

affinity for synthetic carbohydrates tagged with a small-sized fluoroalkyl chain 

(C8F17) and fluoroalkyl-modified glass for microarray applications. This method has 

two advantages: Firstly, the perfluoroalkyl chain is chemically inert and 

compatible with a wide range of functional groups, and secondly, the fluorous tags 

allow for phase separation necessary for purification. [360] Additionally, the same 

fluorous effect can produce small-molecule microarrays with a multivalent display 

that mimics cell surface-bound compounds. [361] Other molecules, including 

proteins, have been isolated or purified using fluorous tags due to the specific 

affinity they confer. 

In addition, researchers have demonstrated a new reversible immobilisation 

method onto defined patterns using the fluorous effect at a sub-micron resolution. 

[362]   This opens new possibilities for creating supramolecular structures tailored 

for important biomedical applications. [363]    

To expand the scope of this microarray design and its application, this chapter 

aims to demonstrate the repeatable immobilisation of fluorous modified 16-mer 
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oligonucleotide (Ta) on a 50 µm-sized lithographically fluorous patterned surface 

without losing functionality, using the fluorous effect. The idea is to address the 

methodological gap in DNA microarray studies. Traditional microarrays have 

limitations such as lack of repeatable self-recognition property, non-specific 

binding, loss of functional surface, and irreproducibility. [364]  Therefore, using 

fluorous effect allows us to explore these interactions by comparing the strength 

of the modified oligonucleotides using their size, shape, HEG linker, and fluorous 

contents for suitable applications. [365, 366]   

To overcome these limitations, researchers utilised the fluorous effect. This 

approach allows us to compare the modified oligonucleotides based on their size, 

shape, HEG linker, and fluorous contents. By doing so, we can better understand 

their interactions and identify suitable applications for these modified 

oligonucleotides. To achieve a specific interaction, creating an environment that 

distinguishes between hydrophilic and hydrophobic surfaces is essential, which is 

possible by utilising the fluorous effect. The first step in creating a hydrophobic 

surface involves coating a lithographically patterned hydrophilic glass surface with 

PEG silane to form a non-fluorous background. Next, the fluorous layer is created 

on the patterned surface (foreground) using FDTS. The decision to adopt PEG was 

based on its hydrophilic nature, wide usage as a passivation layer to prevent non-

specific interactions of biomolecules on surfaces, and its ability to sterically 

prevent the binding of modified oligonucleotides to the non-fluorous regions. [367–

369] With a low contact angle as low as 25.5° degree [370–372] we anticipated

that this property would allow for an easy conjugation with the free hydroxyl group

of the glass sample through a simple hydrogen bond. Hence, we anticipated that

this would enable the distinction between the fluorous and non-fluorous regions

and direct the immobilisation and hybridisation of incoming fluorous-modified

oligonucleotides to the fluorous patterned regions instead of the background or

non-fluorous regions. [373, 374] Despite using PEG, the expected result was not

achieved even after different silanisation methods were explored before

immobilisation and hybridisation. The inability to create a repeatable surface

using PEG could be attributed to the complex nature and structural changes that

occur when PEG is conjugated with other substrates or due to a general change in

the assembly's architecture. [375] To replace the previous silane, nDTS was

adopted to differentiate between the hydrophilic non-fluorous and hydrophobic

fluorous layers.Therefore, we hypothesise that exploring the relationships
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between the size, branch, and HEG linker could direct the specific interaction of 

these modified oligonucleotides on the fluorous patterned surface using the 

fluorous effect with the possibility of a simple methanol wash. 

 
3.3.1 Comparison between PEG and Silane Self-Assembled Layer 

using Contact Angle 

The surface properties were investigated to check the surface's wettability upon 

interaction with water using the static contact angle. [376, 377]  Non-wetting 

surfaces are key targets in science, especially in surface chemistry, where their 

potential applications in self-cleaning, anti-fouling, anti-corrosion, and anti-

adhesion are desirable.[378, 379] Quality check done on the silanised surface 

revealed the conversion of the surface properties from hydrophilic to hydrophobic 

SAM when passivated with a self-assembled layer of nDTS and FDTS layers (Figure 

24). The results were far superior to those from PEGs, repeatable, and promising. 

Gas silanisation was adopted to create self-assemblies of nDTS (background), and 

FDTS (foreground) cured at 90 ºC. 

                                                 

    
Figure 24: Silanisation stage indicating the switch from the hydrophilic (ordinary glass) to a 
hydrophobic surface (nDTS and FDTS). (a.) The hydroxyl-terminated surface is hydrophilic 
with a ca. 19.7 °± 2.0° contact angle (b.) The surface was silanised using nDTS to form a 
contact angle of 70.4°± 0.6° and below 90°(c.) Silanised surface in the presence of FDTS to 
create a silane-terminated perfluorinated surface with a contact angle above 90°, i.e. 103°± 
1.44° confirming hydrophobic surface. (d.) The combined effect of nDTS and FDTS created a 
hydrophobic surface with a contact angle of ca. 118°±1.30°. Data were expressed as the mean 
± standard deviation (SD) from triplicate measurements taken from different areas of the same 
surface. 
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The contact angle was measured using the 5 µL sessile drop method to evaluate 

the surface's hydrophobicity and hydrophilicity before and after silanisation 

(Figure 24) After the gas silanisation process, the surface's contact angle 

increased significantly from an initial 19.7 °± 2.0° (for bare glass) to 70.4°± 

0.6°(for nDTS only). In contrast, the contact angle increased from 103° (for FDTS) 

to 118° (for nDTS + FDTS). The variability in these measurements was ±2.27° and 

±1.39°, respectively, indicating a successful transition from a hydrophilic to a 

hydrophobic surface. This value aligns with similar reports in the literature, where 

a contact angle above 90 degrees is attributed to a hydrophobic surface. [380] 

 

3.3.2 Comparison between the Length of Immobilised ODNs 

 
Figure 25: Effect of length on immobilisation and hybridisation of ODNs using fluorous 
support: (a) C4F9, (b) C6F13. The oligonucleotide (C4) with a shorter chain length is reportedly 
weak and not suitable for most immobilisation experiments. Hence, it is easily stripped from 
the surface with a 10% methanol wash in this experiment. The C6 is stronger and viable; thus, 
the required methanol concentration is 20%. The strength increases as the chain length 
increases.  

This research hypothesises that exploring the relationships between the size, 

branch, and HEG linker could direct the specific interaction of these modified 

oligonucleotides on a 50 µm fluorous patterned surface using the fluorous effect 

with the possibility of a simple methanol wash. [381]  

Firstly, we compared the length of modified oligonucleotides using the C4 and C6 

carbon length without the HEG linker (Figure 25). Our findings suggest that longer 

oligonucleotides with more fluorine are more stable and require more solvent or 

methanol wash to dislodge the duplex DNA from the immobilised surface 

compared to shorter ones. This is consistent with previously reported 

immobilisation protocols where the length and density of the oligonucleotides 

used during immobilisation affect pre-synthesised complementary 

oligonucleotides' assembly and surface coverage. [382, 383]  Research also 
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suggests that increasing the size or length of oligonucleotide chains can enhance 

the efficiency of hybridisation. This is because larger oligonucleotides provide 

more molecular recognition platforms and receptive contact areas for 

complementary oligonucleotides to bind to. Ultimately, this leads to the creation 

of an assembly with improved biorecognition specificity and fewer mismatches 

during oligonucleotide hybridisation. [384] Consequently, replacing the fluorine 

atoms with hydrogen atoms has a significant impact that improves the fluorous-

fluorous interactions mong interacting moieties of the modified oligonucleotides. 

Our research showed that increasing the length of the chain leads to stronger non-

covalent fluorous interaction due to the greater number of fluorine atoms 

promoting the fluorous effect. [385] Therefore, the methanol concentration 

required to strip the bound oligonucleotide (Figure 25) from the fluorous-modified 

surface increases as the length and the fluorous content increase, although with 

a similar fluorescent intensity. Specifically, 10% and 20% methanol concentrations 

were needed to strip the hybridised oligonucleotides C4F9 and C6F13 from the 

patterned surface, respectively. Our research showed that increasing the chain 

length leads to stronger non-covalent fluorous interaction due to the increased 

number of fluorine atoms promoting the fluorous effect.  

3.3.3 Introduction of HEG Linkers/Spacer in the Fluorous-
Modified ODNs 

Research shows that increasing the length of the modified oligonucleotide to a 

certain number of carbons could create unwanted interactions between the ODNs 

and the fluorous-modified surface. This is especially true when the oligonucleotide 

is near the modified patterned surface. [386]  To avoid this, a spacer/linker was 

used to keep the modified oligonucleotide away from the patterned surface. This 

method reduces or eliminates the possibility of steric hindrance or overcrowding, 

particularly near the pattern's surface. [387]  In this research, we adopted the use 

of a HEG linker within the fluorous-modified oligonucleotide (Figure 26) to achieve 

this. The HEG linker is a hydrophilic molecule that attaches to the modified 

oligonucleotide and acts as a spacer away from the surface of the modified glass. 

Figure 26: Hexamethylene glycol (HEG) used as a spacer 18.HEG has multiple hydroxyl 
groups that can also influence reactions. 
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Figure 27: Effect of introducing HEG-linker in short oligonucleotides (C4F9 and C6F13). The 
introduction of the HEG linker suggests an improvement in the strength of hybridisation of 
the ODNs on the surface, with improved fluorescence intensity. However, the increased 
fluorescence intensity does not necessarily translate to strength for the C4 (RF4), unlike in the 
RF6.  

 
It has been reported that incorporating HEG linkers is essential to prevent 

unwanted interactions and steric hindrances and improve the accessibility of 

oligonucleotides during hybridisation. [388]  Based on this, the two 

oligonucleotides (C4F9 and C6F13) were incorporated with a HEG linker (Figure 27) 

to evaluate if their presence could enhance hybridisation efficiency by preventing 

non-specific binding and improving accessibility to the bound oligonucleotide on 

the fluorous modified surface. Results showed that the average fluorescent 

intensity increased by a minimum of 54.39% (from 12.54 to 19.36 a.u.) due to 

substituting hydrogen atoms with fluorine atoms. Consequently, the amount of 

methanol needed to strip the duplex from the surface increased by 50% (from 20% 

to 30%). 

This discovery suggests that incorporating fluorine atoms into the existing 

oligonucleotide chain can increase binding strength and improve hybridisation 

efficiency, which aligns with our hypothesis. Additionally, the presence of the HEG 

spacer contributes to the overall hybridisation efficiency due to the increased 

fluorescence intensity. This outcome suggests that there could be an improvement 

in hybridisation efficiency and a reduction in unwanted self-hybridisation among 

the self-assembled fluorous modified oligonucleotides on the patterned surface. 

However, it has been observed that the increased fluorescent intensity from the 

C4 chain on microarrays may not necessarily be due to improved hybridisation 

efficiency but rather due to the increased surface density attributed to the size 

of the oligonucleotides. Consequently, the hybridised C4F9 ODNs were easily 

removable at 10% methanol wash, which supports our findings. This could be due 

to the size of the oligonucleotides, which have been reported to exhibit poor 
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hybridisation properties between C2 and C6 regions, thus limiting their viability for 

microarray applications. [389]  Similar effects have been reported in the literature 

where hybridisation efficiency appears independent of the presence or absence of 

a spacer. [390–393]  

 

3.3.4 Increased length of Oligonucleotides and the Incorporation 
of HEG linker 

 
Figure 28: Effect of incorporating HEG linker with increased oligonucleotide length (C8). 
Increasing the oligonucleotide length improved the hybridisation strength and the fluorescent 
intensity in (e.) and (f.).In addition, the fluorescent intensity was also approximately doubled 
from 29.2 to 60.2 a.u. from the previous chain length (C8) without the HEG linker (e.).  
 

In the earlier experiment, we studied the effect of increasing the length of the 

fluorous-bound oligonucleotides from C4 to C6. The results indicated that 

increasing the oligonucleotides' length and fluorine content improved their 

strength and hybridisation efficiency during interactions. In the current study 

(Figure 28), we increased the chain length from C4 to C8 and observed a 94.69% 

increase in fluorescence intensity without linkers. This outcome highlights the 

positive impact of increased perfluorination in the alkyl chain. Consequently, the 

methanol concentration required to remove the bound oligonucleotide from the 

hybridisation surface increased by 100% due to the combined presence of a linker 

and increased perfluorination against the C4- No HEG chain.  

Although the change in fluorescent intensity between the 10% and 80% washes 

does not show a significant difference due to variations among different 

concentrations and overlapping error bars (especially at the 10% wash), it appears 

that introducing a linker to the C8 chain length improves the average fluorescent 

intensity from 29.4 to 60.2 a.u.(Figure 28), which represents a significant increase 

of 105 %. This showed that the presence of a linker in the single-stranded fluorous-
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modified oligonucleotide chain could improve the hybridisation of the dye-

modified oligonucleotides by preventing steric hindrance, improving accessibility 

between the fluorous-modified oligonucleotide and the surface or using other 

thermodynamically feasible methods to improve fluorescence intensity. This also 

aligns with previous research, which found that incorporating a linker improved 

the binding efficiency of oligonucleotides. [394–397]  

This evidence supports the idea that increasing the perfluorinated alkyl chain 

length (with or without introducing a linker) can enhance the strength and 

efficiency of hybridisation. This conclusion is consistent with previous findings 

where introducing a spacer improved hybridisation efficiency. [398–401]  

3.3.5 Introduction of the Two-branch system in Oligonucleotides 

Table 4: The table shows the degree of variability from the mean value using triplicate 
measurements. High variability was noted at low methanol concentrations, which may be 
attributed to the viability and efficiency of each fluorous-modified spot in the microarray. In 
contrast, low variability at higher methanol concentrations is attributed to the efficiency of 
the wash step. 

Figure 29: Comparison between two branch systems: (a) without an HEG-linker and (b) with 
an HEG-linker. The combined effect of the branch system and HEG linkers does not 
significantly affect the overall strength of the bound oligonucleotides. In this two-branch 
system, the HEG-linked oligonucleotide (h) washed off at 50% compared to the 
oligonucleotide without the linker, which washed off at 40%. However, the fluorescent 
intensity was reduced compared to (e) and (f).  

Integrating a branch system during oligonucleotide immobilisation offers 

advantages such as increased oligonucleotide density [48], improved stability and 

hybridisation efficiency. We analysed the impact of the branch system on the 

fluorous effect by comparing the presence or absence of spacers or HEG linkers.  
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We aimed to understand how introducing branches affects the specificity, density, 

and pattern of hybridisation of fluorescently labelled complementary strands. 

We also expect that this analysis will provide more insight into what factors 

influence the strength of oligonucleotide immobilisation using the fluorous effect. 

Is this interaction due to the length, fluorous content, the HEG linker, or all three? 

In our investigation, we introduced two branch systems, one with HEG linkers and 

one without (labelled as (RF8)2-HEG and (RF8)2-No HEG, respectively). Results from 

this immobilisation (Figure 29) showed that the size of the HEG-linked 

oligonucleotide directly impacted the amount of methanol needed to remove the 

immobilised duplex from the fluorous-modified surface. Specifically, for each 

carbon chain increase in the oligonucleotide size compared to the previous chain, 

there was a corresponding 100% increase in the required amount of methanol 

needed to strip, with a 400% increase observed as the carbon chain increased from 

C4 to C8 (Figure 29). This effect differed when oligonucleotides without the HEG 

linker were compared. In this case, as the oligonucleotide length increased from 

C4 to C8, the amount of methanol needed to dislodge it from the bound surface 

increased by 300% (Figure 29g). Additionally, incorporating HEG-linkers in the bis-

oligonucleotide (RF8)2-HEG does not significantly improve results compared to 

simply increasing the number of oligonucleotide chains or branches from a single 

to a double-branch system across various percentages of methanol wash. The 

methanol concentration required to remove the bound oligonucleotides, ranging 

from 10% to 30%, seems statistically insignificant. This is indicated by the 

variations observed between the two branch systems, which suggest that the ease 

of removal from the fluorous patterned surface is similar after immobilisation.  

