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Abstract

Hierarchical aqueous self-assembly of gold nanoparticles (Au NPs) triggered by
macrocyclic molecules, cucurbiturils (CBs), provides a facile method to fabricate surface-
enhanced Raman spectroscopy (SERS) substrates for potential applications in homeland
security, environmental monitoring, therapeutic drug monitoring and disease diagnostics.
In contrast to conventional techniques which suffer from non-specificity and false signals,
the Au NP: CB SERS system offers numerous advantages for on-site detection such as
high sensitivity, selectivity, reproducibility, cost-effectiveness and minimal sample
preparation. The molecular recognition in the system is mediated by a combination of CB
host-guest complexation and formation of precise nanojunctions between Au NPs,
leading to very strong and reproducible SERS signals. Herein, supramolecular chemistry
between CBs and various attractive analyte targets including explosives (2,4-
dinitrotoluene, DNT), drugs (methylxanthines, MeX) and biomarkers (creatinine, CRN)
was investigated using experimental and computational approaches to quantify the key
binding parameters for the subsequent SERS studies. The host-guest complexes can be
used to modify the aggregation kinetics of the Au NP: CB nanoaggregates meanwhile
bulky guests can be quantified in the SERS system with highly reproducible signals when
they are just positioned in close proximity to the plasmonic nanojunctions. The ability of
the SERS system to differentiate structurally similar molecules has been verified by
multiplexed detection of isomers while the tolerance against possible signal perturbation
from background molecules has been investigated in synthetic urine. This research has
provided new fundamental insights into the Au NP: CB SERS system and demonstrated
its potential to be extended to multiplexed detection of analyte targets in complex media,

thus paving the way towards in-field and point-of-care applications.
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Impact statement

Current challenges in terrorism, pollution and healthcare facing the contemporary
societies have continuously driven the development of high-performance sensors in
academic and industrial research around the world. This research has provided new
fundamental insights into a promising surface-enhanced Raman spectroscopy (SERS)
sensing platform based on aqueous self-assembly of gold nanoparticles (Au NPs)
mediated by macrocycles, cucurbiturils (CBs), and explored the potential applications in
homeland security, environmental monitoring, therapeutic drug monitoring and disease
diagnostics.

In particular, the Au NP: CB nanoaggregates could be dual-triggered by the
electrostatic effects of analyte targets in addition to the usual carbonyl portal binding of
CBs, implying that the aggregation kinetics can be modified by the host-guest complexes
between CBs and analyte targets, and thus allowing new possibilities in the design of the
SERS system. The scenario of bulky guests in the Au NP: CB SERS system, which has
not been properly addressed in previous studies, was clarified in our work, meanwhile the
relatively rare neutral host-guest complexation would extend the range of attractive
analyte targets available for this system. Multiplexed detection of isomers has also been
successfully demonstrated, which could be easily extended to a wide range of structurally
similar molecules. Our findings would potentially impact the subsequent research in
relevant fields such as supramolecular chemistry, SERS and nanosensors.

In a nutshell, this research has set very promising examples in utilising the Au NP:
CB SERS system towards real sample testing or applications in real environments that
could be potentially achieved in the next few years, whereas commercialisation might

also be possible in the long run.
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Chapter 1. Introduction and Literature Review

This Chapter first provided insights into the motivations of the research, followed by the
introduction of the fundamental knowledge and critical review of the current
developments in the relevant fields. The objectives of the research and thesis structure

were given in the latter part of this Chapter.

1.1 Motivations
The growing demand for trace detection of explosives, environmental pollutants, drugs
and biomarkers in different fields including homeland security, environmental monitoring,
on-site healthcare monitoring and early disease diagnostics, has driven the continuous
development of academic and industrial research for high-performance sensors to tackle
real-world problems. Conventional techniques for rapid detection of small molecules
mainly rely on colourimetry, immunoassay and ion mobility of the species, which suffer
from non-specificity and are prone to false signals. In contrast, surface-enhanced Raman
spectroscopy (SERS) is a promising analytical technique that offers a good combination
of merits for on-site detection, including high sensitivity and selectivity, rapid response,
cost-effectiveness, portability, ease-of-use, minimal sample preparation and wider
information window. However, the existing SERS substrates often face a dilemma of
complicated fabrication procedures and low signal reproducibility which hinders the
practical applications of the SERS sensors.

Aqueous self-assembled nanoaggregates of gold nanoparticles (Au NPs) and
cucurbit[n]urils (CBs) initially reported by Lee and Scherman? provides a facile method
to fabricate SERS substrates with precise plasmonic nanojunctions, which leads to very

strong and reproducible SERS signals. While there have been a few illustrative

UCL Chemistry 25



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

examples?® exploiting the Au NP: CB nanoaggregates for SERS studies, the fundamental
science and the potential applications of the Au NP: CB SERS system remain largely
unexplored. For instance, “Can it detect weaker CB guests?”, “What happens if there are
stronger binders of CB or Au NPs?”, “How does the CB cavity size affect molecular
recognition?”, “Can it detect structurally similar molecules simultaneously?”, “How do
the encapsulated guests affect the self-assembly of the Au NP: CB nanoaggregates?”,
“Can it detect analyte molecules in a complex matrix?”” and “What are the potential future
applications?”.

Herein, highly reproducible SERS substrates (i.e. Au NP: CB nanoaggregates)
were fabricated to investigate the quantitative detection of various small molecules via
CB host-guest complexation and formation of precise plasmonic nanojunctions within
the nanoaggregates, with the aim to provide new fundamental insights into the Au NP:

CB SERS system and explore the potential field and clinical applications.

1.2 Current sensing techniques

Numerous analytical techniques have been developed for qualitative and quantitative
detection of small molecules in practical applications, however, most of them fail to offer
a combination of advantages such as rapid response, high sensitivity, specificity, cost-
effectiveness, portability and ease-of-use. In the following, the current techniques for the
detection of analyte molecules studied in our research, namely 2,4-dinitrotoluene (DNT),

methylxanthines (MeX) and creatinine (CRN), were briefly introduced.

1.2.1 DNT

Common sensors for nitroexplosives (e.g. DNT) are based on techniques such as

colourimetry, ion mobility spectrometry and X-ray.® Colourimetric technique (e.g.
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Expray) is popular for rapid screening against nitroexplosives, in which a colour change
is observed when a reagent is sprayed onto a sample-containing surface swipe, but it may
not be able to differentiate certain type of explosives and is prone to false-positive (e.g.
fertilisers containing nitrates).” lon mobility spectrometry correlates the drift velocity of
ions from a vapour sample in an electric field to the mass-to-charge ratio to identify the
presence of nitroexplosives.® This technique is widely-used for its high-sensitivity,
portability, rapid response and ability to differentiate major explosives although
volatilisation is required for non-vapour (solution or solid) samples and a radioactive
source is usually used for ionisation.” X-ray detectors are commonly used for security
checks in airports to identify any material with a similar effective atomic number to
explosives by irradiating the luggage with an X-ray source to generate an image.? A
trained person is required to interpret the image for any suspected item while exposure to

X-ray radiation is potentially hazardous.

1.2.2 MeX

Enzyme immunoassay such as enzyme multiplied immunoassay technique (EMIT) and
high-performance liquid chromatography (HPLC) are used to quantify MeX, including
caffeine (CAF), theobromine (TBR) and theophylline (TPH), for therapeutic drug
monitoring and toxicity testing.> 2 EMIT is a homogenous assay based on the change in
enzyme activity due to competitive binding of enzyme-labelled (e.g. glucose-6-phosphate
dehydrogenase) drug and free drug in the sample with the antibody.'* A change in
absorbance associated with the change in enzyme activity can be measured via
spectroscopic techniques. HPLC is used to quantify MeX in the sample by separating

different components in the matrix using eluent solvent.!? Immunoassay techniques are
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moderately sensitive, expensive and prone to interferences with structurally similar

compounds,** while HPLC is time-consuming and requires expensive instrument.®

1.2.3CRN

The current clinical method for quantification of an important biomarker CRN is a
colourimetric technique based on the Jaffe reaction, in which a reddish-orange complex
is formed when CRN reacts with picric acid in an alkaline solution.'®” A blood serum
sample is extracted to determine the routine CRN level while a urine sample is collected
over 24 hours for CRN clearance test. The major drawback of this technique is its non-
specificity as picric acid forms the coloured complex with a wide variety of other
molecules including glucose, ascorbic acid and proteins, and thus interferes with the CRN

signals.!®

1.3 Raman spectroscopy

Raman spectroscopy (RS) is an optical spectroscopic technique developed in 19289
which allows us to identify and differentiate target analytes via their vibrational
fingerprints in a similar way to infrared (IR) spectroscopy (Figure 1.1). In RS, a single
mode laser illuminates the sample after passing through sets of mirrors and slits, most
photons are elastically (Rayleigh) scattered by the molecules whereas a very small
number of photons are inelastically (Raman) scattered and collected by a CCD detector
(Figure 1.2a). The Rayleigh scattered photon has the same energy as the incident photon
while the Raman scattered photon has either a lower (Stokes) or higher energy (anti-
Stokes) than the incident photon (Figure 1.2b). The Stokes Raman scattering is more
intense than the anti-Stokes Raman scattering, and is more commonly used in RS.?° The

selection rule for RS is that the molecular vibration needs to be coupled to a change in
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the polarisability of the molecule.?* The probability of Raman scattering (and hence
scattering cross-section) is very low as it depends on whether the incident light is in
resonance with the energy transition between the ground and excited electronic states of
the molecule.?? The Raman signal shows the intensity of photons collected as a function
of Raman shift, that is the energy difference between the incident and inelastically
scattered photons and is given in wavenumber (Figure 1.2c). RS offers advantages such
as no or minimal sample preparation, high spatial resolution, fast response and tolerance
to water, which merit its applications in different areas including geology,?
pharmaceuticals®* and polymer analysis?®®. However, RS is not suitable for diluted
samples due to its inherently weak signals, thus limiting its application to bulk solid or

liquid samples or materials.

Microwaves Infrared Visible Ultra-violet X-rays
’\"» ®
Wavelength (m) 10 10° 10 108 107°
Energy (kJ mol™) 102 1 102 10* 108
Molecular Bond Electronic lonisation and
rotations vibrations transitions  bond breaking

Figure 1.1. Schematic illustration of the electromagnetic spectrum, showing the energies

and material phenomena across a range of wavelengths (not to scale).
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Figure 1.2. (a-b) Schematic illustrations of (a) set-up of Raman spectroscopy and (b)

scattering of light by a molecule (paracetamol). (c) An example of Raman spectrum

(paracetamol).

1.4 SERS

SERS was first observed by Fleischmaan and co-workers?® during the measurement of
Raman signals of pyridine on a roughened Ag electrode in 1974 and the phenomenon was
interpreted by two groups, Jeanmaire and Van Duyne?” and Albrecht and Creighton?8, in
1977. Over the past 45 years, SERS has sparked great interests across different disciplines
including chemistry, physics, biology, materials and analytical science. SERS overcomes
the poor signals caused by the intrinsically low scattering cross-sections in RS with
metallic nanoparticles (NPs) or nanostructured surfaces such as Au and Ag serving as
substrates to reach an average enhancement factor (EF) of ~10%- 108. The overall EF is

contributed by the electromagnetic (EM) enhancement of the incident light absorbed on
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or near the surface of metallic NPs via localised surface plasmon resonance (LSPR) and
the chemical (CHEM) enhancement associated with the increase in polarisability of the
analyte molecules during charge transfer between the metallic NPs and the analyte
molecules (Figure 1.3). The overall EF (Gsers) is then given by:?°

Gsers = GemGehem 1)
where Gg,, and Ggpem are the contributions from the EM and CHEM enhancements

respectively.

GEm=GLocGRe
G, =[E(w)/E, P
Dot P Sl
‘L\G\ : W f{ : Che _oads o.free
G, =[E(w)/E, ]
Electromagnetic enhancement Chemical enhancement

Figure 1.3. Schematic illustration of the electromagnetic enhancement (local electric
field enhancement and dipole re-radiation enhancement) and the chemical enhancement
in SERS. Reproduced with permission from ref. 30. Copyright 2016 Nature Publishing

Group.

1.4.1 EM enhancement
The EF is mainly contributed by the EM enhancement (~10% - 101*), which is a two-step
process involving local electric field and re-irradiation enhancements due to LSPR of the

metallic NPs with the incident light (see section 1.5).2%3! When the analyte molecules are
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located in close proximity to the metallic NPs, the local electric field (E) oscillating at an

incident frequency of w is enhanced and the enhancement (G,,.) is defined by:

Groe = [22] @

Eo
where E| is the incident electric field.

The metallic NPs then transfer the Raman signals, which are proportional to the
square of the enhanced local electric field at a scattered frequency of w’, from near field
to far field due to the mutual excitation between the dipole of the metallic NPs and the
induced dipole of the molecules.3®3! This dipole re-irradiation enhancement (Gg,) is

defined by:

= [ )

For small Raman shifts (small frequency or wavelength differences between

incident and scattered photons),
Gem = GuocGre = |2 2] = 2] (4)

The EM enhancement is approximately proportional to the fourth power of the
local electric field enhancement. This commonly used |E (w)|* approximation is valid for
most applications but one may also need to account for the non-local effects caused by
the sub-nm spacing between the NPs (quantum confinement effects), the anisotropic
nanostructures and the random orientations of molecules under certain circumstances
(polarisation effects).3032-34 Furthermore, the EM enhancement is strongly dependent on

the distance from the surface of the metallic NP (r), which is given by:2%3!

GEm(™) _ [L]“ (5)

Ggm (0) a+r
where a is radius of the metallic NP. The SERS enhancement decreases significantly for

a small increase in the distance between the analyte molecules and the metallic NPs
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(Figure 1.4), hence it is very important to bring the molecules close to the surface of the

SERS substrate.

0 10 20 30 40nm

Figure 1.4. Finite difference time domain simulation of spatial distribution of local
electric field of the Au NP, showing the dependence of EM enhancement on the distance
from the Au NP surface. Reproduced with permission from ref. 31. Copyright 2018

American Chemical Society.

1.4.2 CHEM enhancement

The contribution of the CHEM enhancement (10 — 100) to the EF is much smaller than
that of the EM enhancement,?23! however, it is still important to understand the chemical
mechanisms in order to optimise the SERS signals for the desired applications. When the
analyte molecules are adsorbed onto the substrate, the polarisability and hence the cross-
sections of the vibration modes of the molecules are modified by the surface interaction

with the metallic NPs (Figure 1.3).222° The CHEM enhancement (G¢per) is defined by:

o
Gehem = o;:l; (6)

where 44, and oy, are the cross-sections of adsorbed and free (unbound) molecules
respectively. The non-resonant interaction (ground state interaction between molecule

and metallic NP), the molecular resonance (resonance of incident light with molecule)
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and the charge transfer resonance (resonance of incident light with metal-molecule
coupling) are the mechanisms contributing to the overall CHEM enhancement. 33
Electronic structure methods such as time-dependent density functional theory
(DFT) have been used to describe the CHEM enhancement by modelling the metallic NP
as a cluster of several atoms. This method can calculate the static polarisability derivatives
of the metal-molecule system (ground state) but fails to interpret the weakly-coupled
(long-range) charge transfer correctly (strongly mixed with LSPR).3637 Recently, semi-
empirical molecular orbital methods such as Intermediate Neglect of Differential Overlap
Hamiltonian and the singles configuration interaction approaches have been used to
describe the CHEM enhancement from charge transfer by separating the LSPR and

charge transfer resonance in the calculations.?>%

1.4.3 Hotspots
The SERS EF is dependent on the nanoscale geometry of the metallic NP substrate and
the distance and relative orientation between the analyte molecules and the substrate. The
EM enhancement is highly localised in a very small spatial volume on or in close
proximity to the SERS substrate which is known as a hotspot. The hotspots are usually
located at the nanogaps between two metallic NPs (or NP and substrate) or at the sharp
tips or corners of anisotropic nanostructures such as nanocubes (NCs) and nanostars
(NSs).3%40 The enhancement of the local electric field is much stronger in the nanogaps
than on the surface of NPs and thereby aggregated NPs are usually used as SERS
substrates instead of isolated NPs.?°

The SERS signals can be enhanced significantly when the analyte molecules are
located in close proximity to the plasmonic hotspots. For instance, the SERS EF increases

by four orders of magnitudes when the nanogap between the Au NP dimer is reduced
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from 10 nm to 2 nm (Figure 1.5a,b).3%4142 The dependence of EM enhancement on the

size of the nanogap (g) is given by the power-law:*243

1

where n ~2.
However, the EF can be reduced by an order of magnitude due to quantum

tunnelling when the nanogap is at sub-nm scale (< 0.7 nm) (Figure 1.5c).424445

(a) (b) (C) ;o—quahtum
) —»—classical
o 10° 10 —e—experiment |
)~
g 107 =
""" “ 3
oy 2 nm| 3
gI 3o e 108
A @ / 10 nm ;
s .E / 10
w 103

500 600 700 800

Wavelength (nm) 06 08 1 12 14 16
film-NP distance (nm)

Figure 1.5. (a) Schematic illustration of a nanogap between two Au NPs. (b) The
dependence of the SERS EM enhancement on the size of the nanogap between two Au
NPs. (c) The quantum tunnelling effect on the SERS EM enhancement for < 0.7 nm
distance between Au NP and Au film. Reproduced with permissions from ref. 31, 45.

Copyright 2014, 2018 American Chemical Society.

1.5 Surface plasmon resonance

The very first applications of the metallic NPs were over a millennium ago though the
modern research has just begun in the past century. The Lycurgus Cup, which was
manufactured by the Roman craftsmen in 4" century, is the most well-known example of
ancient artefacts composing of metallic NPs (Figure 1.6). Interestingly, the Lycurgus Cup

resembles jade with an opaque greenish-yellow colour when light is illuminated from

UCL Chemistry 35



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

outside but resembles a translucent ruby red colour when illuminated from inside. The
dichroic nature of the Lycurgus Cup under illumination is due to the presence of

nanocomposites of Au and Ag NPs at a ratio of 3:7.46

(b)

Figure 1.6. The Lycurgus Cup in (a) reflected light and (b) transmitted light. Copyright

The Trustees of the British Museum.

The distinct colour appeared on the metallic NPs is resulted from a photophysical
process termed surface plasmon resonance (SPR), in which the free (conduction band)
electrons within the NPs are polarised by the electric field of the incident light to create
a coherent multipolar (e.g. dipolar) oscillation between the opposite charges of the NPs
(Figure 1.7).*” When the coherent oscillation is highly localised to a particular position

(e.g. on the NP surface), it is known as localised SPR (LSPR).

Figure 1.7. Schematic illustration of localised surface plasmon resonance of Au NPs.
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In 1908, Mie*® provided the first explanation to the ruby-red colour of Au NPs by
solving Maxwell’s equations for interaction of small metallic NPs with monochromatic
electromagnetic wave. The extinction cross-section a,,,; of a metallic NP, which is the
sum of its absorption g, and scattering cross-sections o,.,, IS given by the following

equations:2%49

Oext (W) = Ogps (W) + Tgcq (W) (8)
[ e(w)-—gm
Ogps(w) = 4mka3i [% 9)
8 (@)=em |
Osca(w) = ?nk‘*a6 % (10)

where k is wavevector, a is radius of the metallic NP, e(w) is complex dielectric
constant of the metallic NP and ¢,,, is dielectric constant of the surrounding medium. For
a metallic NP with radius much smaller than the wavelength of incident light (2a «< 1),
i.e. a < 10 nm, it experiences a time-dependent but spatial-independent (homogeneous)
electric field under the quasi-state approximation. The electric field inside the metallic
NP (E;,,) is thus given by:2%4°

Ej = Eg—am (11)

0 e(w)+2e,
In this case, a dipolar charge distribution is generated on the NP surface and the
extinction cross-section is mainly contributed by light absorption (Figure 1.8a), which

can be described by the equation below:4%*

9em3/2Vw &(w)
c (e1(w)+2em)?+&22 (w) (12)

Oext (W) =
where V is volume of the metallic NP, c is speed of light, ; and ¢, are the real and
imaginary parts of the dielectric constant of the metallic NP. When ¢, is sufficiently small,

0.yt 1S Maximised at a resonance frequency when

& (w) = —2é&p, (13)
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The position and bandwidth of the LSPR peaks are determined by real and
imaginary parts of the dielectric constant of the metallic NP.>%%! For example, the LSPR
peaks of Au NPs and Ag NPs lie within the visible range, at ~520 nm and ~420 nm
respectively. The loss factor (optical losses mainly due to interband and intraband
transitions) of the metallic NPs is also described by the imaginary part of the dielectric
constant.>> Ag NPs have lower losses than Au NPs in the visible range, as the band edge
frequency (at which interband transition becomes allowed) in Ag NPs is above the LSPR
frequency, implying that the localised surface plasmons cannot decay into electron-hole
pairs.53%* This results in relatively stronger EM field enhancement and better plasmonic
photothermal properties and hence stronger SERS signals. In contrast, the localised
surface plasmons in Au NPs can delay into electron-hole pairs due to overlapping of the
band edge and LSPR frequencies, resulting in higher losses.>3* Nevertheless, Au NPs
are preferred for theranostic applications for their biocompatibility, chemical stability and
low cytotoxicity.>

When the size of the NPs is greater than their electron mean free path (e.g. ~40
nm for Au NPs), the electrons are scattered in all directions. The contribution from the
scattering cross-section starts to appear and the extinction cross-section becomes more
complex (Figure 1.8b).5%% There are approximately equal contributions from absorption
and scattering to the extinction cross-section when the size of Au NPs reaches 80 nm
(Figure 1.8c).5%54% The LSPR peak is redshifted and broadened as the particle size

increases (Figure 1.9a).
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Reproduced with permission from ref. 56. Copyright 2006 American Chemical Society.
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Figure 1.9. (a) UV-Vis spectra of Au NPs with sizes from 25 to 80 nm, showing gradual

red-shift in the LSPR peak with increasing particle size. (b) UV-Vis spectra of Au NTs

showing the transverse and longitudinal LSPR peaks.

When the shape of the metallic NPs derivates from sphericity, such as nanorods

(NRs) and nanotriangles (NTs), the resonances in the transverse and longitudinal

directions are no longer equivalent and there are two distinct LSPR peaks, with the lower

and higher wavelengths corresponding to the transverse and longitudinal LSPR

respectively (Figure 1.9b).4%57 Herein, the LSPR and hence SERS EM enhancement are

UCL Chemistry

39



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

dependent on the dielectric constant, size and shape of the metallic NPs. For instance, the
wavelength of the LSPR peak can be tuned into the near infrared range (650 - 900 nm) to
improve the penetration depth for biomedical applications, which is advantageous over

fluorescence probes as no UV excitation is required.%®

1.6 Other SERS related techniques

In the past years, various optical techniques based on or related to SERS have been
developed, including but not limited to, coherent anti-Stokes Raman spectroscopy
(CARS), resonance Raman spectroscopy (RRS), surface-enhanced Raman optical
activity (SEROA), electrochemical surface-enhanced Raman spectroscopy (EC-SERS)
and tip-enhanced Raman spectroscopy (TERS), for a wide range of applications.