Therefore, incorporating two branch systems does not appear to increase the 

strength of binding of the oligonucleotides across the wash data due to the 

variability observed between the two groups from 0 to 40%. Despite this, the 

impact of increasing the chain length, the branch system, and incorporating the 

HEG-linker in enhancing the self-assembly and molecular recognition properties 

of DNA using the fluorous effect needs to be further studied to ascertain the 

contributory factor of each variable incorporated. 
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3.3.6 Incorporating a Four-Branch System in Oligonucleotides 

Table 5: The table shows the degree of variability from the mean value using triplicate 
measurements. High variability was noted at low methanol concentrations, which may be 
attributed to the viability and efficiency of each fluorous-modified spot in the microarray. In 
contrast, low variability at higher methanol concentrations is attributed to the efficiency of 
the wash step. 

Figure 30: The effect of incorporating a four-branch system in HEG-linked and non-HEG-
linked fluorous-modified oligonucleotides and their impact on the fluorous effect and 
incorporating a branch system beyond the two branches, as in (f.) above, appears to create 
an unfavourable condition for hybridisation efficiency.  

Research suggests that probe density influences the efficiency of hybridisation. 

An optimal probe density can enhance hybridisation, leading to improved 

sensitivity. [402] However, excessively high probe density may reduce 

hybridisation efficiency.[403] We were curious about investigating this in relation 

to the use of the fluorous effect, so we compared the length, branch system, and 

introduction of the HEG linker using tetra-C8F17 with four branch systems (with 

and without the HEG linker), as shown in Figure 30. 

This comparison revealed that increasing the branch system from 1 to 4 enhanced 

hybridisation efficiency for single oligonucleotides lacking the HEG linker (tetra-

C8F17). Specifically, for the four branch systems (tetra-C8F17 - HEG and tetra-C8F17), 

the fluorescence intensity increased compared to the single and the bis-

oligonucleotides, except for Figure 28.  Interestingly, the amount of methanol 

required to dislodge the hybridised oligonucleotides increased to 60% from the 

initial 30% (representing 100%) against the single-chain oligonucleotide of similar 

length without any branch system (Figure 28). Surprisingly, increasing the number 

of branch systems up to four in the presence of HEG-linker (tetra-C8F17 - HEG) did 
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not improve the strength of the fluorous interactions. Instead, its molecular 

recognition properties or hybridisation efficiency appeared to be negatively 

affected. 

These results suggest that the density of hybridisation created by the increased 

number of branches could have created steric hindrance that appears to be 

thermodynamically unfavourable during hybridisation or interaction. To achieve 

favourable thermodynamics during this DNA immobilisation, the process should 

ideally have a negative change in Gibbs free energy (ΔG), driven by a combination 

of exothermic enthalpy changes (negative ΔH) and entropy changes (ΔS) that 

contribute positively to the spontaneity of the reaction. Hence, strong binding 

affinity, appropriate surface chemistry, and optimal environmental conditions 

ensure efficient and stable DNA immobilisation. [404–407]  

This implies that the presence of the HEG spacer in the tetra-branch system does 

not favour efficient self-assembly of DNA using the fluorous compared to what was 

initially observed using the non-branched fluorous modified oligonucleotides with 

C4, C6, and C8 carbon lengths. In addition, the strength of the tetra-C8F17 - HEG 

appears similar to the C4 (RF4) oligonucleotides, suggesting this branch system's 

hybridisation pattern. This negative effect could also be attributed to the 

hydrophilic nature of the HEG, which could have interfered with the existing 

hydrophobic properties of the fluorous group created during the fluorous effect. 

Furthermore, the elevation pattern of the fluorous tagged oligonucleotide from 

the surface could have created an unfavourably dense environment that prevented 

efficient hybridisation. Therefore, the amount of methanol needed to strip the 

fluorescently bound oligonucleotides increases due to the improved strength 

created without introducing the branch system as the size increases. This 

observation aligns with earlier reports in the literature where bulky biomolecules 

were reported to increase the density of the immobilised biomolecules, causing 

changes in the thermodynamics of hybridisation. Consequently, adding these bulky 

molecules creates a gateway for poor control of the densely immobilised fluorous 

modified oligonucleotides, creating variations and selective hybridisation. [408–

410]  It is also essential to consider the orientation and concentration of available 

probes or fluorous-modified oligonucleotides when creating optimal interactions 

between immobilised oligonucleotides and their complementary strands.[411] 

This research found that the current concentration ratio of 1:1 between the 

fluorous modified bound oligonucleotide and the fluorescently labelled 
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oligonucleotides was sufficient to achieve the desired fluorous effect without any 

noticeable constraint. The hypothesis is that the improved fluorescent intensity is 

due to fluorous-fluorous interactions between the modified oligonucleotides. This 

increase in intensity aligns with other reports where increased fluorescent 

intensity is associated with increased hybridisation efficiency.[412–417] 

      
Figure 31: The fluorescent microscopy images display the hybridisation of fluorescently 
labelled oligonucleotides on a fluorous-patterned surface immobilised with fluorous-modified 
oligonucleotides (depicted as white squares). 0% represents the first stage without methanol 
wash, while the range of 10% to 80% represents the concentration of methanol used during 
the washing step. As the concentration of methanol increases, the fluorescent area (white 
squares) is removed from the patterned areas. Scale bar (red) = 50 µm; mag. =  20x. 
 

3.3.7 DNA Multiplexing Utilising the Fluorous Effect 

Multiplexing is the technique employed to detect multiple targets or analytes 

within a single experiment simultaneously. [406]   This allows the possibility to 

improve the diagnosis of many diseases using a small number of samples at a 

reduced cost, time, and technical know-how. Hence, this can be used to analyse 

small samples to generate more information and make informed interpretations of 

the analytes. Due to the possibility of this high throughput, there has been an 

increasing trend in its adoption and modification in several practical applications, 
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including PCR. Despite the versatile nature of this method, it is susceptible to 

multiple challenges, including optimisation, sensitivity, cross-reactivity, 

contamination, and complex data interpretations. To address this challenge, many 

protocols have been put forward through improved sophistication with high-cost 

impact or trade-offs between the two.  [418–422] Therefore, it is desirable to use 

a simple method that is affordable, specific, and sensitive for applications in the 

microarray industry. 

Unlike immobilisation using a single oligonucleotide, controlling the cross-

reactivity and non-specific binding events becomes crucial when multiple DNA 

sequences are immobilised simultaneously. These events can lead to false positive 

signals and compromise the accuracy of the results. Therefore, it is essential to 

optimise the conditions to minimise non-specific binding events and maintain the 

sensitivity and specificity of the detection process. [423]  

Another significant challenge involves achieving uniform and reproducible 

immobilisation across different DNA sequences within the multiplexing setup. 

Variations in immobilisation efficiency can impact the reliability and comparability 

of the results obtained from different DNA targets. As a result, it is crucial to 

ensure that the immobilisation conditions are optimised to facilitate efficient and 

uniform immobilisation of all DNA targets. [424–426]  

Furthermore, the simultaneous immobilisation of multiple DNA sequences may 

lead to competition for binding sites or interfere with the spatial arrangement of 

the immobilised molecules. Therefore, precise optimisation is necessary to ensure 

efficient and independent immobilisation of each DNA target. This optimisation 

will minimise interference between the multiple immobilisation processes and 

facilitate simultaneous detection of all DNA targets. [427]  

It is important to overcome the challenges to fully realise the potential of this 

technology in applications such as high-throughput genetic analysis, diagnostics, 

and personalised medicine. By addressing these challenges, we can develop more 

reliable and robust methods for immobilising multiplex DNA, which can be used in 

various applications, including the isolation and identification of PCR products. 

In this research, we utilised the fluorous effect and selected oligonucleotides 

based on their strengths and the initial immobilisation patterns (Figure 25-Figure 

30). The oligonucleotides were conjugated with TAMRA and Alexa-fluor dyes for 

easy identification of the strands during fluorescent microscopy. Labelling the 

oligonucleotides with specific fluorescent dyes enables the parallel detection of  
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multiple targets, increasing the efficiency and throughput of genetic analysis. 

Different dyes also facilitate the discrimination of individual targets, allowing us 

to obtain a comprehensive and detailed view of the type of oligonucleotides and 

their pattern of interactions in the sample.  Additionally, using different dyes 

minimises the potential for signal crosstalk and experimental variability, resulting 

in improved data quality and reliability. 

3.3.8 Comparison of labelled Oligonucleotides using TAMRA and 
Alex Fluor dyes. 

Following the previous outcome, where the fluorous effect was utilised to create 

a repeatable attachment of various modified oligonucleotides, the strength of 

these oligonucleotides was compared based on their length, fluorous content, 

number of branches, and HEG linker. Our research revealed that the fluorous 

content significantly impacts the strength of the attached oligonucleotide. 

Extending the length of the oligonucleotide or adding more branches can enhance 

its strength. Our research indicates that increasing the fluorous content in the 

oligonucleotide is the most effective method for improving its stability, 

particularly when no additional spacer, such as a HEG linker, is used. The 

hydrophobicity and fluorous effect of the oligonucleotide increase with its 

fluorous content, leading to enhanced stability and strength. Additionally, we 

noted that as the fluorous content increased, the amount of methanol needed to 

remove the hybridised duplex from surfaces also increased.  Based on this 

information, we further evaluated how the strength of the oligonucleotide could 

influence the selective removal of different fluorous tagged oligonucleotides using 

different branches from the lithographically fluorous-patterned surface (Table 6). 

This research aimed to develop a simple proof-of-concept that would allow for 

easy immobilisation, hybridisation, and selective removal of duplex DNA on solid 

support using the fluorous effect.  
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Table 6: Displays the two oligonucleotides: one with the strongest hybridisation strength, 
conjugated with the TAMRA dye, and the other with the weakest, conjugated with the Alexa 
dye, utilising the fluorous effect. 

Figure 32: Shows the removal of mono-C8F17 and tetra-C8F17 fluorous-modified ODNs during 
multiplexing at various methanol concentrations. Complete removal of the weakest 
oligonucleotide (mono-C8F17 ) was witnessed at 60%.  Data is expressed as mean ± SD of 
triplicate values. 

Figure 33: Fluorescent images showing the selective removal of hybridised ODNs on the 
fluorous-modified surface based on their strength using methanol wash. Oligonucleotide 
modified with TAMRA dye is depicted with a-c and has more strength of immobilisation. In 
comparison, the oligonucleotide conjugated with the Alexa Fluor 488 dye is depicted in Figure 
d-f and has less immobilisation stability or strength. Mag.= 20x; Scale bar = 50 µm
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The four-branched oligonucleotides (mono-C8F17) and single-stranded 

oligonucleotides (tetra- C8F17) were simultaneously spotted on a fluorous-modified 

surface using the same technique described earlier. 

Based on the results obtained, the average fluorescence intensity of the tetra-C8F17, 

the strongest fluorous-tagged oligonucleotide, was at least 5.69 times higher 

compared to the single fluorous-tagged oligonucleotide (mono-C8F17) before 

methanol treatment (Figure 32-Figure 33). This increase in fluorescence intensity 

was attributed to an increased oligonucleotide density per region when the two 

oligonucleotides were immobilised on the same fluorous modified surface during 

multiplexing, unlike when they were spotted individually.  

This increase could also be attributed to the spectra overlap between the excited 

and emitted spectra of the two dyes, creating a cross-talk between detection 

channels. Specifically, the overlap between the excited spectra of the TAMRA dye 

attached to the strongest complementary ODN and the emitted spectra of the Alexa 

Fluor 488 dye attached to the weakest could be a contributing factor to the overall 

intensity.[428] We believe this overlap may have also contributed to the overall 

fluorescent intensity associated with the most effective ODNs. (Figure 34). This 

observation aligns with a previously reported protocol showing that the presence of 

fluorines influences the outcome of hybridisation. [429] 

 

 
Figure 34: The schematics illustrate the excitation profile between two dyes (Alexa fluor and 
TAMRA), with a hypothetic overlap between the emitted spectra from the donor (Alexa dye) 
and the excited spectra from the acceptor (TAMRA dye). 
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From the previous experiment, it's important to note that the fluorescent intensity 

of the mono oligonucleotide is at least twice as high when it is hybridised alone 

compared to when it is hybridised during the multiplexing method. This observation 

suggests increased competition between the two dissimilar strands during the 

hybridisation stages when subjected to this protocol. The improved fluorescence 

intensity from the tetra ODNs can be attributed to a high number of fluorine atoms 

per carbon length compared to the mono-C8F17 oligonucleotides. In addition, the 

number of branch systems introduced creates more per fluorination that favours the 

improved strength of immobilisation. Similarly, the overall fluorescence intensity of 

the tetra-C8F17 oligonucleotides reduces slightly using the multiplexing approach 

compared to when it was hybridised alone, suggesting the presence of competition 

between the two fluorous-immobilised oligonucleotides during the immobilisation 

process.  

It's also interesting to note that a 30% methanol wash was enough to strip the weaker 

mono-C8F17 from the fluorous modified surface in the multiplex system while the 

branched oligonucleotides (tetra-C8F177) remain hybridised, although with a 

significant loss of intensity. This affirms our interpretation of what influences the 

strength of the oligonucleotides using the fluorous effect. Consequently, a 60% 

methanol solution was enough to strip off completely the weakly bound 

oligonucleotide (mono-C8F17). In contrast, the strongly bound oligonucleotide 

remained on the surface of the patterned surface, although with a significant loss 

of fluorescence intensity. The reason behind this could be attributed to the strong 

fluorous-fluorous interaction between the fluorous-modified oligonucleotides and 

the stronger fluorescently labelled tetra-C8F177 oligonucleotides compared to the 

mono-C8F17 (Figure 33). Therefore, our research further establishes the influence of 

the fluorous effect in improving the binding strength of oligonucleotides of various 

shapes and lengths. It can easily control, immobilise, hybridise, and influence the 

selective removal of oligonucleotides from microarray surfaces with many similar or 

different fluorescently tagged oligonucleotides. This is particularly interesting in 

the microarray industry, where the cost, resources, specificity, and repeatability of 

experiments for various applications are a few of the key challenges hindering its 

success and miniaturisation. [430, 431] Our current protocol is simple, repeatable, 

and cost-effective. It could be tailored to address the issues associated with higher 

probe density and selective removal of hybridised duplex ODNs in microarray 
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platforms. This protocol also offers opportunities to develop miniaturised and 

adaptable detection technologies for prognosis, diagnosis, and monitoring. This 

protocol also offers opportunities to develop miniaturised and adaptable detection 

technologies for prognosis, diagnosis, and monitoring. [432, 433] 

3.4 Conclusion 

Microarray technology has evolved from a primary gene expression analysis 

platform to a highly advanced, efficient, personalised tool for various biomedical 

applications. However, despite this progress, problems such as specificity, 

sensitivity, reproducibility, signal interference, and complex designs continue to 

be persistent challenges that hinder its full potential and applicability. [434–437]  

We achieved this by using the fluorous effect to compare the length, fluorous 

content, branch system, and the introduction of a spacer (HEG-linker). Our 

findings show that hybridisation efficiency can be improved by increasing the 

perfluorination level, either by increasing the oligonucleotide length or by 

introducing a branch system. Our method also compared the relationship between 

the fluorine content and the branch system using mono-C8F17 and tetra-C8F17, 

respectively. This research revealed that increasing the fluorine content creates 

stronger and stably hybridised oligonucleotides with high fluorescent intensity and 

overall hybridisation efficiency compared to using oligonucleotides with lesser 

fluorine contents or non-branched fluorous-modified oligonucleotides (with or 

without HEG-linker). Furthermore, a simple methanol wash was sufficient to strip 

and selectively remove the desired oligonucleotide from the duplex, depending on 

their strength and partition coefficient, without requiring multiple solvent washes 

or strict temperature control. Moreover, incorporating HEG-linkers in the RF6 and 

the RF8 probes enhanced the fluorescent intensity and hybridisation efficiency 

using the fluorous effect. This was evident in the methanol concentration needed 

to strip the oligonucleotides from the fluorous patterned surface. We assume this 

was possible due to the favourable thermodynamics of the interaction created by 

the fluorous effect in the presence of the linker, which facilitates accessibility 

between the fluorous modified oligonucleotides and the fluorescently labelled 

oligonucleotides. However, this works better for single and bis-oligonucleotides. 

Unlike the single oligonucleotide chain, incorporating a HEG linker in the tetra-

C8F17 branch system appears to reduce the fluorescent intensity and hybridisation 
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efficiency, which may be attributed to steric hindrance, the hydrophilicity of the 

incorporated HEG, or the generally unfavourable thermodynamics of the 

interactions with the branch system. Our assumption was supported by the fact 

that using the branch system alone ( especially the tetra-C8F17 ) without the HEG-

linker showed improved stability and required 60% methanol concentration to strip 

from the fluorous-modified surface. This was attributed to the absence of the 

linker to create an unfavourable interaction as the number of the branch sytem 

moved from -bis to the -tetra system. 

While incorporating a branch system enhances the fluorescent intensity, it does 

not necessarily translate to improved hybridisation efficiency, as a low-

concentration methanol wash can easily remove the tetra-branch system.  Hence, 

incorporating a HEG linker in the branch system reduces the overall stability and 

hybridisation efficiency of the tetra-C8F17.  

While our method is exploratory and qualitative, and currently focuses on 16-mer 

oligonucleotides, it remains repeatable—though there is some variability in the 

repeatability of the immobilised DNA. This variability could stem from several 

factors, such as the efficiency of individual spots on the array and the kinetics of 

the interactions. Overall, our approach is specific, sensitive, and cost-

effective. However, using sophisticated tools ( e.g., the SPR tool), additional 

quantitative experiments are recommended to understand better the binding 

mode and general kinetics of each oligonucleotide. In the future, we believe that 

the specific non-covalent interactions created by the fluorous effect will continue 

to deserve attention and further exploration. Therefore, incorporating fluorous 

tags can facilitate self-assembly and direct delivery, enhancing sensitivity for 

various applications. 

3.5 Future Work 

The recent research findings underscore the importance and effectiveness of the 

fluorous effect in designing and implementing microarrays. Although still in its 

early stages, this innovative method shows great promise for use in a wide range 

of biomedical applications where precise and reversible immobilisation is crucial 

for the self-assembly of molecules. Moreover, it is recommended to employ 

sensitive techniques, such as surface plasmon resonance or biolayer 

interferometry (BLI) tools, to monitor the real-time kinetic binding of the 
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oligonucleotides. Both surface plasmon resonance (SPR) and bio-layer 

interferometry (BLI) are powerful techniques for analysing binding kinetics, but 

they operate on different principles and have unique advantages and limitations. 

SPR is often preferred for its high sensitivity and detailed kinetic analysis, while 

BLI offers a more straightforward and cost-effective approach for real-time 

monitoring of molecular interactions. These approaches can offer improved 

detection, measurement, and quantification of the oligonucleotides with 

reference to the change in their binding kinetics. Furthermore, this method can 

be integrated with the polymerase chain reaction (PCR) technique to accurately 

quantify and identify the number and hybridised and unhybridised 

oligonucleotides. Other techniques can also be adapted to optimise this method 

for various applications. 
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Chapter 4 

4.1 Reversible Immobilisation of Gold and Silver 
Nanoparticles on Engineered Surface 

4.1.1 Results and Discussions 

This section utilised the fluorous effect to reversibly immobilise MNPs (gold and 

silver) onto a micropatterned fluorous surface. By taking advantage of the fluorous 

effect, the MNPs were efficiently and effectively anchored to the surface, 

allowing for precise control and manipulation in subsequent experimental 

procedures. This method demonstrated the fluorous surface's versatility in 

accommodating diverse nanoparticles and showcased the potential for tailored 

surface modifications for specific applications. The reversible immobilisation of 

MNPs opens avenues for further exploration in nanotechnology and surface 

science, offering promising prospects for advanced material design and 

manipulation. 

4.1.2 Immobilisation of Gold Nanoparticles on Modified Surface 

Initially, a proof-of-concept immobilisation procedure was developed to deposit 

fluorous-functionalised citrate-coated gold NPs on a micro-patterned surface. The 

motivation was to use the fluorous effect to create a simple method capable of 

reversible attachment of functionalised 20 nm gold nanoparticles for 

reconfigurable metasurface. Our previous research reported the functionalisation 

of 20 nm gold nanoparticles in a water-based environment using 

perfluorodecanethiol (PFDT). This method was simple and repeatable and can be 

explored to immobilise gold or silver nanoparticles on fluorous-modified surfaces 

to the nanoscale level. [438]  

With this method, we attempted the initial immobilisation of thiol-modified, 

citrate-coated 20 nm gold nanoparticles on a lithographically (50 µm) patterned 

fluorinated surface using the fluorous effect. The results obtained from this 

method are specific and repeatable but not reversible due to the initial challenge 

of using a two-step approach involving water-based thiol-functionalisation of gold 

nanoparticles using a 10-carbon perfluorodecanethiol (PFDT) and the attachment 

of the functionalised gold nanoparticles on the fluorous-patterned surface (Figure 
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35). The idea was to take advantage of the non-covalent interaction between the 

perfluorinated alkyl chain and the fluorous-modified metasurface in creating 

specific interactions using the fluorous effect.   

                          
Figure 35: Schematics illustrating the ligand exchange between citrate-coated gold 
nanoparticles and perfluorodecanethiol (PFDT) before and after functionalisation. Initially, the 
citrate-coated gold nanoparticles are replaced by thiol-coated perfluorodecanethiol, forming 
a thiol-sulphur covalent bond. 

Upon functionalisation, the LSPR peak change of the 20 nm gold nanoparticles was 

evaluated using UV-visible spectroscopy (Figure 36). The results revealed a peak 

absorption shift from 523.5 nm to 520.5 nm after modification with 

perfluorodecanethiol, resulting in a 3 nm blue-shifted absorption maximum. There 

was also a slight widening of the peak after the thiolation without a corresponding 

visible change in the colour of the gold nanoparticles. This may be attributed to 

the transient change during the interaction of the gold nanoparticles with the 

sulphur atoms attached to the fluorine-rich perfluorodecanethiol. These shifts 

also align with previous predictions due to the electron-withdrawing properties of 

fluorine atoms attached to the carbon chains of the perfluorodecanethiol. [439–

441]  

The stability of the gold nanoparticles is crucial before and after the ligand 

exchange protocol. Therefore, the analysis of the surface charge of the 

nanoparticles using the zeta potential showed a negative charge distribution (-25 

mV±10 mV) (Figure 37) along the plane of the nanoparticles attributed to the 

presence of a negatively charged citrate layer before ligand exchange. This value 

is similar to the ZP for bare gold nanoparticles reported in the literature. [442]    

In the same context, the zeta potential of the functionalised gold nanoparticles 

increases upon ligand exchange and simultaneous conjugation of 
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perfluorodecanethiol (PFDT) in a simple water-based environment (-39.60 mV 

±14.8 mV) (Figure 37). PFDT is, itself, a net zero-charged molecule but with high 

perfluorination. Due to this high fluorine content and an unusually high 

hydrophobicity, the van der Waals interactions are created with an overall 

negative charge. In this case, a high deviation of the zeta potential is attributed 

to the measurement capacity of the Malvern instrument using the M3-PALS (mixed-

mode measurement) method. [443]  

                
Figure 36: UV-vis spectra of the 20 nm gold nanoparticles showing the absorption maxima at 
520.5 nm and 523.5 nm before and after modification with perfluorodecanethiol (PFDT). The 
graph was plotted without fitting. 

 
Figure 37: DLS and Zeta size measurement of 20 nm gold nanoparticles before (a and b) and 
after thiolation (c and d). The hydrodynamic size shows the distribution of the NPs in the 
colloidal system. In (a.), the size distribution was narrow before the colloidal system was 
concentrated, decanted and functionalised with the PFDT.(b.)The Zeta potential appeared 
more stable due to the sufficient stability of the colloidal system by the citrate layer. (c.)The 
hydrodynamic size distribution of the colloidal gold nanoparticles becomes broader during 
the transient conjugation stage without any corresponding visible colour change or 
aggregation. (d.) The zeta potential showed improved stability after functionalisation with 
PFDT.  
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4.1.3 Binding Mode of Citrate with Gold Nanoparticles 

As explained in the previous chapter of this report, efficient ligand exchange and 

functionalisation are essential to ensure good molecules self-assembling on 

patterned surfaces. It is vital to delve into the brief details of the citrate-coated 

gold nanoparticles and how the presence and arrangement of citrate ions on the 

surface can influence ligand exchange.  

Citrate-coated gold nanoparticles are stabilised by the negatively charged citrate 

anions, which serve as reducing and stabilising agents to prevent unwanted 

aggregation by enabling a favourable distance between adjacent ions by repulsive 

forces. To functionalise the gold nanoparticles, the citrate layers are usually 

removed mostly by different rounds of centrifugation and eventually re-dispersed 

in a preferred solvent, mostly distilled water. Similarly, several functionalisation 

techniques can be used to displace the citrate ion and conjugate it with gold 

nanoparticles. The scope of this write-up will be limited to thiol functionalisation 

and the displacement of the citrate anions only. 

Recent research has shown that thiol plays a crucial role in displacing citrate anion 

to form a covalently bonded Au-S. [444–446] This result was expected, as the 

energy of association between gold and sulphur is about 40 kcal/mol, compared 

to 2 kcal/mol for Au-Citrate. [447, 448] This finding underscores the significance 

of our research in understanding the complex processes involved in the synthesis 

and modification of citrate-stabilised gold nanoparticles. The intermediates 

produced during the synthesis of citrate-stabilised gold nanoparticles using the 

Turkevich method are reported to hinder effective functionalisation. The 

trisodium citrate dihydrate, which serves as the reducing and the stabilising agent, 

is initially oxidised to produce unstable acid dicarboxy acetone, which, in the 

presence of more tetra chloroauric acid gold chloride, is further oxidised to form 

acetoacetate [449]  In addition to this, the acetoacetate produced can be further 

oxidised to form acetone and acetate [450–454] This interference creates 

obstacles that prevent the accessibility and conjugation of thiol to the surface of 

gold nanoparticles, even at higher-than-normal thiol concentrations. These 

obstacles are caused by steric and chelating hindrances that hinder the desorption 

and availability of the surface to other ions. As a result, it has been observed that 

thiol co-adsorption with other molecules in the reaction mixture is the norm rather 
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than direct conjugation of thiol to the surface of the gold nanoparticles. This was 

confirmed using various molecular spectroscopy techniques to monitor the 

different stages of functionalisation, rather than using ordinary UV-vis 

spectroscopy that only checks changes in particle aggregation, which could be due 

to changes in the inter-particle distance among several particles in the reaction 

mixture. [455]  

Various modes of citrate binding to AuNPs have been proposed and discussed. At 

a neutral pH, the surface of gold nanoparticles is surrounded by monodentate 

citrate, with only a syn conformation. This means that the monosodium citrate is 

adsorbed in a bridge pattern that enables interaction with each other to produce 

a dangling citrate. For example, preabsorbed citrate anions are not readily 

displaced using alkyl or arylthiols during functionalisation, and the hydrogen-

bonded dihydrogen citrate species and the thiols are coadsorbed instead of via 

ligand exchange. Additionally, it was reported that the ligand exchange does not 

readily occur between the citrate anion and the thiol, but acetoacetate, which is 

an oxidative product of the citrate. [456]  It was also reported that using 1H-NMR 

and ATR-FTIR data, the spectrum of a synthesised solution of gold nanoparticles 

after synthesis was broader and less intense compared to pure sodium citrate since 

they are adsorbed to the surface. Hence, as the concentration of the 

monodentate-bound citrate species is reduced during functionalisation, the 

conformation (of the citrate) creates a more tightly bound dicarboxylate bridging 

form that favours co-adsorption. [457]  

However, under alkaline conditions, the solution becomes less protonated, and 

the monodentate citrate ion is converted to tri-sodium citrate (TSC), which can 

undergo tetradentate coordination when bound to the hydroxyl and carboxyl 

groups on the surface. Thus, when synthesising gold nanoparticles (AuNPs) using 

citrate, binding citrate ions to the gold surface plays a vital role in reducing and 

stabilising the nanoparticles, influencing their properties.  Specifically, gold 

nanoparticles have different crystal facets (Au (100), Au (111), and Au (110)) 

whose properties affect the properties and the shape of the nanoparticles upon 

interactions with citrate (with multiple functional groups). The binding of the 

citrate is most favoured to the Au (111) facet due to their low surface energy 

requirement, most stable configuration with a well-ordered layer exhibiting 

(4 × 2√3) symmetry on Au (111) between citrate and the Au atoms compared to 

the Au (110) and Au (100) with less optimal geometry. This binding conformation 
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between citrate ions and gold atoms prevents aggregation and promotes the 

growth of spherical nanoparticles, which are commonly observed in citrate-

stabilized AuNP syntheses.  [458–460]  This phenomenon has been confirmed using 

thermogravimetric analysis (TGA) of dried AuNPs. [461] Hence, the increase in pH 

from a nearly neutral state to an alkaline state creates a repulsive interaction 

between the tetradentate coordination of the citrate layer.  

During the centrifugation and re-dispersion of gold nanoparticles in solution, ionic 

strength or pH alterations typically occur. These changes can affect citrate 

availability on the surface of the gold nanoparticles before or during thiol 

functionalisation. In this research, 20 nm gold nanoparticles were functionalised, 

resulting in a 3 nm blue shift in the absorption maximum after ligand exchange. 

This shift was attributed to the combined effects of the surface properties of the 

gold nanoparticles during ligand exchange and the electron-withdrawing 

characteristics of the fluorine atoms incorporated in perfluorodecanethiol.  [462–

466] Further insight was also given from a similar experiment using gold 

nanoparticles synthesised with the Turkevich method. It was observed that the 

coordination state of citrate around the gold nanoparticles depended on the 

protonation state of the citrate, with the lower pH (less than 6.8) preferred for 

bidentate bridge coordination with the central carboxylate being dominant 

compared to the terminal carboxylates bound to the gold nanoparticles at higher 

pH (more than 6.8). Surprisingly, only a chloride-rich solution was shown to favour 

monodentate binding. While these interactions are pH-dependent, it is also 

important to note that this coordination is susceptible to the ageing and 

microenvironment of the synthesised colloids. [467]  

 

4.1.4 Attachment of Functionalised 20 nm Gold Nanoparticles 

In the earlier part of this chapter, we discussed how 20 nm gold nanoparticles 

were functionalised with PFDT. This section explores the use of the fluorous effect 

to promote the self-assembly of these thiol-coated gold nanoparticles. To achieve 

this, we employed three different approaches, continuously fine-tuning our 

methods to reach the goals of this research. 
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4.1.4.1 Drop-Cast/Evaporation-Induced Method 

4.1.4.1.1 Scanning Electron Microscopy of Immobilised Gold Nanoparticles    

                    

                    

Figure 38: This micrograph from a scanning electron microscope shows gold nanoparticles 
attached to a fluorous modified surface. Fluorous region in red square. Image (a.) shows the 
initial immobilisation of PFDT-coated gold nanoparticles on the fluorous patterned layer ( four 
squares), showing distinct fluorous from the non-fluorous layer. Image  (b.) shows the 
enlarged view of one of the squares immobilised with PFDT-coated gold nanoparticles. Image 
(c-h) shows the clear non-fluorous region separated from the fluorous region at different 
magnifications, indicating the absence of gold nanoparticles in the non-fluorous region as it 
is zoomed towards the fluorous-modified region. Images (i. and j.) depict the non-fluorous 
region (i.) at 500 nm magnification and the fluorous region with immobilised gold 
nanoparticles (j.) at the same magnification. 
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The first method involves drop-casting the thiol-functionalised gold nanoparticles 

on the fluorous modified surface (Figure 39).  