CARS is a third-order non-linear process that utilises multiple lasers (photons) at
different frequencies to generate vibrational coherences via laser-sample interactions (i.e.
when the energy of a photon equals the energy difference between two photons).>® This
technique is particularly useful for biomedical imaging as no staining or chemical
labelling is required due to its intrinsic vibrational contrast.’° RRS is a technique based
on the normal RS in which the frequencies of the incident photons and the electronic
transition of the molecule overlap and the electrons are excited to a higher electronic state
(i.e. a subset of the Raman-active modes is enhanced).5! This technique allows selective
monitoring of a molecule in a complex matrix, such as biological chromophores
embedded in membrane proteins.®°

SEROA is a chiral-sensitive vibrational technique combining SERS and Raman
optical activity (ROA), in which a tiny difference in the Raman intensity of a chiral
molecule in right- and left-circularly polarised light is measured.®?> The potential

applications of SEROA include protein and RNA studies.®® EC-SERS integrates SERS
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with electrochemical techniques to produce CHEM enhancement from charge transfer
that occurs when the energy of the incident photons overlaps with the transition between
the Fermi level in metal-molecule couplings.?? Examples of EC-SERS studies include
surface adsorption, structure of interfacial water, surface redox reactions and
electrodeposition.®* TERS, which combines SERS with scanning probe microscopy,
utilises nanoscale metallic tips to generate a strong EM enhancement at the tip apex as to
increase the spatial resolution (to a few nm) with intramolecular chemical resolution for

studying biomaterials, carbon materials and polymers.226566

1.7 SERS substrates

To develop a high-performance SERS sensor, it is essential to understand how the
enhancement and reproducibility of the SERS signals are affected by the features of the
SERS substrates, including substrate type, material, size, shape and fabrication method.
Though the ultra-high SERS enhancement (e.g. single-molecule level) is of numerous
interests in the research community, other aspects such as reproducibility, uniformity,
ease-of-fabrication, stability and cost-effectiveness are critical to most practical
applications. Herein, different SERS substrates based on the state of matters, i.e. solution

and solid, are presented in the following subsections.

1.7.1 Solution-based substrates

Colloidal NPs such Au NPs and Ag NPs, which can be synthesised via bottom-up
approaches (e.g. sodium citrate reduction of the corresponding metal precursor, see
section 1.8)5768, are the most commonly used solution-based SERS substrates. Colloidal
Au NPs and Ag NPs are easy to synthesise (also commercially available), highly

reproducible and cost-effective, meanwhile allowing surface functionalisation and
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tunable plasmonics by varying their size and shape. However, unaggregated (single)
spherical NPs suffer from low SERS signal enhancement due to their high symmetry. The
SERS signals of colloidal NPs can be enhanced via aggregation to form a 3D network of
plasmonic hotspots, which can be triggered by adding salt (e.g. NaCl)® or using
molecular linkers (e.g. DNA and biotin-streptavidin)’®", Unfortunately, it may be
difficult to control the aggregation process and the measurement window for colloidal
nanoaggregates is rather limited due to its dynamic nature.

The SERS signals can be further enhanced by using anisotropic nanostructures
such as Au nanorods (NRs)’2, Au nanotriangles (NTs)”3, Ag nanocubes (NCs)", Au
nanostars (NSs)”® and nanogapped nanoparticles (NNPs)’®’7 (Figure 1.10), due to an
increase in the number of plasmonic hotspots at the sharp edges or corners. Typically, Au
NRs are synthesised in the presence of a cationic surfactant, cetyltrimethylammonium
bromide (CTAB).”® The synthesised Au NRs can be used as SERS substrates after
removing the excess CTAB by centrifugation and the surface-bound CTAB by HCI
treatment.’> Au NTs can be synthesised in the presence of Nal and
cetyltrimethylammonium chloride (CTAC), which act as the shape directing agent and
surfactant respectively. The Au NTs were then purified, flocculated overnight and the
precipitated NTs were redispersed in CTAC before SERS measurements.”® SERS
substrates based on Ag NCs can be prepared by ethylene glycol (EG) reduction of AgNOs3
in the presence of poly(vinyl pyrrolidone) (PVP) and HCI.” EG and excess PVP were
removed by washing with acetone and ethanol before redispersion in water.”* Notably,
the Ag NCs can also be used to prepare Au nanocages via galvanic replacement
reaction.®% Au NSs, which are sometimes known as Au nanoflowers®!, nanoporous Au
NPs&, Au tetrapods®, etc., have a higher number of sharp tips or branches and hence

plasmonic hotspots, making them promising for SERS applications. For instance, Au NSs
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can be synthesised via a PVP-mediated approach, in which the PVP-coated Au seeds in
ethanol were injected into a growth solution of dimethylformamide (DMF). Excess PVP

and DMF were then removed by centrifugation in ethanol.”™
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Figure 1.10. TEM images of different SERS substrates (a) Au NRs, (b) Au NTs, (c) Ag
NCs and (d) Au NSs. Reproduced with permissions from ref. 72, 73, 75, 79. Copyrights
2010 Elsevier B.V., 2008, 2014 American Chemical Society, 2002 American Association

for the Advancement of Science.

Au NNPs can be synthesised by the reaction of DNA-modified Au cores®* with
NH20H-HCI and HAuCla in the presence of PVP (Figure 1.11a).”® The analyte molecules
can be loaded into the ~1 nm hollow gap between the Au core and Au shell for SERS
sensing. In addition, SERS substrates based on multi-shell Au NNPs and hybrid NNPs
can be achieved by repetitive polydopamine (PDA) coating on a wide variety of cores
such as spherical Au NPs, Au NRs, metal-organic frameworks, and magnetic polymer
NPs (Mag NPs) and subsequent purification (Figure 1.11b).”” Hence, SERS substrates
based on anisotropic nanostructures can significantly enhance the SERS signals, but the

synthetic methods are relatively complicated, as compared to the spherical NPs.
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Figure 1.11. (a) Schematic illustration of Au NNPs mediated by DNA, TEM images of

the intermediates (1-3) and Au NNPs (4-5) and elemental line mapping of the ~1.2 nm

nanogap within Au NNPs (6). (b) Schematic illustration of multi-shell NNPs mediated

by PDA and TEM images of Mag NP@PDA@Au and Mag NNPs. Reproduced with

permissions from ref. 76, 77. Copyrights 2011 Nature Publishing Group, 2016 American

Chemical Society.
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1.7.2 Solid-based substrates
The first ever SERS substrate was fabricated by electrochemical roughening,?® in which
very small regions of metal (e.g. Ag, Au or Cu) from the working electrode are dissolved
upon a positive potential and the dissolved metal is then redeposited back onto the
electrode upon a more negative potential in a three-electrode system.® Electrochemical
roughening is useful for large-scale fabrication and can be easily adopted to different
electronic conductors with the major drawback being lack of precise control in the surface
roughness.?® Solid-based SERS substrates generally involve sophisticated fabrication
procedures and hence are more expensive than solution-based substrates.??
Template-based techniques (e.g. anodic alumina oxide, AAQ) and lithography
(e.g. electron-beam lithography) are other commonly used fabrication methods for SERS
substrates. An AAO template can be easily fabricated by dissolving alumina in acidic
solution upon a high voltage to form a porously hexagonal pattern.®® Electrodeposition of
metal (e.g. Ag, Au or Pt) is then performed before dissolving the AAO film in phosphoric
acid to form the elongated nanostructures. Template-based techniques are particularly
useful for large-scale fabrication.® In e-beam lithography, the regions of a resist, which
is an electron-sensitive polymer (e.g. poly(methylmethacrylate), PMMA), exposed to a
focused beam of electrons are either dissolved or remained (Figure 1.12).2°8” The metallic
nanostructures can then be constructed via different routes, etching or lifting off. The
former involves reactive ion etching of the resist pattern into the substrate before
removing the resist and depositing metal (e.g. Ag or Au) onto it, whereas the latter
involves metal deposition before removing the resist, to generate metallic nanopatterns.
The geometry of the SERS substrates can be precisely controlled using this technique
with a relatively good reproducibility as opposed to electrochemical roughening, while

being very expensive and not suitable for large-scale fabrication.?
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Figure 1.12. Schematic illustration of fabrication of SERS substrates by e-beam

lithography. Reproduced with permission from ref. 87. Copyright 1998 Elsevier B.V.

Colloidal NPs can be immobilised on solid supports as SERS substrates, which
are relatively stable and easy to handle. For instance, the surface of a glass slide can be
chemically modified by 3-aminopropyltrimethoxysilane before immersing into a solution
of Au NPs or Ag NPs to form a self-assembled monolayer (Figure 1.13).888° The idea of
self-assembled monolayer can be extended to multi-layers using a layer-by-layer
approach, in which the substrate is immersed into a solution of bifunctional cross-linkers
after forming the first self-assembled monolayer of NPs and the process of alternate
immersion is repeated until the desired number of layers is formed.*° The reproducibility
of the SERS signals using multi-layered substrates is relatively higher than the
monolayered substrates at the expense of uniformity issues due to aggregations of NPs.
The SERS substrates based on self-assembly of NPs can be optimised for different
applications by varying the features of NPs (e.g. material, size and shape), type of solid

supports (e.g. glass, silicon, metal and paper), cross-linkers and immersion time.
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Figure 1.13. Schematic illustration of immobilisation of colloidal NPs onto a glass slide.
Reproduced with permission from ref. 89. Copyright 1995 American Association for the

Advancement of Science.

Shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) is a
technique developed for ‘smart dust’ SERS substrates, in which Au@SiO2or Au@AIl203
core-shell NPs is spread over the surface of interests to form a monolayer (Figure 1.14).%
The chemically inert SiO2 or Al20Os shell can protect the Au NPs from aggregating or
direct contact with the analyte molecules (e.g. methyl parathion). This method offers
flexibility in probing analyte molecules anchored on materials of various sizes and shapes

(e.g. orange) with strong SERS signal enhancement.
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Figure 1.14. (a) Schematic illustration of SHINERS. (b) SEM image of the Au@SiO:2

NP monolayer on Au surface (left) and TEM image of the Au@SiO2 NP (right). (c)
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SHINERS measurements of pesticide residues (methyl parathion) on an orange.

Reproduced with permission from ref. 91. Copyright 2010 Nature Publishing Group.

1.8 Synthesis of Au NPs

Though the very first applications of Au NPs dates back to 4™ century, no synthetic
method has been reported until 1857 when Faraday® synthesised Au NPs via phosphorus
reduction of AuCls solution in a two-phase CSz-water mixture. Many techniques have
been developed for the preparation of NPs from bulk materials (top-down approach) or
from atoms, molecules and clusters (bottom-up approach) since then. Bottom-up
approach such as colloidal self-assembly is more popular than top-down approach for its
relatively narrow size distribution and high uniformity. There have been countless reports
on the synthetic methods of Au NPs, but the Turkevich method developed in 1951 and
the Brust-Schiffrin method developed in 1994 remain as the most popular and standard
methods for Au NP synthesis to date. While the synthesis of non-spherical Au
nanostructures is of numerous research interests, it often involves the use of surfactants
such as CTAC that restricts further functionalisation by CBs. The recent advances in Au

nanostructures can be found in the literature.%

1.8.1 The Turkevich method

The first breakthrough in the synthetic method of Au NPs did not take place until a
century after Faraday’s initial report. In 1951, Turkevich and co-workers®’ developed a
similar approach to synthesise Au NPs with a typical size of 20 nm via sodium citrate
reduction of HAuCI4 in aqueous solution. Later in 1973, Frens®* refined the Turkevich
method to produce Au NPs with sizes ranging from 16 to 147 nm by varying the ratio of

sodium citrate to HAuCla. However, this method results in polydispersity when the
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particle size is greater than 20 nm. Continued effort in the modification of the Turkevich
method (e.g. temperature, pH, ratio of reactants and order of addition) and the
understanding of the mechanism has been made in the recent decades, aiming to
synthesise monodispersed Au NPs tailored for different applications.®>-1%° Of particular
mention, Puntes and co-workers!®! developed a kinetically-controlled seeded growth
method to synthesise monodispersed Au NPs with controllable sizes from 10 to 180 nm
(Figure 1.15), simply by varying temperature and seed concentration. An exhaustive list
of other modifications on the Turkevich method can be found in a recent publication.1?
Herein, the Au NPs synthesised via the Turkevich method are suitable for further
functionalisation by CBs as the citrate-capping layer is only loosely bound to the surface
of Au NPs. For instance, citrate-capped Au NPs with sizes > 40 nm formed via the
kinetically-controlled seeded growth method could be a good candidate for SERS

substrates after CB functionalisation.