In this method, using 30 uL thiol-modified gold nanoparticles on the fluorous-

modified was enough to attach the gold nanoparticles within 10-30 minutes. The 

results obtained using the SEM (Figure 38) showed that directed immobilisation

of the NPs can be achieved using the fluorous effect. This created our first proof-

of-concept design, where functionalised 20 nm gold nanoparticles can be 

immobilised on a micro-patterned surface. Many protocols have been developed 

to attach nanoparticles from colloidal suspension on a solid support. However, the 

unwanted drying of dissolved particles from a colloidal suspension is one of the 

major challenges in attaching these nanoparticles to a glass substrate, creating a 

phenomenon known as the ‘coffee ring’ effect. The coffee ring effect is frequently 

observed when a liquid or colloidal solution containing suspended particles 

evaporates, leaving behind a circular or ring-like deposit on a surface along the 

perimeter of the drop. This property is attributed to the interactions between 

gravity, viscourse force and surface tension. [468]  The mechanism behind this 

occurs due to the pinning of the contact line of the droplets as the droplets 

evaporate, creating an outward flow of the solute from the centre to the edge of 

the pinned line. This creates concentrated and accumulated nanoparticles along 

the perimeter of the semi-spherical shape of the droplets after the completed 

evaporation. [469]  In addition, the surface energy, size of the droplets, dispersed 

or aggregated state of the colloidal system [470]  and wettability (hydrophobicity 

or hydrophilicity) of the surface play essential roles in determining the pattern of 

the coffee ring, if at all. [471] This effect is significant in various scientific and 

industrial applications, including inkjet printing, coating processes, diagnostics, 

and nanoparticle self-assembly. Several methods have also  been put forward to 

reduce or prevent this coffee-ring challenge, including  surface acoustic waves 

(SAWs) [472], using a hydrophobic surface with low contact angle hysteresis, 

induced oscillations of the contact line or electrowetting. [473–477]    Therefore, 

it is essential to develop a surface-engineered platform that can effectively 

address various challenges, such as the coffee ring effect, to attach nanoparticles 

needed for different sensing capabilities and assays. Their sensitivities and 

specific interactions with other biomolecules are particularly of great interest for 

colourimetric assays.[478]   
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Hence, using the fluorous effect, the coffee ring process is minimal or absent from 

the engineered fluorous patterned region after the attachments and analysis using 

the SEM with a distinct fluorous region compared to the non-fluorous regions. [479, 

480] 

Glass substrate Glass substrate

(a.)   (b.) 

Glass substrate

 (c.) (d.) 

Figure 39: Schematics depicting the coffee ring effect before and after drying of nanoparticles 
on the flat metallic surface using gold nanoparticles. (a.) Depicts the initial deposition of gold 
colloids at room temperature. The black arrow shows the direction of movement of NPs 
during evaporation. This creates a drying effect that is easily visible at the edge of the drying 
liquid. (b. and c.) . (d.) The aerial view of a coffee ring formed during surface immobilisation. 
This is the final stage when the NPs dried on the glass surface, where the interparticle 
distance is lost, and the NPs stick to each other along the edge of the dried droplet. Hence, 
preventing this common challenge was central to each protocol developed for this research. 

4.1.4.2 Cover Slip Method 

Figure 40: Schematics illustrating the control of evaporation using the coverslip method. In 
this method, placing a coverslip on the surface of the liquid helps to slow down unwanted 
evaporation. The sample was allowed to immobilise within 15 hrs and rinsed with distilled 
water to prevent visible drying before surface characterisation. 

Height of droplet before drying 

cover slip

Patterned glass surface

AuNP AuNP AuNP AuNP AuNP AuNP
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To overcome the challenge in the previous method, where direct exposure to the 

atmosphere interfered with the droplet volume on the modified surface at room 

temperature during the immobilisation stage, leading to unwanted evaporation 

(Figure 39), a coverslip was used as a protective layer to control the evaporation 

rate using the already thiol-functionalised gold nanoparticles (Figure 40). This 

method creates an improved attachment on the surface that can distinguish 

between the fluorous modified surface and the bare glass surface. This was 

possible due to the controlled evaporation rate in the presence of the coverslip 

for 15 hrs. 

4.1.4.2.1 Atomic Force Microscopy (AFM) 

Figure 41: AFM images across five sample areas showing the attached gold nanoparticles 
using the coverslip methods.  Each image represents a different region of the immobilised 
gold nanoparticles on the patterned surface. Image (a.) This was imaged on a 12.5 µm-sized 
region with a total nanoparticle height of 19.9 nm (b.) The image was taken across a 6 µm 
length with a total height of 24.6 nm (c.) The image was taken across a 40 µm length of the 
sample surface spanning the fluorous and the non-fluorous region with a total height of 31.8 
nm (d.) This region was imaged across 6 µm length with a height of 18.4 and a total height of 
36.8 nm. (e.) This region was imaged at 6 µm with a total height of 20 nm and 41 nm. The total 
height may be attributed to artefacts, aggregated sample region or any other unwanted 
contaminants on the immobilised sample (f.) Photographic evidence from the AFM video 
during scanning of the surface. The average sub-height and total height recorded from the 
images were 12.02 ± 8.71 nm and 30.82 ± 8.64 nm, respectively. Images were processed using 
the Nanoscope software. Scale bar = various. 
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One of the drawbacks of using the SEM is the tendency to damage the sample 

during processing, especially sputtering. Characterisation using the AFM affords us 

additional opportunities for further surface characterisation.  The surface 

topography revealed that the gold nanoparticles are tightly packed and can be 

self-directed by controlling the evaporation stage. Although this method is still 

prone to unwanted aggregation (better than evaporation-induced), it further 

affirms our hypothesis that the functionalised gold nanoparticles can be self-

directed on the fluorous patterned surface. Specifically, scanning along the 

different fluorous patterned regions of the immobilised gold nanoparticles, the 

height of the immobilised gold nanoparticles was revealed to range from 19.9 nm 

– 41(Figure 41). In addition, the Csp3–Csp3 bond length is estimated to be equivalent 

to 1.76 nm for a 10-carbon perfluorodecanethiol. [481, 482] Immobilisation of the 

functionalised gold nanoparticles with an average peak size of 20.5 nm is 

equivalent to 22.26 nm. This value falls within the ones obtained from AFM and 

strongly suggests the attachment of 20 nm gold nanoparticles on the fluorous 

modified surface. To gain a deeper understanding of the nanoparticles, it is crucial 

to conduct further characterisation. Techniques such as X-ray Photoelectron 

Spectroscopy (XPS) and Surface Plasmon Resonance (SPR) will provide valuable 

insights into the elemental composition of the nanoparticles as well as the nature 

of their binding interactions. Utilising these methods will allow for a 

comprehensive analysis of how the nanoparticles interact at the molecular level, 

enhancing our overall knowledge of their properties and potential applications. 
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4.1.4.3 Attachment of Gold Nanoparticles using Hexane-Ethanol Mixture (48 

hrs) 

 

Figure 42: Schematics illustrating the attachment of gold nanoparticles in hexane: ethanol 
mixture. (a.) Fluorous-modified glass substrate (green squares)  is immersed in a hexane-
ethanol mixture. (b.) PFDT-modified gold nanoparticles are introduced into the mixture and 
allowed to stand for 48 hrs. (c.) This enables the hexane to evaporate and simultaneously 
allows the fluorous effect between the surface and the PFDT on the modified glass 
surface. (d.) After 48 hrs, the glass substrate is removed from the solution, allowed to dry and 
imaged using AFM (Figure 44) and SEM (Figure 45). 

Nanoparticles can spontaneously assemble to form 2D or 3D structures tailored for 

various applications. However, traditional methods of achieving this are limited. 

They require a hydrophobic and efficient ligand exchange to functionalise the 

nanoparticles, making them less efficient. [483]    An alternative approach to this 

challenge is using an air/solvent interface between two liquids. [484] Exploring 

the low surface tension of the nanoparticles, they can be attracted to the 

hydrophobic fluorous layer while simultaneously trapped between the air/solvent 

interface (Figure 42). This method also allows for controlled evaporations and gold 

nanoparticles in place. Immersing the fluorous modified layer in 0.5 mM gold 

nanoparticles in a mixture containing hexane-ethanol mixture (1:2) for 48 hours 

was enough to encourage the formation of a self-assembled layer (Figure 43). In 

this method, the tendency of the NPs to segregate into interfaces was due to their 

ability to overcome the thermodynamic and kinetic barriers created by the 

constant negative free Gibbs energy. [485–487] This Gibbs free energy was tuned 

by creating hydrophobic support to the fluorous layer. In addition, the phase 

separation using ethanol and hexane mixture ensures favourable interaction 

between the PFDT chain and the hydrophobic layer. At the same time, the gold 

nanoparticles surface is suspended at the interface of the mixture. Unlike the 
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Langmuir method for SAM, which requires the transfer of the monolayer from the 

air-water interface onto the substrate, this method can potentially attach self-

assembled nanoparticles directly on the modified surface without transferring the 

SAM formed from the air-solution interface to another solid layer. [488] However, 

there is a tendency for nanoparticle aggregation, especially when hexane in the 

mixture evaporates. Apart from this, the total coverage was still poor [57, 58] and 

the safety concerns of using hexane [491] as the solvent rendered this method 

unsuitable for this research compared to the coverslip method. 

Figure 43: The image depicts the fluorous-modified glass substrate immersed in a hexane-
ethanol mixture during the immobilisation of thiol-modified AuNPs.  

4.1.4.3.1 Atomic Force Microscopy 

Surface coverage examination across and around the edge of the sample with 

immobilised gold nanoparticles was measured using Atomic Force Microscopy 

(AFM). The result revealed nanoparticle heights of 15.4 nm, 28.1 nm, 33.0 nm, 

and 37.5 nm, with sub-heights ranging from 7.7 nm to 18.7 nm, respectively 

(Figure 44). These measurements indicate that gold nanoparticles within the 20 

nm range are attached and likely present, particularly when estimated from the 

sub-heights across all the samples analysed. However, sizes above 30 nm were 

also found. We attributed this to unwanted aggregation due to evaporation during 

processing.  
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Figure 44: AFM images across four sample areas showing the attached gold nanoparticles 
using hexane-ethanol immersion for 48 hrs. Each image represents a different region of the 
immobilised gold nanoparticles on the patterned surface. Image (a.) This was imaged on a 125 
nm-sized region spanning the fluorous and the non-fluorous region with a total nanoparticle 
height of 15.4 nm (b.) The image was taken across a 375 nm length spanning the fluorous and 
the non-fluorous region with a total height of 28.1 nm (c.) The image was taken within a 900 
nm length of the sample surface with a sub-height of 18.7 nm and a total height of  37.5 nm 
(d.) This region was imaged within 1.2 µm length with a sub-height of 16.5 nm and a total 
height of 33 nm. (e.) Photographic evidence from the AFM video during scanning of the 
surface. The average sub-height and total height recorded from the images were 14.18 ± 4.89 
nm and 28.50 ± 9.54 nm, respectively. Images were processed using the Nanoscope 
software. Scale bar = various. 
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4.1.4.3.2 Surface characterisation using the SEM from (hexane-ethanol)  
 

 
Figure 45: The SEM micrograph shows gold nanoparticles attached to distinct fluorous and 
non-fluorous layers. Using the Hexane-ethanol method, figure (a) displays the immobilised 
gold nanoparticles on the fluorous-patterned surface, with 12 squares showing distinct 
fluorous and non-fluorous regions. Micrograph image (b) shows an inset from (a). Image (c) 
was captured at 1 µm to highlight the fluorous region from the non-fluorous regions. Samples 
were also imaged at (d) 5 µm, (e) 3 µm, and (f) 2 µm. Various scale bars. 
 

The surface characteristics of the immobilised gold nanoparticles were performed 

using SEM. Details from the micrographs revealed the presence of attached gold 

nanoparticles across the surface, with a distinct fluorous layer from the non-

fluorous background. Like previous proof-of-concept methods using the fluorous 

effect, a uniform layer of fluorous-modified gold nanoparticles can be achieved 

using this phase separation method. This further suggests that incorporating this 

method with fluorous effect could direct the immobilisation of gold nanoparticles 

onto fluorous patterned areas (Figure 45). However, this was not the case 

compared to the topographical SEM image pattern analysed on bare, non-

functionalised glass (Figure 46), which showed the distribution pattern of the 

unmodified nanoparticles on bare glass surfaces with characteristic closed-packed 

random interactions among the nanoparticles. This was also attributed to the 

inability of the unmodified nanoparticles to form any association or bonds with 

the non-fluorous bare environment. Hence, they form chains of protective layers 

to favour only fluorinated interactions. However, the tendency to aggregate 

continues to emerge as one of the significant challenges that requires further 

optimisation. 
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Figure 46: SEM micrograph of dry non-functionalised gold nanoparticles on bare glass 
surface. The characteristic chain formation was evident after drying on this bare surface. 
 

To satisfy our curiosity in this research on the possibility of fluorinated gold 

nanoparticles to form a self-assembly monolayer on the lithographically designed 

fluorinated layer, Atomic Force Microscopy (Bruker instrument, tapping mode) was 

used to capture the height and 3D images of the resulting surface obtained via the 

evaporation-induced (without coverslip) using OTESPA 3 probe at the James Watt 

Nanofabrication Centre (JWNC). Even though the processed image showed 

promising applications, unwanted aggregation created due to the coffee ring 

effect appears to create a mix of monolayers and multilayers due to unwanted 

aggregations on different regions of the patterned surface during processing. To 

solve this unintended consequence, the cover slip method enabled even 

distribution of the solution on the surface. The result obtained from this method 

using AFM revealed that a self-assembly monolayer of functionalised gold 

nanoparticles on the patterned surface can be achieved with improved coverage 

and reduced aggregations (Figure 40 and Figure 44). However, a trade-off between 

the coverage and the colour intensity obtained from the immobilised gold 

nanoparticles must be balanced accordingly. Due to this, the intensity or 

colouration of the immobilised layer appears brighter from the surface obtained 

using the evaporation-induced method than other methods.  Therefore, the 

number of nanoparticles attached is directly proportional to the air exposure level 

and the concentration of nanoparticles per mL. This technique of immobilisation 

using thiol-conjugated gold nanoparticles is consistent with what has been 

described in existing literature. [492–496]  
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4.1.5 Preliminary Findings 

1. This study revealed for the first time that thiolated gold nanoparticles can be

assembled on lithographically patterned surfaces using the fluorous effect.

2. Various characterisation techniques, including SEM, AFM, and Zetasizer analysis,

revealed that the thiolated gold nanoparticles with hydrophobic f-alkyl chains

exhibited height behaviour similar to that of a monolayer.

Despite the repeatability of these methods, a significant limitation arises from the

tendency of the colloidal suspension to form unwanted aggregates, primarily due to

evaporation. To address this issue, the objectives of this research included further

optimising the immobilisation of gold and silver nanoparticles in solution using a

reversible "one-pot" immobilisation approach.

The methods were varied to ensure the following:

a. Ligand exchange occurs between the gold or silver nanoparticles and PFDT.

b. Simultaneous immobilisation and self-assembly of the gold or silver nanoparticles

on the fluorous-modified micro-patterned surface take place through a three-step

approach that includes fabrication, silanisation, and reversible self-assembly of

metal nanoparticles (MNPs). These methods were also tested for other pattern sizes

below 50 µm (see Appendix 2).
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4.1.6 Reversible Attachments of 15 nm Gold Nanoparticles using 
the Fluorous Effect 

 

 

Figure 47: Shows a schematic representation of the reversible immobilisation of gold 
nanoparticles on fluorous-modified surfaces. In (a.), the gold Nps is coated with sodium 
citrate to confer electrostatic stability to the NPs in the colloidal system. (b.) Ligand exchange 
occurs between the citrate layer and the sulphur, creating a gold-sulphur bond via covalent 
interaction. This critical step creates thiol-functionalised gold NPs for onward immobilisation 
on the fluorous-patterned surface. (c.) Re-immobilisation of the functionalised AuNPs after 
incubating the patterned surface in the colloidal mixture of the PFDT and the AuNPs. 
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Figure 48: The figure illustrates the LSPR peak and optical image showing the reversible 
attachment of sub-20 nm gold NPs using the fluorous effect. (a.) Illustrates the initial 
immobilisation of the gold NPs on a fluorous-patterned surface with a distinct fluorous layer 
(circle) from the non-fluorous layer (other areas). The blank image shows the recovered 
(refreshed) surface after ethanol wash, regenerating the surface in the process (b.) Shows the 
newly immobilised gold NPs on the refreshed or recovered surface (from (a.)). The same cycle 
continues for images (c and d), where the recovered surface (blank image) serves as the 
template for the next immobilisation stage. Scale bar: 800 µm. Mag. = 20x. 

Creating a reconfigurable and refreshable metasurface with unique colourimetric 

properties of metal NPs is necessary to detect and monitor plasmonic spectra 

change in real-time. This offers several advantages, including tunability, 

adaptability, and multiplexing capability. Achieving this requires the control of 

many factors, including concentration, aggregation, and immobilisation rate. 