Figure 1.15. TEM images of the Au NPs synthesised via the kinetically-controlled seeded
growth method. The Au NPs increased from 8.4 nm to 180.5 nm after 14 growing steps.

Reproduced with permission from ref. 101. Copyright 2011 American Chemical Society.
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1.8.2 The Brust-Schiffrin method

The Turkevich method has been widely used for Au NP synthesis but the synthetic
method for sub-10 nm remained an open challenge until Schiffrin and co-workers'®
reported an one-step method to synthesise thiol-functionalised Au NPs of 1-3 nm in 1994,
The Brust-Schiffrin method involves the reduction of HAuCls by sodium borohydride in
the presence of dodecanethiol at water-toluene interface with tetraoctylammonium
bromide acting as phase-transfer reagent. Though this method has impacted the
subsequent development in the field,1%41% it is not suitable for our studies as the strong
interaction between Au and thiol prohibits further functionalisation by CBs and the small

sizes of Au NPs synthesised are not optimised for SERS sensing.

1.9 Functionalisation of Au NPs

Bare Au NPs tend to aggregate to lower their surface energy owing to the nature of their
incredibly high surface area. It is necessary to precisely control the aggregation of Au
NPs as to ensure the formation of reproducible SERS substrates. Functional ligands and
linkers such as citrate®, alkylthiols'%, carboxylates'®’, amines!®®, DNA and biotin-
streptavidin’® have been used to aggregate Au NPs for a wide range of applications.
However, these strategies fail to produce a controllable and consistent inter-particle
spacing between Au NPs or provide access to plasmonic hotspots, resulting in
irreproducible plasmonics and hence are not desirable for use as SERS substrates.? In
2010, Lee and Scherman! first defined a precise inter-particle spacing of 0.91 nm between
Au NPs by capping a supramolecular host molecule, cucurbit[5]uril (CB5), which has led
to the subsequent applications of the Au NP: CB nanoaggregates as substrates for SERS

sensing (see section 1.15).
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1.10 Supramolecular hosts

Supramolecular chemistry describes the non-covalent interactions between two or more
molecules or ions to form a structural complex.1% Macrocyclic hosts such as crown ethers
(CEs)!, calixarenes (CXs)'*!, cyclodextrins (CDs)™? and CBs!?® (Figure 1.16), which
can trap small analyte molecules or ions inside their cavities to form host-guest complexes,
have attracted great attention for their wide-range applications. CBs outweigh the
classical supramolecular hosts for their higher selectivity towards the shape and charge
of guest molecules.! Among all, CB7 stands out for its remarkably high binding affinity
for neutral guests in water (similar to biotin-avidin pair) whereas similar binding affinities
can only be obtained for host-guest complexation between molecules of high and opposite

charges in other supramolecular systems.!4
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Figure 1.16. Chemical structures and molecular models (top view) of different
macrocycles. (Colour code: grey = C atom, white = H atom, red = O atom and blue = N

atom.)
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1.11 Synthesis of CBs
The first CB homologue (CB6) was reported by Behrend and co-workers!'® as a
condensation product of glycoluril and formaldehyde in 1905 but the existence of CBs
was not widely known until Mock and co-workers!® reported the molecular structure of
CB6 (i.e. 6 glycoluril units bound together by 12 methylene bridges) in 1981. The name
“cucurbituril” was proposed by Mock for the resemblance of the CB molecular structure
to a pumpkin, which belongs to the plant family cucurbitaceae.!*® In 2000-2002, the
research groups of Kim!'’ and Day*'811° reported the synthesis and isolation of other CB
homologues, including CB5, CB7, CB8 and CB10-CBS5 (i.e. CB5 encapsulated within the
cavity of CB10), with different number of glycoluril units (Figure 1.17), by modifying
the reaction conditions such as reagent (H2SO4/HCI), temperature (80-100 °C) and time
(10-100 h).1?0:121 The isolation of CB homologues is based on their extent of solubilities
in water, water/methanol and diluted HCI, with CB6 being the major product.*?°

CB10 can be isolated from CB10-CB5 (Figure 1.18) via competitive guest binding
to displace CB5 and subsequent removal of the new guests. The first isolation was
performed by Issacs and co-workers in 2005,*2%122 using an excess amount of melamine
diamine to form a 2:1 complex with CB10. The two guests were then removed by washing
with methanol and reaction with acetic anhydride, followed by washing with methanol,
dimethyl sulfoxide and water. A few years later, a simpler approach was reported by Day
and co-workers!?* in which the commercially available 1,12-diaminododecane was used
to displace CB5 at low pH. 1,12-diaminododecane was removed by repetitive washing

with NaOH/methanol solution and CB10 was recrystallised from HCI.
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Figure 1.17. General synthesis and isolation of CBs, showing the four smallest CB
homologues (CB5 - 8). iCB6 is the abbreviation for inverted CB6. Curved arrows indicate
precipitation. The purification step is reproduced with permission from ref. 120.

Copyright 2012 The Royal Society of Chemistry.

CB10-CB5 CB10

Figure 1.18. X-ray crystal structure of CB10-CB5 (left) and CB10 (right). Reproduced

with permission from ref. 123. Copyright 2009 The Royal Society of Chemistry.

UCL Chemistry 53



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

The larger members of the CB family, CB13, 14, 15, which adopt twisted
conformations, have been isolated in 2013 and 2016 (Figure 1.19, Table 1.1).1%5126 The
recent discovery of the twisted CB13-15 indicates there is a trace amount of larger CB
homologues formed in the course of CB synthesis, which is still based on the acid-

catalysed condensation of glycoluril and formaldehyde reported by Behrend to date.

Figure 1.19. Side (left) and top view (right) of the X-ray crystal structure of Cd?*/CB15
complex. CB15 is the current largest member of the CB family. Reproduced with

permission from ref. 126. Copyright 2016 American Chemical Society.

Table 1.1. Timeline of the discovery of homologues in the main CB family (CB
derivatives are excluded). Reproduced with permission from ref. 121. Copyright 2015

The Royal Society of Chemistry.

Year CB homologue Research group Ref.
1905 CB6 (not structurally known) Behrend 115
1981 CB6 Mock 116
2000 CB5,7,8 Kim 117
2002 CB10-CB5 Day 119
2005 CB10 Issacs 122
2013 CB14 Tao 125
2016 CB13, 15 Tao 126
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Apart from the main CB family, numerous CBn derivatives, including
functionalised CBn'?"-13 inverted CBn (iCBn)'34, nor-seco-CBn*>13 and congeners
such as bambus[6]uril and hemicucurbit[n]uril*3"138 have also been synthesised by
various research groups since the first synthesis of CB derivatives (decamethyl-CB5) by
Stoddart and co-workers'®® in 1992. Details on the synthesis and structures of CB

derivatives can be found in recent reviews,?%140

1.12 Fundamental properties of CBs
CBs are defined by their characteristic rigid and highly symmetric structures, with two
negatively charged carbonyl portals and a hydrophobic cavity. The functionality of CBs
as cation-receptors is illustrated by the electron-rich carbonyl oxygens at the portals in
the electrostatic potential map (Figure 1.20).12%141 The non-dipolar nature of CBs and the
lack of functional groups and lone electron pairs pointing towards the inside of the cavity
result in limited hydrogen bonding interactions and hence a highly hydrophobic
cavity.1?141 The electrostatic potentials at the portals and inside the cavity of CBs are
significantly more electronegative than CDs, CBs have a distinct preference to bind to
cationic guests over neutral guests and even more over anionic guests, in contrast to CDs
which exhibit a preference for neutral or anionic guests.'*3

Similar to other macrocycles (e.g. CDs), different members in the CB family have
the same height (0.91 nm) but their size (portal diameter, cavity diameter, outer diameter
and cavity volume) increases systematically with the number of glycoluril units (Figure
1.21, Table 1.2). Despite CB15 being the current largest member of the CB family in
terms of number of glycoluril units (Figure 1.19), CB10 remains as the homologue with
the largest effective cavity size (Figure 1.18). The number of main CB family members

have outweighed that of CDs with CB6, 7, 8 having comparable cavity volumes to a, 3,
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v-CD respectively. The CB portals are approximately 0.2 nm smaller than the equatorial
regions which restrict the size of guests binding to CB. Interestingly, CBn with an odd
number of n (i.e. n =5, 7) have fairly good water solubility of 20-30 mM (comparable to
B-CD) but those with an even number of n (i.e. n = 6, 8, 10) have poor water solubility.
Nonetheless, the solubility of CBs can be improved in acidic solutions or in the presence

of metal cations or upon formation of inclusion complexes with amphiphilic guests.t20.123

Figure 1.20. Electrostatic potential map (top and side view) of CB7, showing the
negatively charged carbonyl regions (red) and the electron-deficient equatorial region
(blue). Reproduced with permission from ref. 121. Copyright 2015 The Royal Society of

Chemistry.
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Figure 1.21. Molecular structures (top and side view) of major CBn (n = 5 — 8)

homologues, with increasing cavity size from CB5 to CB8. a = portal diameter, b = cavity

diameter, ¢ = outer diameter and h = height of CB.

Table 1.2. Structural parameters (a = portal diameter, b = cavity diameter, ¢ = outer

diameter and h = height), volume and water solubility (Swater) of CBs and CDs.

a b C h Volume Swater
(A) (A) (A) (A) (A%) (mM)
CB5 2.4142 4.4142 13.1142 9.1%42 82142 20 - 30142
CB6 3.9142 5.8142 14,1142 9.1142 164142 0.018142
CB7 5.4142 7.3142 16.0142 9.1142 279142 20 - 30142
CB8 6.9142 8.8142 17.5142 9.1142 479142 <0.01#
CB10 10.0%23 11.7123 20.01% 9.1'% 8703 < 0.05%22
a-CD 47143 5.3143 14.6143 7.9143 174143 14543
B-CD 6.0143 6.5143 15.4143 7.9143 262143 18.5143
v-CD 7.5143 8.3143 17.5143 7.9143 427143 232143
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The likelihood of CB to form a host-guest inclusion complex can be estimated
from the packing coefficient (PC),'** which is the volume ratio of the guest molecule to
the inner cavity (i.e. the confined volume between the two carbonyl portals) of CB.14! An
optimum PC of 55% was found to give the best binding affinity for host-guest complexes
in solution, with a lower or higher PC resulting in a lower binding affinity.'** Depending
on the inner cavity volume, CBn can host between 2 to 22 water molecules as estimated
from the 55% PC and similar results were obtained using molecular dynamics (MD)
simulations (Table 1.3). The number of water molecules (Nwater) CB5 and CB8 can
accommodate is analogous to a-CD and y-CD respectively. B-CD can accommodate 6-7
water molecules which is in between CB6 and CB7, though CB6 is analogous to a-CD

in terms of cavity size.14

Table 1.3. Occupancy of the inner cavity of CBs by water molecules.!*! @ The potential
energy difference for removal of all water molecules in the CB cavity and transfer of

those to a spherical cavity in bulk water.?!