Despite the different methods of conjugation of nanoparticles to control and direct 

immobilisation of NPs on surfaces, one of the significant challenges is the inability 

to regenerate the surface of the nanoparticles for another incoming molecule, 

which remains a concern. [497] In the previous experiment, we succeeded in 

functionalising 20 nm gold nanoparticles using perfluorodecanethiol in a water-

based environment. This section aims to attach the functionalised gold 

nanoparticles synthesised via the Turkevich method to create a plasmonic 

metasurface whose surface can be refreshed multiple times using the fluorous 

effect (Figure 47 and Figure 48).To achieve this, the stability of the NPs must be 
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monitored and tailored to the assembly and the disassembly of the NPS on the 

fluorous modified surface using the fluorous effect. [498–500] Therefore, we 

explored our hypothesis on the reversible assembly of different sizes of MNPs using 

the fluorous effect, starting from the synthesised sub-20 nm gold nanoparticles. The 

result obtained showed that the spectra data of the immobilised gold nanoparticle 

can be acquired in a repeatable and reversible manner using this simple method. 

Also, the absorption peak of the dispersed colloids shifted to the longer wavelength 

after attachment to the fluorous patterned surface, indicating the presence of 

larger assembled nanoparticles. This was predicted due to the reduced interparticle 

distance among the nanoparticles as they were directed to the fluorous-patterned 

surface by the fluorous effect. [501] This aligns with previous findings, which 

showed that decreasing the distance between nanoparticles enhances their coupling 

effects. [502] The plasmonic response was predicted to be influenced by the size, 

shape, and refractive index of the surrounding environment on the fluorous-

modified micro-patterned surface. [503–505]   Following the successful attachment 

of the nanoparticles, we achieved the first reversible immobilisation with a simple 

solvent wash using ethanol. This method holds significant potential in creating 

simple reconfigurable metasurfaces tailored for many biomedical applications. [74, 

75]  

4.1.7 Solvent Choice to Strip Bound Nanoparticles on the 
Fluorous-Modified Surface 

As part of this research objectives to ensure safe and common laboratory solvents 

with minimal or no risk, we carefully considered the choice of solvent to remove 

the required nanoparticles from the fluorous modified surface. After evaluating 

various options, water was the safest solvent due to its non-toxic and non-

flammable nature. This method showed potential when combined with sonication 

to remove the bound nanoparticles from the non-fluorous region and some visibly 

unbound nanoparticles from the fluorous regions or areas close to the fluorous 

regions. However, this washing method did not guarantee 100 % efficiency, as 

many patches of bound nanoparticles were still present. Unlike using 

hexafluoroisopropanol (HFIP), tetrafluoromethane (CF4), perfluorooctane, and 

PFOS, which are not environmentally safe, ethanol was the ideal laboratory 

solvent for stripping the already attached gold nanoparticles via the non-covalent 

interaction on the modified surface. [508–510] 
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4.1.8 Re-Immobilisation of Gold Nanoparticles using the Fluorous 
Effect 

After the ethanol wash, an attempt was made to re-immobilise the nanoparticles 

by exchanging the solvent with distilled water and sonication. The goal was to 

remove excess non-immobilised nanoparticles from the non-fluorous regions. 

However, this method was inefficient in removing the nanoparticles from this 

region. The hydrophilic nature of the non-fluorous region facilitates the formation 

of multiple hydrogen bonds between the surface's hydroxyl groups and incoming 

water molecules. A 0.5 mM sodium citrate solution was used carefully to address 

this issue. Gentle cleaning of the non-fluorous region effectively removed the 

remaining or non-specifically bound gold nanoparticles from this area and directed 

them to the fluorous region. The success of this method can be attributed to the 

deprotonation state of the carboxylic acid group attached to the citrate ions, 

which can exist in either a monodentate, bidentate, or tridentate conformation 

(or dynamic equilibrium) upon dissociation in solution. This process creates a 

negatively charged group that is essential for electrostatic interactions. As a 

result, we believe this facilitated the re-direction of the remaining nanoparticles 

to the fluorous regions of the patterned surface. This method created 

electrostatic repulsion during the solvent exchange from the non-fluorous regions, 

resulting in an efficient solvent exchange and creating a distinct fluorous region 

from the non-fluorous region on the patterned sample. 
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4.1.9 Reversible Immobilisation of 45 nm Gold Nanoparticles using 

the Fluorous Effect in 800 µm Patterns  

                       

 

Figure 49: The figures illustrate the LSPR peaks and optical images showing the reversible 
attachment of 45 nm gold nanoparticles using the fluorous effect. (a.) The figure depicts the 
initial immobilisation of gold NPs on a fluorous-patterned surface with a distinct fluorous 
layer (circle)  from the non-fluorous layer (other areas. The blank image (bottom-right) shows 
the recovered (refreshed) surface after ethanol wash, regenerating the surface in the process  
(b.) Shows the newly immobilised gold NPs on the refreshed or recovered surface (from (a.)). 
The same cycle continues for image (c-g), where the recovered surface (blank image) is a 
template for the next immobilisation stage. Scale bar: 800 µm. Mag. = 20x 
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Following the initial immobilisation of sub-20 nm gold nanoparticles on the 

fluorous patterned surface, the same procedure was employed to immobilise 45 

nm gold nanoparticles synthesised through the modified Turkevich method. The 

rationale was to investigate the behaviour of larger gold nanoparticles on the 

fluorous patterned surface due to the extra signal amplification they offer during 

colourimetric applications. [511, 512]  

As anticipated, the resulting UV-visible peak shifted to a longer wavelength than 

the initial value post-synthesis (Figure 49). [513] 

4.1.10 Long-term Stability of Synthesised Gold Nanoparticles 
using Perfluorodecanethiol (PFDT) 

Figure 50: UV-visible spectroscopy depicting the stability of PFDT-stabilised gold 
nanoparticles in ethanol for 12 months. The spectrum (red) indicates the initial spectrum 
detail just after the introduction of the PFDT, while the second (black) line represents the 
spectrum detail after 12 months. 

Gold NPs are commonly used for various applications due to their size-dependent 

sensitivity to their local environment. Hence, their stability for many experiments 

over an extended period is crucial for their reliability to guarantee consistent 

performance. Maintaining this stability over time is vital to preserving their size, 

shape, and surface characteristics, which are essential to their functionality. [514] 

To extend this research, it was found that incubation of the same amount of 

ethanolic PFDT with the synthesised gold nanoparticles showed no change in the 

absorption peak within 12 months (Figure 50).  We believe this method can be 
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applied to other research requiring the long-term stability of MNPs for various 

applications. 

4.1.11 Immobilisation of Silver Nanoparticles onto Micro-
Patterns (800 µm) 

Colourimetric analysis using silver NPs to create a reconfigurable metasurface 

offers more advantages than gold NPs. [515–519] 

Silver nanoparticles tend to be more sensitive to plasmonic responses than gold 

because the conduction electrons on silver's surface are more responsive to 

electromagnetic fields. [520]  This results in a stronger and sharper LSPR band, 

making AgNP nanoparticles extremely sensitive to changes in their surrounding 

environment compared to their gold counterparts. Additionally, the LSPR peak of 

silver nanoparticles is generally located at shorter wavelengths than gold, usually 

in the visible range, implying that a higher frequency (lower wavelengths) is 

needed to induce the resonance than gold NPs. [521]  

Despite their superior sensitivities compared to the gold nanoparticles, they are 

prone to oxidation and unwanted reactions with their local environment, and 

these sensitivities must be carefully balanced.  [522] 

4.1.12 Initial Immobilisation with Citrate-Coated Silver 
Nanoparticles 

To replicate the immobilisation process of gold nanoparticles, we followed our 

previously established protocol and synthesised citrate-coated silver nanoparticles 

using KI-assisted and non-KI-assisted synthesis routes. Adding KI enhanced the 

silver nanoparticles' sphericity, as uniformity and shape are crucial for their 

properties and applications in various fields. Based on the existing protocol, we 

anticipate this approach will yield a similar immobilisation pattern used to attach 

the citrate-coated gold nanoparticles. [523, 524]   
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4.1.12.1 Characterisation of Synthesised Silver Nanoparticles using UV-
visible Spectroscopy 

Figure 51: LSPR peaks of  40 and 51 nm of synthesised citrate-coated silver nanoparticles. 
(a. and b.) illustrates the absorption and transmission peaks of the KI-assisted citrate-coated 
silver nanoparticles, while c. and d. illustrates the absorption and transmission peaks of the 
citrate-coated silver nanoparticles, respectively.Dilution factor (DF) = 10. Narrow peaks were 
possible when estimating these synthesised silver NPs using these methods. However, the 
colour impact created using this method does not align with the goal of our research. 

UV-vis spectroscopy was carried out to confirm the presence of silver nanoparticles 

and estimate their sizes upon interaction with light (Figure 51).  The synthesised 

silver nanoparticles displayed absorbance peaks at 422 nm and 425 nm, 

respectively. These results are consistent with earlier reports in the literature. [525] 

The variation in the peaks of nanoparticles is due to their interaction with 

electromagnetic radiation in the UV-visible regions, which is dependent on their 

sizes. Moreover, the absorption peak of silver nanoparticles is typically lower 

than gold nanoparticles of similar sizes. This is because their d-electron energy 

levels are relatively higher compared to gold nanoparticles, requiring more energy 

(lower wavelength) to excite electrons to a higher level and absorb light. The 
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immobilisation of these nanoparticles using this synthesis method has shown great 

potential. However, the presence of unwanted black residues attached to the 

immobilised silver nanoparticles did not support the model of our research (Figure 

52).  This black residue could be attributed to the product generated by ligand 

exchange, an unwanted byproduct of reactions, and multilayer formation due to 

concentrations or time. Hence, this immobilisation pattern may be suitable for 

other applications, which may be further explored. 

Figure 52: The image depicts silver nanoparticles attached to a fluorous-modified surface. 
The first image (a) shows 40 nm silver nanoparticles, while image (b) shows 51 nm silver 
nanoparticles. The colour of the nanoparticles turns black after the solvent exchange, and 
the surfaces can be refreshed (c. and d.) with a simple ethanol wash. Image scale bar = 800 
µm; Mag. = 20x (a and b) and 4x  Mag. (c and d); Dilution factor (DF) = 10. 

4.1.12.2 Dynamic Light Scattering 

Dynamic light scattering (DLS) is a commonly used technique to determine the 

hydrodynamic size of suspended nanoparticles in constant Brownian motion. [526] 

In this study, DLS was used to estimate the size of nanoparticles. The results showed 

that the sizes of the nanoparticles were 40 nm and 51 nm, respectively. 

Additionally, these sizes correspond to 422 nm and 425 nm absorption peaks in the 

UV-visible spectrum in Figure 51. The absorption peaks also increased with the size 
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of the nanoparticles. This correlation can be explained by the increasing tendency 

of the larger nanoparticles to scatter and absorb more light in the UV-vis region 

than the smaller ones. [527, 528]  

4.1.13 Choice of Solvent for the Removal of the attached Silver 
Nanoparticles (Ki-Assisted) 

Despite the challenge of immobilising the KI-assisted synthesised silver 

nanoparticles, sonication in ethanol was enough to wash and refresh the 

immobilised silver nanoparticles via non-covalent interactions. This further 

establishes the nature of the fluorous effect as a veritable method for reversible 

immobilisation (Figure 52).  

4.1.14 Synthesis of Silver Nanoparticles using Hydroxylamine 
Hydrochloride (HH) Method 

To overcome the challenge faced during the immobilisation of silver nanoparticles, 

a modified method proposed by Leopold and Lendl was utilised in an alkaline 

environment.[529, 530] In this method, hydroxylamine hydrochloride acts as a 

reducing agent, reducing silver nitrate and producing silver nanoparticles at room 

temperature. This method takes advantage of the chloride ions in the 

hydroxylamine hydrochloride, which can be adsorbed on the surface of the silver 

ion to stabilise it with less ambiguity. This is unlike the citrate-coated ions, which 

provide more robust electrostatic stabilisation and steric hindrance. [531, 532]  

We believe this interaction pattern could significantly affect the kinetics and mode 

of interaction between these citrate-coated and chloride-coated silver 

nanoparticles on the PFDT-coated fluoros layer. 

4.1.14.1 UV-visible spectroscopy 

The absorption peak of the hydroxylamine hydrochloride-synthesised silver 

nanoparticles was investigated using UV-visible spectroscopy. The absorption 

spectra revealed a maximum extinction at 396.5 nm (Figure 53), indicative of the 

presence of silver nanoparticles. This also agrees with similar wavelength or silver 

nanoparticles using the same method in the literature. [533]  
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Figure 53: UV-vis spectra of silver nanoparticles synthesised with hydroxylamine 
hydrochloride: (a) Shows the LSPR peak of 396.5 nm during absorption. (b) LSPR peak of 
396.5 nm during transmission. DF= 21x. 
 

4.1.14.2 Dynamic Light Scattering (DLS) of the HH-synthesised Silver 
Nanoparticles 

 

 
Figure 54: This shows the distribution of the synthesised silver nanoparticles using DLS 
measurements. The results indicate a bimodal hydrodynamic size distribution with distinct 
peaks. 

The hydrodynamic size distribution of the colloidal suspension was measured in 

solution upon interaction with light using dynamic light scattering (DLS). This was 

carried out at a scattering angle of 90° with 30 measurements in triplicate. The DLS 

results revealed a bimodal size distribution of 52 nm and sub-10 nm nanoparticles, 

as indicated by the zeta sizes (Figure 54). These values are similar to the range 

obtained from the literature. [534] This results in a negatively charged outer 

chloride ion layer, similar to the negatively charged layer of the citrate-coated gold 

nanoparticles used to immobilise gold nanoparticles. [535]  
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4.1.14.3 Zeta Potential (ZP) of the HH-synthesised Silver Nanoparticles 

Figure 55: Zeta potential showing the extent of the surface coating of the synthesised silver 
nanoparticles. The ZP of - 44.50 mV indicates a stable colloidal system post-synthesis. 

The zeta potential was used to measure the magnitude of particle charge 

surrounding the synthesised silver nanoparticles. The results indicate a negatively 

charged corona, stabilised by chloride ions. The negative zeta potential value of -

44.50 mV confirms the presence of a negatively charged layer on the nanoparticles 

(Figure 55). This value range confirms the stability of the colloidal system, which is 

also in line with the previous report. [536]  

4.1.14.4 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy was performed as described in Chapter 2. The 

morphological properties of the synthesised silver nanoparticles were imaged using 

a beam of highly energetic electrons from the SEM. Initial visual observation of the 

distributed nanoparticles showed quasispherical nanoparticles with an average size 

of 40 nm (Figure 56). 
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Figure 56: SEM micrograph showing the distribution of synthesised silver nanoparticles on 
bare glass surface. The average particle size estimated from ImageJ is 40 nm. The significant 
deviation could be attributed to aggregated NPs during drying. Scale bar = 500 nm 

4.1.15 Reversible attachment of Silver Nanoparticles using the 
Fluorous Effect (HH method) 

The current method utilised the fluorous effect to temporarily assemble silver 

nanoparticles in an ethanolic solution containing 0.04 mg/mL (30 µL) 

perfluorodecanethiol. The previous experiment using citrate-coated gold 

nanoparticles suggested that gold or silver nanoparticles were immobilised through 

a synchronous ligand exchange and self-assembly in a thermodynamically favoured 

reaction, feasible within two minutes. The results presented a distinct and 

preferential interaction between the PFDT-functionalised gold nanoparticles and 

the fluorous-modified layers (800 µm and 50 µm) using the fluorous effect. 

According to the current protocol, using silver nanoparticles synthesised with the 

Hydroxylamine hydrochloride(HH) method has shown that the negatively charged 

chloride surrounding the nanoparticles' outer coating significantly improves their 

stability and ligand exchange. This leads to the directed immobilisation of the 

nanoparticles in the fluorous regions of the patterns. In addition to this, the colour 

generation due to LSPR fits into this research. This research aimed to create 

reversible attachment of MNPs using the fluorous effect, with the ability for easy 

spectra data acquisition apparatus. The 50 µm patterns could not offer a convenient 

spectra data acquisition platform but were adequate for creating a reversible  
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immobilisation platform (appendix 2). Moreover, the initial size (50 µm) of the 

patterns in relation to their pitch (100 µm) was not suitable for the washing steps 

before the next immobilisation cycle.  Therefore, we opted for a larger pattern size 

of 800 µm in subsequent experiments. The benefits of using larger circular-sized 

patterns are clear: they are easier to see and offer more flexibility for data 

acquisition using common laboratory equipment. With this method, we achieved 

reversible interaction of the thiol-modified silver nanoparticles with the fluorous-

modified surface using the fluorous effect.  