Inner cavity Nwater AEpot?

(A%) MD simulations ~ PC analysis (kJ molY)
CB5 68141 2141 2141 -41.6 + 28.814
CB6 142141 4141 4141 -51.1 + 29.01%
CB7 242141 7141 gl4l -102.4 + 31.312
CB8 3674 1014 12141 -66.2 + 10.71%1
CB10 69114 20141 22141 --
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The water molecules inside the weakly polarisable CB cavity are of high energy
(i.e. enthalpically and entropically unfavourable) due to the weak dispersion interactions
and the deficiency of hydrogen bonding.'?! The release of high-energy water molecules
from the CB cavity is the main driving force for the formation of host-guest inclusion
complexes in aqueous solution (Figure 1.22). The gain in potential energy for removing
all water molecules from the CB cavity is determined by the compromise between the
absolute number of water molecules and their engagement in hydrogen bonding.** The
potential energy of individual water molecules decreases with increasing cavity size as
there is a higher chance to form hydrogen bonds. However, the maximum potential
energy is reached for CB7 which does not allow the water molecules within its cavity to
arrange in an energetically stable hydrogen-bond network as in the case of CB8 (i.e.
structurally similar to bulk water).14121 This may provide a rationale for the ultra-high

binding affinities of CB7 despite the fact that it has a smaller cavity size than CB8.

% Kea :
000 9 + -— +
Q0
@ high-energy water bulk water

Figure 1.22. The release of high-energy water molecules from the CB cavity upon host-
guest complexation. Reproduced with permission from ref. 114. Copyright 2012

American Chemical Society.

1.13 Host-guest chemistry of CBs

The molecular recognition properties of CBs have not only sparked interests in

fundamental research but also practical applications, including but not limited to, drug
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delivery#, catalysis!*, reaction containers*’, molecular machines'*® and sensing*°. The
host-guest chemistry of CBs has been widely studied since the first report of host-guest
complexations between alkylammonium and alkyldiammonium ions and CB6 in aqueous
formic acid by Mock and Shin'* in 1983, two years after they have identified the CB6
molecular structure®'®. The first X-ray structure of CB host-guest complex was reported

by Freeman and co-workers™®! shortly after the work of Mock and Shin (Figure 1.23).

Figure 1.23. X-ray structure of the host-guest complex between CB6 and p-
xylylenediammonium ion. Reproduced with permission from ref. 121. Copyright 2015

The Royal Society of Chemistry.

The binding of guest molecules to CBs is due to a combination of driving forces,
the hydrophobic effect (i.e. the release of high-energy water molecules from the cavity),
the ion-dipole interactions and hydrogen bonding between the electron-rich carbonyl
portals and the guest molecules, unlike other macrocycles such as CDs, in which the
hydrophobic effect alone dominates.'%

In general, the smaller CBn (n = 5 — 7) homologues form 1:1 binary complexes
with the guest molecules while the larger CB8 can also form 1:2 and 1:1:1 ternary host-

guest complexes (Figure 1.24).

UCL Chemistry 60



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

1:1 complex 1:2 complex 1:1:1 complex
Figure 1.24. Schematic illustrations showing 1:1, 1:2 and 1:1:1 CB host-guest inclusion

complexes.

For instance, CB5, the smallest member in the CB family, can bind to alkali,
alkaline earth, transition metal and ammonium cations (e.g. Na*, Ca?*, Fe3*, NHs* ),153.154
and gas molecules (e.g. N2, O2, N20, CO2 and CHa4)*° with 1:1 stoichiometry. CB6, the
first and most-abundant CB member, also binds strongly to aliphatic amines (e.g.
formation of rotaxanes and pseudorotaxanes)'* and five-membered aromatic rings (e.g.
thiophenes)™® though it is usually not able to accommodate six-membered aromatic
rings.t’

The larger CB members, CB7 and CB8, have been extensively studied in the last
couple of decades for their unique host-guest binding properties. CB7 shows ultra-high
binding affinities towards a wide variety of guest molecules such as ferroceng!42158.159,
adamantanes'¢®16! and diamantanes'®? derivatives which have reached and even
surpassed that of the biotin-avidin pairs (~10'> M), A remarkable binding constant
between CB7 and diamantine diammonium ion (7.2 x 10} Mt in D20 and 1.9 x 10%°
M in 50 mM NaO2CCDs), which is caused by the optimal size and shape
complementarity between the rigid CB7 cavity and the diamantine core, was reported by
Issacs and co-workers'®? in 2014 (Figure 1.25). CB7 is also well-known to bind a wide

range of aromatic guests.

UCL Chemistry 61



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

Figure 1.25. X-ray structure of the host-guest complex between CB7 and diamantine

diammonium ion (top and side view). Reproduced with permission from ref. 162.

Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

CB8 is characterised by its ability to host two guest molecules, with its inner
cavity volume being about 1.5 times larger than CB7. A stable CB8 ternary complex can
be achieved when one guest is electron-rich (w-acceptor) and the other is electron-
deficient (n-donor).1®* The first 1:1:1 ternary complex was reported by Kim and co-
workers!® in 2001, just a year after the isolation of CB8 from the CBn mixture. The
electron-deficient guest, methyl viologen (MV?*), first binds to CB8 before the electron-
rich second guest, 2,6-dihydroxynaphthalene, which cannot bind to CB8 alone, is
encapsulated via charge-transfer interactions. The use of CB8 in supramolecular
polymers and 3D networks has also been demonstrated.66:167

The examples above are to show the wide variety of guest molecules available to
CBs while extensive reviews on the host-guest chemistry of CBs and their applications

can be found in recent publications,13120,121,157,168-170

1.14 Capping of CBs by Au NPs
While the idea of encapsulating Au NPs within the CB cavity was suggested by Corma
and co-workers'’ in 2007, the capping of CBs by Au NPs has not been reported until Lee

and Scherman! synthesised Au NPs via NaBH4 reduction of HAuCl4 in the presence of
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CB5 and demonstrated the feasibility to form Au NP: CB5 nanoaggregates both before
and after the reduction of HAuCla. They also investigated the capping with different CBn
homologues (n = 5 — 8) via formation of metastable Au NPs in follow-up work.}"?> The
self-assembled Au NPs can singly-cap (non-bridging) or doubly-cap (bridging) CBs with
a constant spacing of 0.91 nm (i.e. height of CBs) between the adjacent Au NPs depending
on the ratio of Au NP: CB (Figure 1.26). CBs bind to the surface of Au NPs via their
electron-rich carbonyl portals as in the case of attaching CBs onto a flat Au surface
reported by Li and co-workers'’3. The electron-rich carbonyl portals donate electrons to
the surface of Au NPs upon binding and weaken the C=0 bond.* The capping of CBs by
Au NPs is mainly driven by the enthalpic gain from the interaction between carbonyl and
Au, and the entropic gain from the release of surrounding water molecules.! The
interaction of Au NPs with CBs is stronger than other macrocycles due to their rigid and
highly symmetric structures.1’2174

The kinetics of Au NP: CB5 nanoaggregates as a function of CB5 concentration
was studied shortly after the initial report on capping of CBs by Au NPs.? At high CB5
concentration (1:80 Au NP: CB5), open and elongated chain-like structures were initially
formed before joining together as quasi-fractal networks (Figure 1.27a). The colliding
particles cannot reach the centre of the nanoclusters but coagulate with the outermost
particles, following the diffusion-limited colloidal growth regime. On the other side, slow
formation of compact nanoclusters was observed at low CB5 concentration (1:60 Au NP:
CB5) which follows the reaction-limited colloidal growth regime (Figure 1.27b).

Nevertheless, the formation of precise nanogaps of 0.91 nm (> 0.7 nm where
guantum tunnelling takes place) between Au NPs within the nanoaggregates results in
greatly enhanced electric field (see section 1.4) and thereby leads to important plasmonic

applications such as SERS (see section 1.15).
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Figure 1.26. Schematic illustration of Au NP: CB5 nanoaggregates. Either one or both
carbonyl portals of CB5 can be capped by the Au NPs. Reproduced with permission from

ref. 1. Copyright 2010 The Royal Society of Chemistry.

(b)

Figure 1.27. TEM images of (a) 1:80 (diffusion-limited) and (b) 1:60 (reaction-limited)
Au NP: CB5 nanoaggregates formed at the indicated time. Reproduced with permission

from ref. 2. Copyright 2011 American Chemical Society.
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1.15 Au NP: CB nanoaggregates as SERS substrates
The ability of CBs to simultaneously mediate the formation of precise plasmonic
nanojunctions and recognise small molecules via host-guest complexation is particularly
important for the detection of analyte targets with low affinities to Au surface. The Au
NP: CB nanoaggregates are promising candidates as powerful SERS substrates and their
applications have been recently explored (Table 1.4).

The first use of Raman and SERS to characterise and differentiate major CBn (n
=5 - 8) homologues was reported by Mahajan and co-workers'’® in 2010. The two major
characteristic peaks of CBs at ~450 and 830 cm™ observed in the Raman spectra are
attributed to the ring scissor and ring deformation modes respectively (Figure 1.28).
Interestingly, the CBn characteristic peaks show systematic (red- and blue-) shifts as the
ring size of CB increases. Similar results were observed in the SERS spectra of Au NP:

CB nanoaggregates which paved the way for the subsequent SERS applications.
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Figure 1.28. (a) Full range and (b) zoom-in Raman spectra of CBn (n = 5 — 8) showing
systematic peak shifts as the number of glycoluril unit increases. Reproduced with

permission from ref. 175. Copyright 2010 The PCCP Owner Societies.
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The SERS detection of a dye molecule, rhodamine 6G (R6G), based on the
formation of precise plasmonic nanojunctions between Au NPs and the size-specific host-
guest binding of CBs was demonstrated in 2011.2 For instance, CB7 can form 1:1 host-
guest complexes with R6G which cannot be accommodated by the small cavity of CB5.
The combined use of CB5 to align and aggregate Au NRs, and CB7 to form host-guest
complexes with R6G was also reported in 2014.17® CBs were preferentially bound to the
(111) end facet of the NRs as the (100) longitudinal facet was strongly capped by CTAB
and cannot be easily displaced.

Scherman, Abell and co-workers®’” reported a novel one-step fabrication of
microcapsules held together by 1:1:1 ternary host-guest complexes of CB8 with methyl
viologen (MV?*) as the electron-deficient first guest and naphthol-containing copolymers
as the electron-rich second guest at the liquid-liquid interface of microdroplets. This is an
illustrative example of indirect interaction between Au NPs and CBs via host-guest
complexation with the molecules anchored on the surface of Au NPs, in contrast to the
direct interaction of Au NPs with the CB portals.1’® The microcapsules could potentially
be used as SERS substrates for the encapsulated molecules. In addition, Scherman and
co-workers® reported the use of Au NP: CB8 nanoaggregates as solution-based SERS
substrates to detect trace amount of polyaromatic hydrocarbons (PAHS), including
anthracene, 2-naphthol, phloroglucinol and 2,3-naphthalenediol, which is a class of
pollutants, via formation of 1:1:1 ternary complexes with CB8 and MV?* (Figure 1.29a).
In a separate study, they also monitored the phototransformation of trans-diaminostilbene
(trans-DAS) partly encapsulated in CB7 and CB8 by SERS.* Trans-DAS forms 1:1
inclusion complexes with CB7 but 2:1 complexes with the larger CB8, resulting in
different reactions, i.e. photoisomerisation into cis-DAS in CB7 and photodimerisation

into syn-1a,2a,3b,4b-tetrakis(4-aminophenyl)cyclobutane (syn-TCB) in CB8, upon UV
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excitation (Figure 1.29b). It is worth noting that the photodimerisation of trans-DAS in
CB8 takes place at pH 7 whereas there is no photoreaction in basic (pH 11) or acidic (pH
5) solution. The uncharged DAS amines at pH 11 remain as 2:1 complexes while they are
protonated at pH 5 and form 1:1 complexes with CB8 due to strong charge repulsion.
The feasibility of multiplexed SERS detection of neurotransmitters, including
dopamine (DA), epinephrine (EPI) and serotonin (5HT), of ~1 uM levels spiked in water
and synthetic urine using Au NP: CB7 nanoaggregates as substrates has been
demonstrated by Scherman and co-workers® (Figure 1.29c). However, it is very
challenging to visualise the contribution from the individual neurotransmitter to the SERS
spectra. Very recently, it has been shown that the detection limit of analyte molecules
such as tetrahydrocannabinol encapsulated by CBs in aqueous solution can be lowered

by removing excess binding sites.1’®

Table 1.4. SERS substrates based on aqueous self-assembly of Au NP: CB

nanoaggregates.
SERS substrate  Analyte molecule Detection limit Ref.
Au NP: CB7 R6G - 2
Au NP: CB8 PAHSs (anthracene, 2-naphthol, 1uM 3
phloroglucinol and 2,3-
naphthalenediol)
Au NP: CB7/ Trans-DAS, cis-DAS and syn-TCB - 4
Au NP: CB8
Au NP: CB7 Neurotransmitters (DA, EPI and ~0.5uM 5

5HT)
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Figure 1.29. (a) SERS detection of PAHs with Au NP: CB8 nanoaggregates and an
electron-deficient first guest MV?*. Reproduced with permission from ref. 3. Copyright
2012 American Chemical Society. (b) SERS monitoring of photoisomerisation of trans-
DAS into cis-DAS within Au NP: CB7 nanoaggregates, and photodimerisation of trans-
DAS into syn-TCB within Au NP: CB8 nanoaggregates when excited with UV light.
Reproduced with permission from ref. 4. https://pubs.acs.org/doi/full/10.1021/n1403164c.
(Note: further permissions related to the material excerpted should be directed to
American Chemical Society.) (c) Multiplexed SERS sensing of neurotransmitters spiked
into synthetic urine. Reproduced with permission from ref. 5. Copyright 2014 Nature

Publishing Group.
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Apart from aqueous Au NP: CB nanoaggregates, solid-based SERS substrates
exploiting the plasmonic nanojunctions defined by CBs have also been explored. For
instance, Li and co-workers'® investigated the SERS detection of ferrocene, which has
no affinity for Au surfaces but strongly binds to CBs, via deposition of Au NP: CB7
dimers on a glass substrate. A localised EF up to 10° was achieved but the dimers were
in random orientations and non-uniformly distributed. Baumberg and co-workers*® used
NPs on mirror geometry (NPoM), i.e. Au NPs on Au film sandwiched by CB7, to study
the presence or absence of various guest molecules within the CB7 cavity via SERS. The
SERS signals of Au NP: CB nanoaggregates deposited on different underlying substrates
(Au, Si and SiOz2) were also studied.'® Optimal SERS signals were observed for the Au

substrate which was only 2-fold higher than that of the glass substrate.

1.16 Research objectives
The aim of the research was to provide new fundamental insights into aqueous self-
assembly of Au NP: CB nanoaggregates and exploit the system for rapid detection of
multiple trace analyte molecules, in order to develop a high-performance SERS sensing
platform for potential applications in different areas such as homeland security,
environmental monitoring, on-site healthcare monitoring and early disease diagnostics.
The objectives were as follows:
e To fabricate SERS substrates via aqueous self-assembly of Au NPs mediated by
CBs, as to provide precise plasmonic hotspots and hence strong and reproducible
SERS signals of the analyte molecules.
e Toidentify, using experimental and computational approaches, analyte molecules
of fundamental and practical interests, as to investigate the novel CB host-guest

complexes and their impacts on the formation of Au NP: CB nanoaggregates.
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e To demonstrate the potential SERS detection of neutral and bulky molecules as to
investigate the feasibility of extending the Au NP: CB sensing scheme to detect
larger sets of analyte molecules that are of practical interests.

e To demonstrate the SERS detection of analyte molecules with different CB
homologues as to study the role of CB cavity size on the enhancement of SERS
signals and further exploit the molecular recognition properties of CBs in the Au
NP: CB nanoaggregates.

e To demonstrate multiplexed detection of isomers as to investigate the ability of
the Au NP: CB SERS system to distinguish structurally similar molecules for
potential applications such as drug monitoring and quality control.

e To demonstrate the SERS detection of analyte molecules in complex media, as to
investigate the possible signal perturbations from background molecules, which

is relevant to molecular recognition in field and clinical applications.

1.17 Thesis structure
Chapter 1 described the motivations of the research and discussed the existing techniques
for the detection of analyte molecules of interests. The fundamental background of RS
and SERS was introduced with particular focus on the rationale behind the enhancement
of the SERS signals. Other relevant optical techniques were also briefly introduced. The
fabrication of SERS substrates was described together with the existing synthetic methods
and properties of Au NPs and CBs, as well as the interactions between Au NPs and CBs
via comparisons with classical supramolecular hosts. Previous examples of Au NP: CB
nanoaggregates as SERS substrates were also critically reviewed.

Chapter 2 listed all materials used in this research, followed by full descriptions

of the sample preparations, and the computational and characterisation methods used to
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quantify the key binding parameters between CBs and the analyte molecules. The
quantitative SERS sensing of the host-guest complexes was described in detail.

Chapter 3 reported the supramolecular chemistry of CB7 and an explosive marker,
2,4-dinitrotoluene (DNT), using experimental and computational techniques. The
importance of the formation of precise plasmonic nanojunctions mediated by CBs in
SERS was demonstrated using NaCl as aggregating agent for Au NPs in a control
experiment. The surface-enrichment effect of CB7 was illustrated by a competitive
binding experiment with a stronger CB7 binder, 1-adamantylamine. In addition, the
selectivity and robustness of the SERS sensor were demonstrated with a structurally
similar nitroaromatic explosive, picric acid, and organic contaminants, 4-
mercaptobenezoic acid and 4-mercaptophenylboronic acid, respectively.

Chapter 4 reported the supramolecular chemistry of CBn (n = 7, 8) and three
structurally similar drug molecules in the purine family, methylxanthines (MeX),
including caffeine (CAF), theobromine (TBR) and theophylline (TPH), using
experimental and computational techniques. The quantitative SERS sensing of MeX was
demonstrated with different CB homologues, CB7 and CB8, via formation of Au NP: CB
nanoaggregates. The multiplexing ability of the SERS sensor was also demonstrated with
the larger CB homologue, CB8, and the two isomers, TBR and TPH.

Chapter 5 reported the supramolecular chemistry of CB7 and an important
biomarker, creatinine (CRN), using experimental and computational techniques. A novel
multi-spectroscopic sensing approach (i.e. UV-Vis spectroscopy and SERS) was
developed to quantify CRN in water and highly diluted synthetic urine (SU) of clinically
relevant concentrations with the lowest detection limit among the state-of-the-art methods.
The formation of Au NP: CB nanoaggregates in this system was also mediated by the

neutralisation of surface charges on the citrate-capped Au NPs, in addition to the carbonyl
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portal binding of CB7 to the Au NP surface, as verified by the dynamic light scattering
and zeta potential measurements. The tolerance to matrix effect (against the presence of
proteins and other biomolecules) was then discussed by comparing the SERS signals of
CRN after sequential dilutions of SU.

Chapter 6 provided the conclusions of the research outcomes and discussed the

potential future work.
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Chapter 2. Materials and Methods

This Chapter first listed the materials used in the experiments including storage and safety
notes. The sample preparation methods were fully described, followed by the descriptions
of the experimental and computational methods used to measure the binding parameters
of cucurbit[n]urils (CBn) and the analyte molecules. Quantitative detection of the CB
host-guest complexes via UV-Visible spectroscopy and surface-enhanced Raman

spectroscopy (SERS) was described in the latter part of this Chapter.

2.1 Materials

40 nm gold nanoparticles (Au NPs) were purchased from nanoComposix (0.05 mg mL!
in aqueous 2 mM sodium citrate, storage note: should be kept at 2 — 8°C). Gold (I1I)
chloride trinydrate (HAuCls), sodium citrate tribasic dihydrate, paraformaldehyde, HCI,
2,4-dinitrotoluene (DNT), l-adamantylamine (AdNH2), picric acid (PA, safety note:
should be kept wetted at all times), 4-mercaptophenylboronic acid (4-MPBA), 4
mercaptobenzonic acid (4-MBA), caffeine (CAF), theobromine (TBR), theophylline
(TPH), creatinine (CRN), urea, uric acid, citric acid, sodium phosphate monobasic and
albumin from human serum were purchased from Sigma-Aldrich. Methanol, ethanol and
KCI were purchased from VWR. Glycoluril was purchased from Acros Organics. NaCl
was purchased from Kanto Chemical. All chemicals were used as received without further

purification. Milli-Q water was used in all experiments.
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2.2 Synthesis of Au NPs
Au NPs (Au seeds) were first synthesised via the conventional Turkevich method®’ and

grown to 40 nm according to literature with modifications*®* (see section 1.8).

2.2.1 Synthesis of Au seeds

99.5 mL of a 0.25 mM HAuCI4 solution was refluxed in a 250 mL three-necked round-
bottomed flask equipped with a condenser at 90 °C for 15 min. 0.5 mL of a 500 mM
sodium citrate solution was then injected into the flask and refluxed until the colour of

the solution turned ruby red.

2.2.2 Seeded growth of Au NPs

The Au seeds were cooled to 70C, 0.67 mL of a 25 mM HAuCI4 solution and 0.67 mL
of a 60 mM sodium citrate solution were sequentially injected with a time interval of 2
min. This sequential injection process was repeated to gradually increase the size of Au
NPs up to 40 nm (see Figure A.1 in appendix). It should be noted that larger Au NPs can

be achieved via the dilution method!2,

Though the synthesised Au NPs were highly uniform, reproducible and cost-
effective, commercial Au NPs were chosen for the subsequent SERS studies in this
research as they are more readily available by us and other researchers, thus eliminating
the variations between different laboratory set-up and increasing the reproducibility of

the SERS data.

UCL Chemistry 74



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

2.3 Synthesis of CBs
CB7 and CB8 were synthesised and isolated according to literature!'3 (see Section 1.11)

by Dr. William Peveler.

2.4 Preparation of synthetic urine

Synthetic urine (SU) mimicking the normal and excess CRN levels in human urine were
prepared according to literature® with modifications. For 100 mL SU, 0.9 g urea, 16 mg
uric acid, 0.5 g NaCl, 0.45 g KCI, 40 mg citric acid, 0.48 g sodium phosphate, 5 mg
albumin from human serum and 0 - 300 mg CRN were dissolved in 90 mL water. The

prepared SU was diluted with water for subsequent UV-Vis and SERS measurements.

2.5 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) measurements were performed to verify the
formation of host-guest complexes between CBs and the analyte molecules. Chemical

shifts (in ppm) were referenced to D20 with 5= 4.79 ppm for *H.