From these results, there was a large increase (red-shift) in the plasmonic shift of 

the immobilised silver nanoparticles on the 800 µm-size circular fluorous patterns 

compared to the initial 396.5 nm (dispersed state after synthesis) with an average 

LSPR peak of 463.5 nm ± 9.1 (Figure 57). This is attributed to the increased coverage 

of the fluorous patterned surface by the thiol-modified silver nanoparticles, 

creating enhanced neighbour-to-neighbour plasmonic coupling due to the reduced 

interparticle distance and efficient ligand exchange. This also aligns with the 

literature for different nanoparticles, where it was shown that plasmonic shift could 

increase as the interparticle distance reduces to at most 2.5 nm of the nanoparticle 

size [108] and is insignificant when this is more than 3.5 times the particle size. 

[538] This method (using the fluorous effect) is reversible, repeatable, and can 

easily acquire UV-visible data for at least ten times. 
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Figure 57: Spectra data and optical images showing the reversible attachment of silver 
nanoparticles using the fluorous effect. (a.) The figure depicts the initial immobilisation of 
silver NPs on a fluorous-patterned surface with a distinct fluorous layer (yellow circle)  from 
the non-fluorous layer (other areas). (b.) The spectrum illustrates the results after a simple 
ethanol wash, regenerating the surface in the process (c.) This figure shows the second 
immobilisation of silver NPs after washing or regenerating the surface with ethanol wash from 
(b.).The silver was successfully re-immobilised for the third time, and the cycles of 
immobilisation and re-immobilisation continued up to the tenth time (d-h). Data is presented 
(only four of the ten data are presented in the graph) as the mean ± standard deviation of the 
measurements taken in triplicate. Scale bar: 800 µm; Mag. = 20x 
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4.1.16 Switchable or Reconfigurable Metasurface with Gold 
and Silver Nanoparticles 

Recently, there has been a growing demand for multifunctional surfaces with 

tunable properties. [539, 540] Metamaterials and adaptive surfaces have gained 

attention due to their unique electromagnetic properties in recent decades. [541, 

542] Once designed, they can be modified dynamically, enabling the metasurfaces 

to alternate between different states with unique optical properties. [543] This 

ability to switch states is often achieved using external stimuli, including 

electrical fields and temperature changes. Switchable metasurfaces facilitate 

reversible interactions, making them highly suitable for applications requiring 

non-permanent alterations.  

One of the main issues with using silane-functionalised glass surfaces in various 

applications is that the siloxy bond formed between the silane molecules and the 

glass surface tends to become hydrolytically unstable over time due to temperature, 

moisture, and duration of use. [544] Hence, it is necessary to create a viable and 

repeatable surface that is simple, specific, reversible, switchable, and considerably 

less expensive protocol. 

This section explores the possibility of immobilising different nanomaterials on 

the same modified surface at various times, offering the ability to 'switch' the 

passive surface when repeated immobilisation is needed for another incoming 

material. 

By changing the refractive indices of certain materials, their chemical and 

electrochemical properties can be altered, allowing for dynamic control of their 

optical properties. Unlike active tunable metasurfaces, which can create 

reversible and rapid surface changes in response to external stimuli, this newly 

developed passive switchable surface can be used as a functional surface to attach 

different MNPs.  [545] The results revealed that 45 nm and 52 nm gold and silver 

nanoparticles of different sizes can be interchangeably assembled on the same 

modified surface using a simple solvent wash. This outcome further supports our 

hypothesis that the fluorous-fluorous interaction is non-covalent and allows 

stripping off the required molecules or nanoparticles from the patterned surface 

using a suitable solvent, making the surface reusable for the next incoming 
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molecule (Figure 58). From the spectra acquired, there was a change in the LSPR 

peaks of the two nanoparticles to the longer wavelengths, indicating an increase 

in the size of the assembled nanoparticles on the fluorous patterned surface. 

Specifically, the average transmission peaks were 632.75 ± 4.5 and 455 ± 4.5 for 

gold and silver NPs, respectively. This was close to the initial data acquired during 

the reversible immobilisation of AuNPs or AgNPs on different pattern surfaces. 

Figure 58: Spectra and optical images depicting the reversible and switchable immobilisation 
of gold and silver nanoparticles on the fluorous patterned surface (1st - 4th) with gold and 
silver nanoparticles using the fluorous effect. The average wavelength of the assembled 
AuNPs = 632.75 ± 4.5, while the average wavelength of the assembled silver NPs = 455 ± 4.5. 
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4.1.17 Recovery of Attached Silver Nanoparticles from the 
Fluorous-Modified Surface 

Figure 59: UV-visible spectrum of recovered silver nanoparticles from the fluorous modified 
surface. This method is a crude and direct way to test the recoverability of the immobilised 
nanoparticles on each fluorous-modified layer after carefully rinsed in citrate solution. This 
method also confirms the non-covalent nature of the interaction between fluorous-modified 
molecules during the fluorous effect. 

Apart from the tendency for assembled nanoparticles to aggregate during their 

attachment, another notable challenge is the inability to recover the already 

attached materials, especially when the interaction occurs through covalent bonds. 

[546–549]  

In this research, we achieved the reversible attachment of different nanoparticles 

by non-covalent interactions influenced by the fluorous effect. To satisfy our 

curiosity about the nature of the interaction, the assembled silver nanoparticles 

were recovered in 2 ml (0.5 mM) sodium citrate solution, followed by 

characterisation using UV-vis spectroscopy. The result showed no sign of aggregation 

from the initially immobilised nanoparticles on the fluorous functionalised surface 

(Figure 59). Apart from this, there was no significant change in the LSPR peak of the 

synthesised and recovered silver. However, further studies would be needed to 

substantiate the kinetics and mode of binding due to this effect. 
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4.1.18 Conclusion and Future Work 

Using the fluorous effect to immobilise gold and silver nanoparticles on 

reconfigurable metasurfaces presents a promising opportunity to develop 

advanced optical materials. This innovative approach enables the precise 

assembly and dispersion of nanoparticles through non-covalent interactions, 

allowing for significant flexibility in design and application. 

We have developed a new proof-of-concept protocol that comprehensively 

investigates the optical properties of metallic nanoparticles (MNPs) for use in 

reconfigurable metasurfaces. This method leverages the tunable properties of 

nanoparticles of various sizes when interacting with light, utilising a phenomenon 

known as localised surface plasmon resonance (LSPR). The ability to adjust the 

optical characteristics of nanoparticles allows for the creation of reusable 

multifunctional surfaces that can seamlessly switch between two different MNPs 

without causing any damage to the underlying substrate, making it particularly 

suitable for various biomedical applications, such as diagnostic imaging and 

targeted drug delivery. 

This technique can yield specific, repeatable, reusable, and switchable surfaces 

with significant potential for applications in microarrays, drug delivery systems, 

and sensing. Furthermore, additional exploration of the kinetics of these 

interactions is necessary to thoroughly assess their suitability for a broader range 

of biomedical uses, ensuring that the technology can be effectively integrated 

into clinical practices and research settings. By advancing our understanding of 

these dynamics, we can enhance the performance and versatility of optical and 

fluorescently labelled materials using the fluorous effect to solve real-world 

applications. 
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Chapter 5 

5.1 Immobilisation of Gold Nanoparticles on Fluorous 
Modified Nanopatterns 

5.1.1 Introductions 

Nanomaterials (NMs) are popular candidates in several applications, including 

diagnostics and therapeutics.[550, 551]  In particular, smart nanoplatforms are 

being developed for enhanced precision and effectiveness across multiple 

applications.[552–555]  

For example, adaptive or reconfigurable metasurfaces offer specialised properties 

that can dynamically change the electromagnetic properties of materials in real-

time upon interaction with external stimuli or signals. Pattern definition by 

lithography and metallisation through metal deposition or evaporation are the 

usual techniques for [556, 557] manufacturing this surface. However, these 

methods face challenges with scalability and precise geometric control.  Due to 

the limitations associated with top-down nanofabrication methods, bottom-up 

nanofabrication has become a popular alternative to creating self-assembly 

monolayers.[558]  

Bottom-up nanofabrication techniques have emerged as promising methods for 

reversible fabrication processes suitable for various applications. This approach 

involves the self-assembly and precise organisation of nanoscale structures, 

resulting in tailored platforms capable of switchable functionalities with a high 

degree of control and precision and paving the way for advanced functional 

materials and devices.[557] [559] A promising area of research is the controlled 

and reversible attachment of gold nanoparticles onto patterned surfaces while 

maintaining precise control over their spatial arrangement. [560]   

Nanopatterning using nanofabrication techniques (e.g. EBL) offers an avenue to 

direct precise control and spatial arrangement of nanoparticles, enabling the 

creation of structured surfaces with enhanced properties and functions. Despite 

these fabrication methods, many challenges persist, including scalability and 

spatial definition of patterns. [561–565]. Despite advances, immobilisation on 

nanopatterned surfaces often leads to nanoparticle aggregation, detachment, or 

oxidation, impairing their performance. [566] 
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To address the challenges, especially with the assembly of nanoparticles, it is 

necessary to improve their surface chemistry and functionalisation. This can be 

done using electrostatic or covalent interactions to direct them towards a 

nanopatterned surface. Covalent interactions can create strong and stable bonds 

without the opportunity for reversible interactions, which can make substrate 

regeneration difficult. Additionally, covalent interaction can lead to unwanted 

aggregation if not well controlled. [567] Hence, facile and simple methods of 

attachment that are specific, sensitive, and reversible are needed. This 

technique, if achieved, holds significant applications in manipulating the spatial 

arrangement of gold nanoparticles to harness their colourimetric properties via 

localised surface plasmon resonance (LSPR). This property makes them excellent 

candidates for surface-enhanced Raman spectroscopy (SERS), biosensing, and 

plasmonic device applications. In addition, these applications can be extended to 

catalysis, drug delivery and energy conversion systems.    [568] [569]  

In the earlier chapter, the fluorous effect was used to immobilise metal 

nanoparticles on the fluorous functionalised micro-patterned surfaces in a 

reversible manner. This section aims to direct the precise and reversible 

immobilisation of these nanoparticles onto a fluorous-modified nano-patterned 

surface using the fluorous effect to attach individual nanoparticles at exact 

locations without aggregation. 

5.2 Results and Discussion 

5.2.1 Synthesis and Characterisation of Gold Nanoparticles 

Gold nanoparticles were synthesised using three different methods: Turkevich, 

modified Turkevich, and inverse Turkevich.  [570, 571] One significant advantage 

of using the Turkevich method is the ability to tune the size of the nanoparticles 

synthesised by varying the molar ratios of the reactants (sodium citrate and gold 

chlorate) while ensuring a complete reduction of the gold chloride to gold 

nanoparticles. [572] Our goal was to synthesise gold nanoparticles of different 

sizes and evaluate how the particle size distribution to nanopattern size ratio 

could affect the precise immobilisation of these nanoparticles on the fluorous 

nanopattern regions. As explained in Chapter One, using the classical 

Turkevich/Frens method, gold nanoparticles within the range of 30 nm can be 

synthesised based on the reductive ability of the citrate on gold chloride to 
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produce gold nanoparticles. [573] However, as size increases, synthesised gold 

nanoparticles tend to assume irregular, non-spherical shapes with increasing 

tendencies to create broader peaks in the UV-Vis spectrum. [574]  This is 

attributed to multiple factors, including the molar ratio of gold to citrate, pH, and 

temperature. [575] However, creating larger, uniformly sized nanoparticles is 

essential for medical applications.  [576–581] 

Over the past few decades, extensive research has focused on how noble metal 

nanoparticles such as gold (Au), silver (Ag), and copper (Cu) interact with 

electromagnetic radiation through LSPR with varying sensitivity and with respect 

to their shape, dimensions, and dielectric properties.[582–584]  

This sensitivity is crucial in research studies where interactions between 

nanoparticles and analytes cause visible colour changes in the colloidal system. 

This property is important, especially when the naked eye can detect such 

changes. [585–588]  

Adapting the size of gold or silver nanoparticles to achieve specific outcomes 

depends on the unique requirements of each research project. Factors such as 

optical properties, ease of functionalisation, stability, compatibility with research 

objectives, sensitivity, and safety are critical considerations in this research.  

Previous research reported the use of nanoparticle sizes suitable for different 

applications.  

Smaller nanoparticles (15-20 nm) are excellent for highly sensitive biosensing and 

drug delivery due to their sharp LSPR peaks and ease of cellular uptake. Medium-

sized nanoparticles (30-40 nm) are suitable for immunoassays, environmental 

sensing, and imaging due to their larger surface area and strong optical responses. 

Larger nanoparticles (50-60 nm) are ideal for therapeutic applications, cell 

labelling, and plasmonic sensors due to their enhanced light absorption and 

scattering properties.[589–591] Studies have shown that colourimetric analysis to 

detect metal nanoparticles requires particles ranging from 15-50 nm, while sizes 

of 6-35 nm and 12-30 nm are needed for biological molecule detection and cancer 

research for drug discovery, respectively.[592] Additionally, larger gold 

nanoparticles offer stronger light absorption and scattering, improving signal 

amplification, stability, and fractional change in local refractive indices.[593, 

594] Specifically, it was also reported that as the cross-sectional area of

nanoparticles increases from 10 nm to 80 nm, there is increased scattering with a

five-order of magnitude compared to a typical dye. [595, 596]  Therefore, using
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larger NPs provides an extra opportunity for signal amplifications and overall 

efficiency during sensing applications. We synthesised and utilised gold 

nanoparticles measuring 45 nm and 55 nm in size, as these dimensions are 

particularly suitable for colourimetric applications. These nanoparticles exhibit 

enhanced capabilities in both scattering and absorbing light, making them highly 

effective for various analytical purposes. Their specific sizes allow for optimal 

performance in sensing applications, where precise changes in colour can indicate 

the presence or concentration of specific substances. This quality underscores 

their overall efficiency and versatility in laboratory settings. 

Using the fluorous effect, this research investigated the reversible attachment of 

various sizes of gold and silver nanoparticles on fluorous patterned surfaces. This 

method allows us to select the appropriate NP size suitable for our designed 

metasurfaces.  

 

5.2.1.1 UV-visible Spectroscopy 

   
Figure 60: The LSPR absorption peaks of citrated-coated gold nanoparticles (45 nm, 55 nm, 
and 80 nm) were analysed using UV-visible spectroscopy. The results showed absorption 
maxima at 521 nm, 532 nm, and 537 nm, respectively, indicating that the absorption 
wavelength increases as the size of the nanoparticles increases (DF = 11).  
 

 

This is a simple, fast, and non-invasive technique for measuring nanomaterials' 

size, concentration, and aggregation state. [597] UV-visible spectrophotometry 

revealed the characteristic maximum peak of 531 nm, 532 nm, and 537 nm with 
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narrow bandwidths, indicating the presence of gold nanoparticles size distribution 

for the 45 nm, 55 nm, and 80 nm gold nanoparticles, respectively (Figure 60). 

These findings are consistent with other reports using similar synthetic methods, 

especially where the size of the gold nanoparticles is accompanied by an increase 

in the absorption maxima due to absorption, scattering, or both. [598–603]  

 

Also, the 80 nm gold nanoparticles were synthesised by the inverse Turkevich 

method. In this study, the molar ratio between the citrate and the gold chloride 

was varied to produce larger particle sizes with pre-determined sizes, thereby 

preventing further secondary nucleation during growth. This method generates 

monodispersed nanoparticles with controlled concentrations. [604] . This method 

further suggests that growth was accompanied by Lamer’s mechanism, which 

outlines NP growth into an initial rapid focusing period characterised by increasing 

mean radius of the nanoparticles and subsequent defocusing period characterised 

by wider size distribution due to Ostwald ripening. The transition between these 

two stages is also primarily influenced by concentrations of the monomers at every 

point during the synthesis. Puntes et al. (2011) also give insights into this 

phenomenon during the synthesis of larger-sized nanoparticles. [605] 

 

 

5.2.1.2 Dynamic Light Scattering (DLS) 

Table 7: The synthesis of 80 nm gold nanoparticles was monitored using DLS measurements 
to track the different stages of the reaction. High transient instability was observed initially, 
but this stabilised as a more stabilising agent was available during the nanoparticle 
synthesis. This stabilisation was evidenced by the change in the PDI at the beginning,  15 
minutes, and 30 minutes into the reaction. 