2.5.1DNT

2 mM CBY7 solution was prepared in D20. DNT was added to the CB7 solution with 1:1
or 1.2:1 molar ratio. PA was added to the CB7 solution with 1:1 molar ratio. The samples
were sonicated for 3 hours. *H NMR spectra were measured using a Bruker Avance Il

600 Cryo spectrometer.

2.5.2 MeX

1 mM CB7, CAF, TBR, TPH, CB7-CAF, CB7-TBR and CB7-TPH solutions with 1:1

molar ratio were prepared in D20. Similarly, 1 mM CB8, CAF, TBR, TPH, CB8-CAF,
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CB8-TBR and CB8-TPH solutions with 1:1 molar ratio were prepared in 1 mM DCI. *H

NMR spectra were measured using a Bruker Avance |11 400 spectrometer.

2.5.3CRN
4 mM CB7, CRN and CB7-CRN solutions with 1:1 molar ratio were prepared in D20.H

NMR spectra were measured using a Bruker Avance 111 400 spectrometer.

2.6 Computer simulations

Computer simulations were performed to study the host-guest complexation between CBs
and the analyte molecules. Restricted (closed-shell) models were used in all quantum
mechanical calculations. The binding energy of an inclusion complex was calculated
from the energy difference between the complex and the total energies of CB and analyte

molecule optimised and calculated at the same level of theory.

2.6.1 DNT

Density functional theory (DFT) calculations were performed using Spartan’16 Parallel
Suite. Force-field calculations were performed using Chem3D. Geometry optimisation
was first performed using MMFF94, followed by full optimisation at the required level
of theory (HF/3-21G, wB97X-D/6-31G* and wB97X-D/6-311+G**). Raman spectra
were simulated at the HF/3-21G level of theory. A scaling factor of 0.90 was applied to

correct the calculated vibrational frequencies.

2.6.2 MeX

DFT calculations were performed using Spartan’16 Parallel Suite. Force-field

calculations were performed using Chem3D. Geometry optimisation was first performed
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using MMFF94, followed by full optimisation at the required level of theory (WB97X-

D/6-31G*).

2.6.3CRN

DFT calculations were performed using Gaussian 09 using the UCL computer cluster
Thomas. Force-field calculations were performed using Chem3D. Geometry optimisation
was first performed using MMFF94, followed by full optimisation using dispersion-
corrected functional (wB97X-D/6-31G* and CPCM/wB97X-D/6-31G*). Raman spectra

were simulated at CPCM/wB97X-D/6-31G* level of theory.

2.7 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements were performed at 25°C to study the
binding equilibria between CB7 and DNT using a MicroCal VP-ITC. 0.1 mM DNT
solution was prepared in (unbuffered) water to which a 1.0 mM CB7 solution was titrated.
27 consecutive injections of 10 uL were typically used, and all solutions were degassed
before titration. The first data point was removed from the data set before curve fitting
according to a one-set-of-sites model. The standard free energy (AG°®) and entropy
changes (AS°) were calculated from the complex stability constant (Ka) and molar

reaction enthalpy (AH®) according to AG® =—RT In Ka = AH° — TAS®.

2.8 UV-Visible spectroscopy

UV-Vis spectroscopy was used to quantify the binding constants of CB7 and the analyte

molecules, and the concentrations of CRN in water and diluted SU.
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2.8.1 DNT

For CB7-DNT binding studies, 10 uM DNT solution was prepared in water and placed
in a cuvette with 1 cm optical path length to which small amounts of a 1 mM CB7 stock
solution were added up to 4-5 equivalents. The CB7 concentration was increased
gradually while that of DNT was kept approximately constant. The UV-Vis binding

titrations were performed using a Varian Cary 4000 UV-Visible spectrophotometer.

2.8.2CRN

For CB7-CRN binding studies, 50 uM CRN solution was prepared in water and placed
in a cuvette with 1 cm optical path length to which small amounts of a 5 mM CB?7 stock
solution were added up to 2 equivalents. The CB7 concentration was increased gradually
while that of CRN was kept approximately constant. The UV-Vis binding titrations were
performed on a Shimadzu UV-3600 UV-Vis-NIR spectrophotometer.

For quantitative sensing of CRN, the prepared SU (or water) with varying CRN
concentrations of 0 — 300 mg dL* (see section 2.4 for SU preparation) was diluted with
water before adding 1 mL to 1 mL of a 0.2 mM CB?7 solution in a 2 mL Eppendorf tube.
20 pL of the premixed CB7-CRN solution was then added to a 180 uL Au NP solution in
a 0.5 mL tube to give a final CRN concentration of 0 — 1.50 ug mL* (2000 or 5000-fold
diluted). Controls were prepared in the absence of CB7. The sample solution was
vortexed for 30 s before placing 100 pL into a cuvette with 1 cm optical path length. Five
spectra were measured for each sample using a Boeco S-200 Vis spectrophotometer and

an averaged value was calculated.
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2.9 Transmission electron microscopy

A 0.2 mL drop of the pre-mixed 0.1 mM CB7-DNT stock solution was added to a 1.8 mL
Au NP solution in a 2 mL Eppendorf tube to form Au NP-CB7-DNT nanoaggregates.
The sample solution was vortexed for 30 s before drop-casting one or two 5 uL drops
onto a C-coated 300-mesh Cu grid and drying with Ar gas. The transmission electron
microscopy (TEM) images were taken using a JEOL JEM-2100 system with an

accelerating voltage of 200 kV.

2.10 Dynamic light scattering and zeta potential measurements

1 mL of the CRN stock solution with varying concentration of 0 — 30 ug mL* was added
to 1 mL of a 0.2 mM CB7 solution in a 2 mL Eppendorf tube. 0.2 mL of the pre-mixed
solution was then added to a 1.8 mL Au NP solution in a 2 mL tube to give a final CRN
concentration of 0 — 1.50 ug mLL. Controls were prepared in the absence of CB7. 0.5 mL
of the Au NP-CRN or Au NP-CB7-CRN solution was placed in a semi-micro cuvette to
measure the hydrodynamic size while 0.75 mL of the same sample solution was placed
in a folded capillary zeta cell to measure the zeta potential using a Malvern ZEN 3600

instrument. Five measurements were taken for each sample and an average was calculated.

2.11 Raman spectroscopy and SERS

Raman and SERS spectra were acquired using a Reinshaw Raman InVia Microscope with
a 633 nm He—Ne laser (9.3 mW - 11.36 mW). The laser was focused onto the sample via
a 50 x objective lens (N.A. = 0.75). The grating used was 1800 lines mm™ which gave a
spectral resolution of 1 cm™. All spectra were calibrated with respect to Si and acquired
at room temperature. The sample solution (see subsections below for sample preparations)

was vortexed for 30 s before dropping 15 uL onto a custom-made sample holder for SERS
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measurements (Figure 2.1). Three accumulations of 30 s scan were acquired on each
measurement for solution samples while single 30 s scan with 10% laser power was
acquired on each measurement for powder samples. Five measurements were taken
across different regions of interest per sample. The spectra were averaged and baseline

corrected using an asymmetric least squares plugin in Origin.

«—— objective lens

—
o

laser

excitation .
sample solution

—

sample holder

Figure 2.1. Schematic illustration of the SERS measurements.

2.11.1 DNT

1 mL of the DNT stock solution with varying concentration of 0 — 0.4 mM was added to
1 mL of a 0.2 mM CB7 solution in a 2 mL Eppendorf tube. 20 pL of the pre-mixed
solution was then added to a 180 pLL Au NP solution in a 0.5 mL tube to give a final DNT
concentration of 0 —20 uM. Controls were prepared in the presence of 0.1 M NaCl instead
of CB7. Similar procedures were used to prepare sample solutions containing AANH2, 4-

MBA or 4-MPBA.
2.11.2 MeX

For CB7 studies, 1 mL of the CAF stock solution with varying concentration of 0 — 0.2

mM was added to 1 mL of a 0.2 mM CB7 solution in a 2 mL Eppendorf tube. 20 uL of
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the pre-mixed solution was then added to a 180 pL. Au NP solution in a 0.5 mL tube to
give a final CAF concentration of 0 — 10 uM. For CBS studies, 1 mL of the CAF stock
solution with varying concentration of 0 — 0.1 mM was added to 1 mL of a0.1 mM CB8
solution (prepared in 10 mM HCI) in a 2 mL Eppendorf tube. 20 pL of the pre-mixed
solution was then added to a 180 pL Au NP solution in a 0.5 mL tube to give a final CAF
concentration of 0 — 5 uM. Similar procedures were used to prepare sample solutions of

TBR and TPH.

2.11.3CRN
The sample solutions were prepared by the same procedures as for UV-Vis spectroscopy
(see section 2.8.2). A set of sample solutions containing 1000-fold diluted SU was also

prepared to study the matrix effect on the SERS signals of CRN.
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Chapter 3. Quantitative Sensing of Nitroaromatic Explosives

This Chapter first reported the host-guest complexation between cucurbit[7]uril (CB7)
and an explosive marker, 2,4-dinitrotoluene (DNT), using various characterisation
techniques including nuclear magnetic resonance (NMR) spectroscopy, UV-Visible
spectroscopy and isothermal titration calorimetry (ITC), and computer simulations based
on density functional theory (DFT). Quantitative surface-enhanced Raman spectroscopy
(SERS) detection of DNT using nanoaggregates of gold nanoparticles (Au NPs) and CB7
as substrates was fully studied. The role of CB7 in the formation of precise plasmonic
nanojunctions for DNT detection was illustrated by control experiments in the absence of
any aggregating agent or in the presence of NaCl. In addition, the surface-enrichment
effect of CB7 was described by the reduction in the SERS signals of DNT in the presence
of 1-adamantylamine (AdNH2), which is a stronger binder of CB7. The selectivity of the
SERS sensor was demonstrated with a structurally similar nitroaromatic explosive, picric
acid (PA), while the robustness was demonstrated with model organic contaminants, 4-
mercaptobenezoic acid (4-MBA) and 4-mercaptophenylboronic acid (4-MPBA) in the

latter part of this Chapter.

3.1 Introduction

Rapid detection of trace explosives remains a great challenge in homeland security and
environmental monitoring around the world.'8+-1%2 Nitroaromatic compounds such as 2,4-
dinitrotoluene (DNT) and 2,4,6-trinitrotoluene (TNT) are directly associated with bombs
and landmines used in terrorist attacks and military activities,8®1%2 and present as
contaminants in surface water, groundwater and soils at munitions manufacturing sites

and military ranges.%1% DNT is also produced as a major degradation product of TNT
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with much higher vapour pressure.'® In addition, DNT and TNT exhibit toxicity upon
exposure, resulting in adverse health effects including decreased neurological,
haematological, hepatic, renal and reproductive functions.%-1%° Development of highly
sensitive and selective nitroexplosive sensors is thus of great importance for the rise in
global threats of terrorism and environmental safety concerns. Common explosive
sensors to date have utilised techniques based on mass spectrometry, fluorescence,
colorimetry, voltammetry and surface plasmon resonance,?%-203 but not all of these
methods allow on-site detection in real-time with high performance.