 
Time (min) Size (nm) PDI (polydispersity 

index) 
During synthesis 65 0.305 

15 72 1.000 
30 83 0.307 
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Figure 61: Stages during the synthesis of 80 nm gold nanoparticles monitored with DLS 
measurements. Stage I. showed high instability due to the delayed nucleation stage. Stage II. 
Showed initial stability and continuous growth of the NPs.Stage III. Showed continuous 
stabilisation by the sodium citrate. 

Dynamic light scattering is a phenomenon which computes the interaction of the 

dispersed colloidal suspension in a constant brownian motion with white light. In 

this study, the hydrodynamic size distribution of the synthesised gold 

nanoparticles was analysed by measuring their mobility in the solution as they 

interacted with the beam of light. 

In this research, we evaluated this finding using DLS to characterise each stage 

during nanoparticle synthesis. Our results revealed that the stage and 

concentration of the monomers in solution could affect the size and the 

distribution of the nanoparticles from the point of synthesis at 15 minutes to 30 

minutes for the 80 nm gold nanoparticles (Figure 61). Specifically, in stage I, the 
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citrate concentration delayed the nucleation of the nanoparticles. Hence, there 

was no uniform growth of the nanoparticles, as this stage precedes the beginning 

of the stabilisation by the citrate ions. Thus, this stage is characterised by multiple 

non-uniform sizes. Additionally, the size of the nanoparticles continued to 

increase as the smaller gold atoms became incorporated on the surfaces of the 

larger gold nanoparticles. This was obvious from the broadened peak of the graph 

beyond the 100 nm mark (stage II) and the resulting PDI of 1 (Table 7). At 30 

minutes, most nanoparticles are formed, coated with citrate, and with little or no 

further growth (stage III).  
 

Table 8: Dynamic light scattering and the Zeta potential of synthesised gold nanoparticles. 
DLS was performed at a scattering angle of 90˚ using 30 measurements in triplicate. For the 
80 nm size, the PDI continued to reduce after 30 min., showing enough stability by the citrate 
as the size continued to grow up to the supersaturation limit, where adequate stability was 
achieved without further noticeable growth. 45 and 55 nm sizes were also synthesised by 
varying the concentration ratio between the gold chloride and the sodium citrate. 
 

Size Zeta size (nm) PDI Zeta potential (mV) 
45 nm 45.00 0.74 -37.30 
55 nm 55.00 0.27 -39.20 
80 nm 80.00 0.31 -41.00 

 

 
Figure 62: Size distribution of synthesised gold nanoparticles of different sizes from DLS (left) 
and zeta potential analysis (right) of the bare gold nanoparticles of various sizes (45 nm, 55 
nm, and 80 nm). The (a.) 45 nm and the (e.) 80 nm showed a bimodal distribution of 
nanoparticles, especially around the sub-12 nm region, while the (b.) 55 nm was the most 
monodispersed among the three colloidal systems. The three nanoparticles (b, d, and f) also 
showed adequate stability higher than 30 mV after the synthesis.  
 



 172 
 
Using several methods, nanoparticles of different sizes were evaluated for self-

assembly in nanopatterns. The result revealed an average hydrodynamic size of 

45 nm, 55 nm, and 80 nm with the lowest polydispersive index from the 55 nm 

gold nanoparticles (Table 8). The remaining nanoparticles were also 

monodispersed except for the sub-5 nm and sub-12 nm size distributions presented 

after the synthesis (Figure 62). This could be attributed to many factors, including 

incomplete coalescence of the seeds to form larger nanoparticles during the 

synthesis. In addition, the correlation between the electric potential and the 

electric double layer surrounding the surface of the nanoparticles can be 

interrogated for their colloidal stability using the zeta potential. The zeta 

potential of all the gold nanoparticles analysed revealed a well-stabilised colloidal 

system with a negative potential, indicating the presence of a negatively charged 

coating contributed from the citrate. These outcomes align with previous research 

on a similar synthesis route for citrate-coated gold nanoparticles.[606] 

 

5.2.1.3 Scanning Electron Microscopy (SEM) 

Scanning electron Microscopy was used to characterise the topography of the 

assembled gold nanoparticles onto the nanopatterns, as described in Chapter One. 

SEM micrograph of the 55 nm gold nanoparticles revealed a nanoparticle size of 

approximately 36 nm (Figure 63) lower than the value obtained from the DLS 

measurement. This was expected as the DLS measures the hydrodynamic size of 

the particles in colloidal solution while the characterisations using electron 

microscopy were carried out in a dried state after the sample was sputtered and 

processed before SEM imaging. [607] Hence, the loss of solvated layers during the 

characterisation by SEM appears to contribute to the reduction in the final size of 

the nanoparticles during the characterisation using SEM (Figure 64). 

 

Figure 63: Scanning electron micrograph of bare  (a.) 45 nm, (b.) 55 nm, and (c.) 80 nm gold- 
nanoparticles after synthesis on bare glass surface. 
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Figure 64: Size distribution of 55 nm gold nanoparticles (from average Zeta size) from SEM 
micrograph using ImageJ. The average nanoparticle size is approximately 36 nm. 

5.3 Immobilisation of Gold Nanoparticles on the 
Nanopatterned Surface 

In the previous experiment, we established a new proof of concept to immobilise 

gold and silver nanoparticles onto micro-patterns (800 µm and 50 µm). In the 

initial protocol, where we achieved reversible immobilisation of both gold and 

silver nanoparticles on micro-patterns (800 µm and 50 µm), we extended this 

method to immobilise 55 nm gold nanoparticles after unsuccessful attempts with 

the other two nanoparticles (45 nm and 80 nm) onto nanopatterned surfaces of 

the size range (20 nm, 40 nm, 100 nm and 500 nm). One of the challenges with 

immobilisation in a nanopattern includes the increased tendency of the 

nanoparticles to aggregate or change morphology as the size-to-particle ratio 

reduces or varies. [608] Apart from this, the concentration, solvent used, pH, and 

general environmental conditions must be well-tuned to achieve efficient 

immobilisation. [609] Despite these challenges, we successfully immobilised 55 
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nm gold nanoparticles onto a sub-500 nm nanopattern surface using the one-pot 

approach.   This also suggests that the ‘one-pot’ immobilisation with the 

nanopattern approach was accompanied by simultaneous ligand exchange 

between the gold nanoparticles and the perfluorodecanethiol molecules, ensuring 

a thermodynamically feasible interaction to create a self-assembly monolayer 

(SAM). However, as the nanoparticles-to-pattern ratio reduces due to the size of 

the pattern (500 nm, 100 nm, 40 nm, and 20 nm), the tendency to create such 

reversible immobilisation using the same non-covalent interactions remains a 

challenge similar to what has been reported using a more complex protocol. [610]  

In the first instance, we attempted to use the smaller pattern that could direct 

the nanoparticles into the smallest region (20 nm size) of the pattern using the 

fluorous effect. This was a challenge as there was no feasible immobilisation of 

such using this simple protocol. This can be attributed to many factors, including 

the nanoparticle's size-to-pattern ratio, complexity due to e-beam lithography, 

failed ligand exchange, and concentration effect. With this challenge, our next 

idea was to focus on the larger particles with larger pattern sizes. Larger 

nanoparticles offer several advantages due to their ability to scatter light more 

efficiently, creating an amplified and stronger LSPR effect that could enhance the 

sensitivity. Apart from this, they are stable, less prone to aggregation, and have 

improved binding sites for ligand exchange. 
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5.3.1 One-pot Immobilisation of Gold Nanoparticles using 
Extended Methanol and IPA Sonication. 

Figure 65: The figure illustrates the distribution of immobilised 55 nm gold nanoparticles 
across various EBL-patterned sizes, ranging from 5 µm to 500 nm. SEM micrographs  (a), (b), 
and (c) display the immobilised gold nanoparticles on the 500 nm-sized nanopatterns, 
covering different regions of 5 µm, 5 µm, and 4 µm, respectively. Each micrograph shows 
distinct fluorous regions compared to the non-fluorous areas. Micrographs (d), (e), (f), (g), 
and (h) show the immobilised nanoparticles sized between 3 μm and 1 μm. The SEM 
micrograph (i) illustrates the immobilised gold nanoparticles arranged in a 500 nm pattern, 
highlighting the distinction between the fluorous and non-fluorous regions. 
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Figure 66: The figure shows the distribution of immobilised 55 nm gold nanoparticles on a 
patterned surface. ImageJ was used for size distribution analysis. This figure differs from 
Figure 64. The reason may be attributed to several factors highlighted in this thesis, including 
the selective immobilisation of functionalised NPs onto the modified nanopatterns. 

Figure 67: The SEM micrographs demonstrate the immobilisation of 55 nm gold nanoparticles 
on various regions of 100 nm-sized nanopatterns created through electron beam lithography 
using the fluorous effect. These images highlight the fluorous effect's capacity to selectively 
immobilise a small number of functionalised gold nanoparticles, ranging from 8 down to a 
single nanoparticle per region. Micrographs (a), (b), (c), and (d) display nanoparticle coverage 
across the entire nanopatterned surface. In contrast, micrographs (e) and (f) show a mix of 
nanoparticle counts, with numbers ranging from 1 to 5. Notably, micrograph (f) reveals the 
attachment of a single nanoparticle on a modified layer, although the repeatability and 
coverage was low at 100 nm. Various scale bars. 
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Figure 68: LSPR data of reversibly immobilised gold nanoparticles on 500 µm x 500 µm 
patterned surface using the fluorous effect. The first (a.) and second (b.) immobilisations 
showed the same absorption maxima of  633.75 nm, indicating the ability to repeat and 
reversibly immobilise the NPs on these fluorous-modified surfaces using the fluorous effect. 

This approach reversibly immobilises 55 nm gold nanoparticles onto sub-500 nm 

patterns (Figure 65). To suit the objective of this design for sensing applications, 

it was possible to acquire real-time spectra information of the reversibly 

immobilised nanoparticles on the same patterned surface (Figure 68). This is the 

first time this simple method has been reported using the fluorous effect. 

Furthermore, this protocol was extended to immobilise individual nanoparticles 

on the fabricated nanopatterns (Figure 67). This approach aimed to overcome the 

common barriers to the successful immobilisation of single particles by precisely 

controlling the spatial arrangement of individual nanoparticles on the desired 

surface. This arrangement allows for the creation of nanostructures with tailored 

properties useful for biosensing, electrical, and optical applications.[611–613]  

This method also used the fluorous effect to immobilise nanoparticles arranged in 

ones, twos, threes, and multiple arrangements of up to 8 nanoparticles per region. 

This further confirms our hypothesis that the fluorous effect can direct the 

immobilisation of nanoparticles onto fluorous-modified surfaces to form an 

organised, self-assembled monolayer suitable for various applications.  

Although challenges such as incomplete coverage arise during the immobilisation 

of these nanoparticles on other areas of the fluorous-modified nanopatterned 

surface using this method (Figure 67), this could be attributed to several factors, 

including incomplete ligand exchange or unsustainable van der Waal’s interactions 

as the particle immobilisation moves from esembling to single nanoparticles 

immobilisation, and solution concentrations among other reasons. In addition to 
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these, no or incomplete coverage could arise due to several factors, including 

changes in immobilisation kinetics, temperature, surface energy heterogeneity, 

inefficient surface chemistry and differences in topography [614–616] Therefore, 

tuning the concentrations of the particles and ensuring a proper solvent exchange 

after immobilisation appears to be one of the critical points to prevent disruption 

of non-covalent interactions, encourage stability, and ensure continuous 

immobilisation of the nanoparticles within such critical nanoscale limits. 

Expectedly, the incomplete removal of resist using this method remains 

challenging (Figure 69). Hence, further research will be needed to optimise this 

method and explore its potential for molecular trapping or other biomedical 

applications.[617–619]      

Figure 69: The SEM micrograph illustrates the immobilisation of gold nanoparticles on a 100 
nm nanopattern size. The challenge with the incomplete removal of resist remains a 
hindrance in this method (a-c). This method can also immobilise individual NPs (d., e., and f.) 
but requires further optimisation. Therefore, it could be adapted for other similar research. 

5.3.2 One-Pot Immobilisation using pre-Functionalised Gold 
Nanoparticles with Acetone-Lift off (with unwanted drying) 

In the previous sections, we used the fluorous effect to selectively immobilise gold 

nanoparticles in sub-500 nm nanopatterns. The current section aims to create 

reaction dynamics to improve ligand exchange, surface coverage, and efficient 

immobilisation. Technically, the route of this immobilisation would be achieved 

with efficient ligand exchange in such a way that citrate is displaced by sulphur 

to generate a stable gold-sulphur bond, creating thiol-coated gold nanoparticles, 
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with simultaneous or phase-induced immobilisation, depending on the 

thermodynamics of the reactions.[620] With this in mind, 55 nm gold nanoparticles 

were pre-functionalised using our previous water-based protocol for 20 nm gold 

nanoparticles and introduced into the reaction mixture. [621]  These results 

further supported our assumptions that efficient ligand exchange is critical in 

immobilising these nanoparticles onto nanopatterns. Using acetone as the 

preferred solvent for lift-off, the surface of the 500 µm x 500 µm layer was 

covered, creating a distinct fluorous from the non-fluorous background. It could 

also be used to immobilise single particles using well-controlled conditions. 

Compared with the earlier surface, this method creates more sample coverage 

and is promising for single-particle immobilisation due to better ligand exchange 

during functionalisation (Figure 70). While this method shows potential and could 

be applied to other applications with no need for reversible immobilisation, the 

effect created through drying does not entirely align with our goal to create a 

reversible surface in a solution. Hence, further optimisation was needed.  

Figure 70: The SEM micrographs (a) to (s) show the immobilisation of 55 nm gold 
nanoparticles on a sub-500 nm fluorous-modified surface using the acetone-lifted-off method 
with drying. In Figure (a), patterns (1) and (2) represent two different regions from a  500 µm 
by 500 µm fluorous patterned surface, each with 500 nm and 100 nm size, respectively. (b.), 
(d.) and (f.) represent an enlarged 500 nm pattern size from (1.) at 300, 100 and 40 µm 
magnifications. g., h. and i. represent the immobilised AuNPs on a patterned 500 nm sized 
surface showing the non-fluorous from the fluorous regions at 20, 10 and 5 µm, respectively. 
(m.), (n.), (i.,) and (p.,) show the immobilised nanoparticles in the nanometer range on the 
same region of the pattern. Likewise, (c.) and (e.) represent an enlarged 100 nm pattern size 
from (2.) at 300 and 100 µm magnifications.(j.),(k.), and (l.) represent the central region of the 
immobilised AuNPs on a 100 µm patterned surface from (2), at 10, 5 and 4 µm magnifications 
respectively. This study highlighted the significance of efficient ligand exchange, the 
influence of drying during immobilisation, and the need for optimisation without surface 
drying using the fluorous effect. 
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5.3.3 One-Pot Immobilisation of Gold Nanoparticles with Acetone 
Lift-Off (No Drying) 

Efficient immobilisation is encouraged by optimum conditions that favour the 

interactions of multiple species during ligand exchange and self-assembly of 

individual atoms. In the current method, we attempted the "one-pot" synthesis 

approach using our previous protocol, which involved simultaneous ligand 

exchange without needing multiple steps or drying. Acetone is the gold standard 

for most PMMA-resist lift-offs, especially for surfaces fabricated using e-beam 

lithography. Our objective was to enhance the ligand exchange and improve the 

surface coverage at the nanoscale, which was previously inconsistent and not as 

effective as desired.  

The results showed that ‘one-pot’ ligand exchange and simultaneous 

immobilisation are possible with the right thermodynamic conditions and 

appropriate concentrations. Furthermore, the nanoparticles were immobilised on 

the fluorous patterned region, distinct from the non-patterned regions. This 

revealed specific interactions due to fluorous effects.  Again, this is the first time 

this has been reported in any research where simultaneous ligand exchange and 

immobilisation of metal nanoparticles takes place in a liquid environment, 

especially at the sub-500 nm scale. Comparatively, the outcome of the 

immobilisation achieved using this method shows improved surface coverage 

(Figure 71). Consequently, ensembling the nanoparticles was possible but 

challenging for single-particle immobilisation. This could be attributed to the 

nature of the non-covalent interaction and other conditions unfavourable to 

assembling single nanoparticles on fluorous patterned surfaces. Hence, improving 

several parameters could enhance the optimisation of this protocol, which could 

come with additional laborious steps.[622–624]  
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Figure 71: The images (a) through (f) show the immobilisation of 55 nm gold nanoparticles on 
an acetone-lifted off sub-500 nm fluorous modified surface without drying during the 'one-
pot' incubation. This method is promising as it shows a distinct fluorous layer from the non-
fluorous background and can be optimised for single-particle immobilisation. 

Apart from this directed immobilisation, the fluorous effect can also form 

randomly self-assembled functionalised gold nanoparticles on a bare surface elf-

assembled layer (appendix 3). 
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5.4 Conclusion and Future Work 

In this thesis, we designed and investigated using a reconfigurable metasurface 

suitable for the reversible attachment of fluorous-tagged nanomaterials on a 

fluorous-modified surface without damaging the surface integrity using the 

fluorous effect. Initially, we explored using this method to immobilise fluorous-

tagged DNA molecules with varying features such as length, number of fluorine 

atoms, HEG-linker, and branch system. The results revealed that perfluorinated 

tags could direct specific and repeatable interactions between fluorous-modified 

molecules using the fluorous effect. In addition, this method can be applied to 

selectively remove the immobilised DNA molecules based on their strengths. To 

demonstrate the simplicity and efficiency of this method, we successfully removed 

the immobilised fluorous-tagged DNA duplex from the solid support using a simple 

methanol wash. Using the fluorous effect, this outcome revealed specific, 

selective, and repeatable immobilisation of nanomaterials suitable for various 

microarray applications, including simplex and multiplex. 

We extended this protocol to allow the reversible attachment of thiol-

functionalized gold and silver nanoparticles. This method facilitates the switching 

of surface attachment between the two types of nanoparticles, allowing for the 

refreshing of the surface each time a new set of nanoparticles is introduced. This 

is of particular importance due to the colourimetric properties of the 

nanoparticles, which change based on their local environment, enabling real-time 

visual observation. Therefore, this method offers a cost-effective, 

environmentally friendly, and less complex alternative to traditional methods, 

making it useful in various fields. 

Finally, we revealed that nanoparticle attachment on solid support can be 

achieved by controlling the number and aggregation state of the colloidal system. 

Using the same concept, we achieved the reversible attachment of gold and silver 

nanoparticles on micro-patterned (800 µm) surfaces. Using this method, it was 

also possible to reversibly immobilise 55 nm gold nanoparticles on fluorous 

modified nanopatterned (sub-500 nm) surfaces. The same process has a promising 

potential in the sub-100 nm region, providing an opportunity for single 

nanoparticle attachment. 
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This research also identified many challenges that can impede or ensure the 

successful immobilisation of these nanomaterials on engineered surfaces using the 

fluorous effect. These include: 

 

1. The Nature of the Fluorous Effect 
 

The fluorous effect is a non-covalent interaction between perfluorinated 

molecules or molecules with many fluorine atoms, fit enough to be termed 

fluorous. Due to these interactions, care must be taken during solvent exchange 

to prevent disruption of van der Waal’s and other non-covalent interactions. This 

was informed because this interaction can be sustained when the drying method 

was adopted during one of the immobilisation protocols with late solvent 

exchange. Hence, we assume that this must have influenced the retention or 

disruption of these bonds and the stability of the functionalised nanoparticles 

during the immobilisation stage. 

 

2. The Concentration of the Metal Nanoparticles per ml of Colloids  

Using the fluorous effect, we successfully immobilised silver and gold 

nanoparticles due to the effective ligand exchange and subsequent or 

simultaneous immobilisation of the nanoparticles on a fluorous-modified surface 

at the microscale level. Varying the concentrations of colloidal mixtures improves 

immobilisation by reducing the nanoparticles per nm2. However, challenges ensue 

once the size of the nanopattern reduces, especially in the sub-100 nm regions, 

where each nanopattern competes for millions of nanoparticles/mL. Therefore, 

maintaining a balance between the number of conjugated or bare nanoparticles 

and the size of the nanopattern at every stage of the immobilisation is integral to 

successful immobilisation. Therefore, careful introduction of colloidal suspension 

into the reaction mix is also paramount as this could create a settling effect that 

can cause multiple layers of nanoparticles at thermodynamic equilibrium. 

 

3. Efficient Salinisation 

Immobilisation will not occur without successful silanisation to create a self-

assembly of the initial silanes on the glass or other surfaces. The vacuum 

silanisation method appears effective in creating a self-assembly of 
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perfluorosilane. However, we believe that other challenges highlighted above are 

inherent in hindering the immobilisation of the nanoparticles. 

4. Size and Pattern Limitation

Using the fluorous effect, this thesis developed a protocol to reversibly immobile

metal nanoparticles on micro (gold and silver) and nanopatterned surfaces (gold

nanoparticles). While this new protocol is often easily reproducible and adaptable

for the micropatterned surface, it is only reproducible in the sub-500 nm regions.

Attempts to create immobilised nanoparticles in sub-100 nm size are feasible but

proved difficult and hardly reversible with the current non-covalent interaction

method using the fluorous effect. This could be attributed to several factors

limiting the precise control and immobilisation of the nanoparticles, including the

nature of the interactions, the concentration of the colloidal system, silanisation,

nanofabrication methods or the environment in which the substrate was dispersed,

inefficient ligand exchange and the tendency of aggregation, and random surface

coverage. Further research to optimise the size-to-pattern ratio, especially the

sub-100 nm, is essential to achieve reversible and repeatable immobilisation.

Additionally, incubating the reaction mixture in a suitable solvent concentration

is crucial.

5. Incubation time

Most self-assembly monolayer studies usually take place within seconds. The

remaining incubation times are for bond re-ordering and stability. With our new

protocol, we have been able to prove beyond reasonable doubt how this new

protocol works using the fluorous effect, irrespective of the immobilisation or

incubation time. Despite this success, further research still needs to be conducted

to identify the nature of each interaction per time. This way, important

information can be derived and tailored for specific applications. [625]

In the future, we plan to optimise and customise this method to create a suitable 

platform for various tailored applications requiring the reversible attachment of 

nanomaterials. This approach is promising and can adapted to different areas of 

research, including but not limited to: 

a. Targeted Drug Delivery: This method can be adapted for the controlled

release of drugs in a drug delivery system where therapeutic agents (such

as nanoparticles loaded with drugs) can be attached to and detached from
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specific sites in the body. This allows for precise control over the timing 

and location of drug release, improving treatment efficacy and reducing 

side effects. In regenerative medicine, these nanomaterials can be 

reversibly attached to scaffolds or implants to promote tissue regeneration. 

The nanomaterials can be removed once the healing is underway to prevent 

potential long-term side effects. 

b. Advanced Electronics and Optoelectronics: In reconfigurable circuits, 

reversible immobilisation enables the dynamic reconfiguration of the 

electronic circuit at the nanoscale. Hence, optimising this method can 

create adaptive and reprogrammable electronic devices, enhancing their 

versatility and functionality. Also, in optical devices, nanomaterials with 

unique optical properties can be functionalised and reversibly attached to 

surfaces to create tunable optoelectronic devices. This can be used in 

dynamic displays, sensors, and communication systems. 

c. Catalysis and Chemical Synthesis: One of the significant challenges of 

nanocatalysts is the inability to recover or reuse them after product 

formation. Creating a reversible reactor surface capable of easy removal 

and regeneration of the catalyst is desirable. This increases the efficiency 

and lifespan of catalytic processes in chemical manufacturing and 

environmental applications. Also, creating selective attachments and 

detachments of the nanomaterials with specific catalytic properties 

enables the selective activation of different reactions, improving the 

precision and yield of chemical synthesis. 

d. Improved Microarray and Biosensor Technology: Reversible immobilisation 

is suitable for developing microarrays for high-throughput screening of 

biomolecules, such as DNA, proteins, and small molecules. This reduces 

costs and increases the efficiency of diagnostic and research applications. 

It is essential to create a refreshable surface for biosensors to enhance their 

sensitivity and selectivity. These nanomaterials can be detached, cleaned, 

and reattached, ensuring consistent performance and extending the 

sensor's lifespan. 

e. Environmental Remediation: Functionalising nanomaterials designed to 

bind specific contaminants can be reversibly immobilised on surfaces 

deployed in water or soil. Once the pollutants are captured, the 

nanomaterials can be detached and regenerated for reuse, making the 
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process more sustainable and cost-effective. Reusable sensors can also be 

used to create sensors that can detect pollutants. Once a sensor's capacity 

is reached, the nanomaterials can be detached, cleaned, and reattached 

to restore sensor functionality. 
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Appendices 

Appendix 1. 

(a). Concentration of gold Nanoparticles (14.9 nm from SEM) 

Moles of sodium citrate = mass / molar mass = 0.73525 g / 294.1 g/mol ≈ 0.0025 

moles 

Moles of gold chloride = mass / molar mass = 0.0985 g / 393.83 g/mol ≈ 0.00025 

moles 

The number of moles of gold (Au) nanoparticles can be assumed to be equal to 

the number of moles of gold chloride used. 

14.9 nanometers = 14.9 × 10-9 meters = 14.9 × 10-9 × 106 micrometres = 14.9 × 10-

3 micrometers  

Mass of gold = Moles of gold × Molar mass of gold 

= 0.0002502 moles × 197 g/mol 

≈ 0.0492894 g 

In milligrams (mg): 

Mass of gold in mg = 0.0492894 g × 1000 mg/g 

≈ 49.2894 mg 

Assuming spherical gold nanoparticles are produced, the volume of a single gold 

nanoparticle.  

Volume of particle (V) = (4/3) πr3 

Where radius (r) is half of the diameter. 

From SEM and ImageJ analysis, the size of the NP = 14.9 nm particle: 

r = 14.9 nm / 2 = 7.45 nm 

r = 7.45 × 10-9 m (since 1 nm = 10-9 m) 

Therefore, volume equals 

V = (4/3) π (7.45 × 10-9 m)3 

≈ 1.725 × 10-21 m3 

Number of Au atoms = Moles of gold × Avogadro's number or constant 

≈ 0.0002502 moles × 6.022×1023 mol-1 

≈ 1.5067 × 1020 

Total Au nanoparticles volume = Volume of one nanoparticle × Number of 

nanoparticles 

≈ 1.725 × 10-21 m3/particle × 1.5067 × 1020 particles 

≈ 2.60 × 10-1 m3 
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 (ρ) = mass/volume 

Volume of gold = Mass of gold/density of gold 

= 49.2894 mg / (19.32 g/cm3 (converted to mg/m3)) 

= 49.2894 mg / 19.32 × 106 mg/m3 

≈ 2.55 × 10-6 m3  

In litres (since 1 m3 = 1000 L): 

Volume of gold in litres = 2.55 × 10-6 m3 × 1000 L/m3 

≈ 2.55 × 10-3 L 

Concentration in mg/mL = Mass of gold in mg / Volume of solution in mL 

= 49.2894 mg / 500 mL 

≈ 0.0986 mg/mL 

Concentration in mol/dm3 = Moles of gold / Volume of solution in dm3 

= 0.0002502 moles / 0.5 dm3 

The concentration of gold nanoparticles in 500 mL of solution ≈ 0.0005004 

mol/dm3 

Using 2 mL of the gold NPs dispersed into 3nl of ethanol gives a concentration.  

C1V1 = C2V2 

C1 = Initial concentration = 0.0986 mg/mL 

C2 = Final concentration =? 

V1 = Initial volume      = 2 mL 

V2 = Final   volume  in ethanolic solution     = 5 mL 

C2 = 0.1972/5 = 0.03944 mg/mL or 2.0016x10-4 mol/dm3 (0.2 mM) 

 

(b.)  Concentration of gold Nanoparticles (35.53 nm from SEM) 

 

Moles of gold (III) chloride trihydrate = Concentration (mol/L) × Volume (L) 

= 0.25 × 10-3 mol/L × 0.050 L 

= 1.25 × 10-5 mol 

The gold nanoparticles' volume is found using the diameter given by SEM, which is 

35.53 nm. First, let's convert this to a radius in meters: 

Radius (r) = Diameter / 2 

= 35.53 nm / 2 

= 17.765 nm 

= 17.765 × 10-9 m (since 1 nm = 10-9 m) 

 Assuming that the NP is spherical. Volume, V equals 
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V = (4/3) πr3 

V ≈ (4/3) π (17.765 × 10-9 m)3 

V ≈ 2.350 × 10-23 m3 per particle 

Total volume of gold nanoparticles (mL) 

≈ 177.0 mL 

The density of gold is 19.3 g/cm3, and the mass of gold in the nanoparticles is: 

Mass = density × volume 

= 19.3 g/cm3 × 177.0 cm3 

= 3416.1 g 

Converting the mass to milligrams (mg): 

= 3,416,100.0  mg 

The concentration of gold nanoparticles in mg/mL equals: 

Concentration (mg/mL) = Mass of gold nanoparticles (mg) / Volume of solution 

(mL) 

= 3,416,100 mg/ 50,000 mL 

= 68.3 mg/mL 

To calculate the concentration in mol/dm3: 

Molar concentration (mol/dm3) = moles of gold / volume of solution (dm3) 

= 1.25 × 10-5 mol / 0.05 dm3 

= 2.5 × 10-4 mol/dm3 

Using 2 mL of the gold NPs dispersed into 3 mL of ethanol gives a concentration: 

C1V1 = C2V2 

C1 = Initial concentration = 68.3 mg/mL 

C2 = Final concentration =? 

V1 = Initial volume      = 2 mL 

V2 = Final   volume      = 5 mL 

C2 = 68.3 mg/mL * 2/5 = 27.32 mg/mL 

= 0.14 mol/dm3 

(c.)  Silver NPs 

Moles of silver equals 0.01M *0.01L = 0.0001 moles 

Molar mass of silver = 107.8682 g/mol 

Moles per nanoparticle = Mass of a single NP / Molar mass 
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Moles per NP = 3.514 *10-19 g * 107.8682 g/mol 

The average size of the silver NP from SEM  = 40 nm 

Density of silver = 10.49 g/cm3 

Volume of a single particle = Volume = (4/3) * π * (20 × 10-9 m)3 

Volume = 3.351 * 10 -23 m3 per/NP 

For a single nanoparticle, mass = volume * density  

= 3.351 * 10 -23 m3 per/NP * 10.49 

= 3.351 * 10 -29 g 

Molar mass of silver = 107.8682 g/mol 

Moles per nanoparticle = Mass of a single NP / Molar mass 

Moles per NP= 3.257 *10 -21moles 

Total moles of silver = 0.01 M * 0.01 L = 0.0001 moles 

Total number of NPs = Total moles / Moles per NP 

Total NPs = 0.0001 moles *3.257 *10 -21moles/NP 

= 3.07 * 10 16/ nanoparticles 

Total mass = Mass of a single NP × Total number of NPs 

Total mass = 3.514 * 10-19 g/NP * 3.07 * 10 16/ nanoparticles 

Total mass = 1.078 g = 1078 mg 

Concentration = Total mass / Volume of solution 

Concentration = Total mass / Volume of solution = 10.78 mg/mL 

Concentration in Molarity for 3 mL Solution: 

Original molarity = 0.001 mol/dm3 

In 3 mL of ethanolic solution =0.003 mM 
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Appendix 2. 

Figure 72: Comparison between (a.) citrate-coated silver NPs and (b.) HH-coated Silver NP 
after solvent washes in water.  After washing, a black remnant or head was seen in (a.) but 
absent from (b.) Scale bar = 50 µm. 4x Mag.  

Figure 73 : The immobilisation of gold nanoparticles synthesised using the citrate-coated 
method after solvent exchange in water (c.). Scale bar = 50 µm. 4x Mag.  

Appendix 3. 

Other self-assembled layers formed with random patterns using the fluorous 
effects. 

Figure 74: SEM micrographs showing the ability of fluorous modified 55 nm gold 
nanoparticles to form a self-assembly monolayer using the same protocol on bare 
glass. Images were taken at different regions on the surface.Various scale bars. 
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Figure 75: Figure a-h shows SEM micrographs with the ability of fluorous modified 55 nm 
gold nanoparticles to self-assemble and arrange into different structures on the fluorous 
modified surface. The red squares show areas where different patterns created by fluorous 
are visible. Various scale bars. 
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