In contrast, SERS can significantly enhance the Raman signals of analyte
molecules located in close proximity to the plasmonic nanostructures (e.g. Au NPs) and
thus offers numerous advantages for explosive detection such as rapid response, cost-
effectiveness, high chemical stability, minimal sample preparation and wider information
window of the analyte molecules via their vibrational fingerprints. (see section 1.4).188204-
206 Attachment of cucurbiturils (CBs) onto the surface of Au NPs can further enhance the
sensitivity by controlling the inter-particle spacing between Au NPs and localising the
explosive markers at the plasmonic hotspots via formation of host-guest complexes.>172
Previous SERS studies based on Au NP: CB nanoaggregates focused on good CB guests
that are positively charged and entirely (or mostly) encapsulated within the CB cavity.
Weaker guests, in particular poly-substituted nitroaromatics that are neutral and bulky,
remain largely unexplored in such SERS sensing platforms, despite being an important
class of analytical targets.'®

Herein, the host-guest complexation between CB7 and an explosive marker DNT
was investigated in water using experimental and computational technigques to quantify
the key binding parameters for the first time (Figure 3.1). Quantitative SERS detection of

DNT was demonstrated down to 1 uM with highly reproducible signals via formation of
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precise plasmonic hotspots within the Au NP: CB7 nanoaggregates.?®’ Surprisingly, the
molecular recognition phenomena of CB in the SERS system of Au NP: CB
nanoaggregates have not been systematically studied since the first experimental
observation.? Our SERS sensor was highly selective against a similar nitroexplosive,
picric acid (PA), which is too bulky to be encapsulated by the CB7 cavity. The SERS
sensor was also tolerant against the presence of model organic contaminants that strongly

bind to Au NPs.

~——

Host-guest

complexation
¢¢ CB7-DNT

¥ &

DNT

R

CB7-DNT

Figure 3.1. (a) Schematic illustration of the formation of a 1:1 host-guest complex
between CB7 and DNT. (b) TEM images and photographs showing the 40 nm Au NP
solution upon addition of the CB7-DNT complexes. (c) Schematic illustration of the

SERS measurements of the Au NP-CB7-DNT sample solution.
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3.2 Supramolecular chemistry of CB7 and DNT

When CB7 and DNT were mixed in D20 with 1:1 stoichiometry, characteristic upfield
shifts of all DNT proton signals (Ha, Hb, He and Ha) were observed in the tH NMR spectra,
verifying the formation of host-guest complexes between CB7 and DNT (Figure 3.2).
NMR titration experiments were then performed by adding excess DNT (1.2 equivalent)
to CB7, in which the proton signals of both complexed (Ha, Hb, He and Hq) and free (Har,
Hy, He and Ha) DNT were observed, further revealing that the complexation-
dissociation dynamics falls into the slow exchange regime on the NMR time scale at 298
K (Figure 3.3). The change in chemical shift (Ao) for Ha/Hc (Adw = —0.86 ppm and A =
—1.1 ppm) of DNT is greater than for Ho/Ha (A =—0.12 ppm and Ad = —0.7 ppm) after
host-guest complexation, which indicates Hda/Hc are deep inside the CB7 cavity, whereas
Ho/Ha are much closer to the carbonyl rim. Interestingly, the anisotropic binding of DNT
leads to desymmetrisation of the CB7 protons and therefore splits the corresponding
NMR signals in the CB7-DNT complex. The energy-minimised molecular model of the
complex in water calculated at CPCM/wB97XD/6-311+G** level of theory supports the
host-guest binding geometry derived from NMR (Figure 3.2, see appendix for details).
The binding energy of a discrete CB7-DNT complex was calculated to be —26.9 kcal mol~
! (see Table A3 in appendix for details), which is consistent to previous report on similar
neutral complexes.'4” Notably, the NO2 group at the 4-position of DNT is sticking out
through the CB7 portal, blocking its potential interaction with Au NPs. Nevertheless, the
other CB7 portal can still bind to the surface of Au NPs which is critical to the subsequent

SERS studies.
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Figure 3.2. 'H NMR spectra of CB7, DNT and 1:1 CB7-DNT host-guest complex in
D20. The impurity in the DNT sample is marked by +. Inset: DFT molecular model of a

CB7-DNT host-guest complex in water.
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Figure 3.3. 'H NMR spectra of CB7, DNT and 1:1 CB7-DNT host-guest complex with
excess DNT in D20. The impurity in the DNT sample is marked by +. Inset: DFT

molecular model of a CB7-DNT host-guest complex and a free DNT molecule in water.
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Due to the relatively low water solubility of DNT (0.19 mg mL! at 22 °C)%% and
the relatively high aqueous binding constant, it was challenging to extract an accurate
binding constant with CB7 via NMR titration. Hence, the system was further
characterised by UV-Vis titration of 10 uM DNT with up to 4-5 equivalents of CB7, in
which a binding constant of (1.6 + 0.2) x 10® M~ was obtained by assuming a 1:1 binding
model (Figure 3.4a). The thermodynamics of the binding was also determined by ITC,
verifying the postulated 1:1 binding mode. A binding constant of (4.94 + 0.34) x 10° M~
1 was obtained, which is consistent with UV-Vis titration within methodological error
(Figure 3.4b). The ITC data also revealed that the binding is enthalpically driven (AH® =
—11.37 kcal mol?), indicating that the displacement of high-energy water molecules by
DNT is the major driving force for the complexation, which is typical for CB7 host-guest
complexes (see section 1.12).11* In addition, the dispersion interactions between the
highly polarisable nitroaromatics and the hydrophobic cavity of CB7 are likely
contributors to the complex formation.?%°21% Negative entropic contributions (AS° = —
0.012 kcal mol* K or TAS® = -3.61 kcal mol?) reflect the formation of a
conformationally restricted and tight inclusion complex, which matches well with the
deformed, ellipsoidal shape of CB7 in the energy-minimised molecular model (Figure

3.2).
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Figure 3.4. (a) UV-Vis titration of 10 uM DNT with CB7. Inset: UV-Vis spectra of CB7-
DNT. (b) ITC data showing binding isotherms of CB7 and DNT. The apparent reaction

heats were obtained from integration of the calorimetric traces.

3.3 Raman spectroscopy of CB7-DNT host-guest complexes

The Raman spectrum of solid DNT is characterised by a strong peak at 1348 cm~ which
corresponds to symmetric NOz2 stretching vibration (Figure 3.5a).2* The two peaks at
1544 cm™ and 1611 cm™ are attributed to asymmetric NO2 stretching vibration and
aromatic NO2 conjugation respectively.?’! The Raman spectrum of solid CB7 is
characterised by two major peaks at 444 cm~ and 833 cm™2, corresponding to ring scissor
and ring deformation modes respectively.'”> The Raman peaks of the 1:1 CB7-DNT host-
guest complex in aqueous solution show slight shifts in positions when compared to those
of the solid CB7 and solid DNT. In addition, the DNT signals are dominant in the Raman

spectrum of the CB7-DNT complex, probably due to the fact that DNT is more Raman-
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active than CB7. The Raman spectra of CB7, DNT and the CB7-DNT complex were also
modelled in the gas phase at the HF/3-21G level of theory (Figure 3.5b), which show
general consistency with the experimental results. The calculated Raman spectrum of the
CB7-DNT complex is roughly equal to the sum of that of CB7 and DNT with slight shifts

in some peaks.
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Figure 3.5. (a) Experimental Raman spectra of solid CB7, solid DNT and 1:1 CB7-DNT
host-guest complex of 2 mM in water. (b) Calculated Raman spectra of CB7, DNT and

1:1 CB7-DNT host-guest complex in gas phase at HF/3-21G level of theory.
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3.4 SERS sensing of CB7-DNT host-guest complexes

The potential SERS detection of the explosive marker DNT was investigated by adding
a pre-mixed 1:1 CB7-DNT solution into a 40 nm citrate-capped Au NP solution. The
aggregation of Au NPs was mediated by CB7 as evidenced by the colour change in the
Au NP solution from red to purple and the formation of ~1.0 nm plasmonic nanojunctions
in the transmission electron microscopy (TEM) images (Figure 3.1,3.6), which is
consistent with our previous findings.>>172 The characteristic Raman peak of DNT at
1334 cm™ was clearly observed in the presence of CB7 while there was no aggregation
of Au NPs in the absence of CB7, thus illustrating the importance of CB7 on DNT
detection (Figure 3.7a). It is noted that the broad peak at ~1640 cm™ in the Raman
spectrum of DNT is attributed to the H-O-H bending mode of liquid water (Figure

3.7h).212
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Figure 3.6. (a-c) Stepwise zoom-in TEM images of 40 nm Au NPs after addition of the
CB7-DNT complex. (c) Plot of grayscale against pixel. (Grayscale refers to the brightness

of a pixel. Total white = 255 for 8-bit depth and total dark = 0.)
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SERS titration was then performed by adding different concentrations of the 1:1
CB7-DNT host-guest complexes into the Au NP solution (Figure 3.7c,d). The
characteristic DNT signals remain readily observable for concentrations down to ~10 uM.
Nevertheless, no aggregation of Au NPs and hence no SERS signals can be observed at
very low concentrations of the CB7-DNT complexes due to the insufficient amount of

CBT7 to trigger the self-assembly of Au NPs.
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Figure 3.7. (a) Raman and SERS spectra of DNT in the presence or absence of CB7.
Main Raman peak of DNT is marked by *. (b) Raman spectrum of water in the custom-
made sample holder. The H-O-H bending peak of liquid water is marked by w. (c) Full-
range and (d) zoom-in SERS spectra of the 1:1 CB7-DNT complexes from 1 uM to 100

uM. Spectra were baseline corrected and offset for clarity.
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To test the detection limit of our nitroexplosive sensor, SERS titrations of DNT
were performed at a constant CB7 concentration of 10 uM as to ensure the formation of
reproducible nanoaggregates, i.e. the SERS substrates, since the aggregation Kinetics is
determined by the ratio of Au NP: CB (Figure 3.8a,b).? The main peak of DNT attributed
to symmetric NOz2 stretching vibration can be clearly observed in the SERS spectra even
when the concentration is down to 2 uM (Figure 3.8¢). The detection limit of DNT in our
SERS system was found to be ~1 pM with a strong correlation (R? ~ 0.97) between the
SERS intensity and log concentration of DNT across a wide range (Figure 3.8d), which
is comparable to other solution-based SERS techniques.>&

Notably, the aggregation of Au NPs should be mostly caused by empty CB7,
which is present at dynamic equilibrium of host-guest complexation, in the Au NP-CB7-
DNT system. As opposed to a number of previous reports using small analyte molecules
that can be entirely encapsulated deep inside the CB cavity, the CB7-DNT complex alone
could not mediate the aggregation of Au NPs because one of the CB7 portals is blocked
by the bulky nitro group of DNT, as evidenced by the 'H NMR spectra and the energy-
minimised molecular model of the CB7-DNT complex (Figure 3.2). Nevertheless, the
CB7-DNT complexes can still stay in close proximity to the plasmonic hotspots through
binding to the Au NP surface via the accessible portal (Figure 3.8a). This phenomenon is
reflected in the relatively large error bar and the slight departure from linearity in the
sample with 20 pM DNT (Figure 3.8d), where the concentration of empty CB7 is lower
than that in the other samples due to a shift in equilibrium position caused by the excess

DNT.
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Figure 3.8. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB7 nanoaggregates for DNT detection (not to scale). (b) Full-range and (c) zoom-in
SERS spectra of DNT with concentrations from 0 to 20 uM. Main Raman peak of DNT
is marked by *. Spectra were baseline corrected and offset for clarity. (d) Corresponding
plot of SERS intensity of the main DNT peak (marked by * in (b)) against DNT
concentration. Logarithmic fittings were performed to reveal correlation between SERS

intensity and DNT concentration from 0.5 to 10 uM DNT.
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CB7 plays two major roles in enhancing the SERS signals of DNT. Firstly, the
rigid molecular structure of CB7 defines precise nanojunctions of 0.91 nm between the
Au NPs, resulting in very strong and localised plasmonic hotspots. A control experiment
with 0.1 M NacCl as the aggregation agent for Au NPs was performed to support this
phenomenon (Figure 3.9a). Though the main DNT peak can be clearly observed in the
SERS spectra (Figure 3.9b,c), the Raman features are significantly broader and more
importantly, a correlation between the SERS intensity and DNT concentration is lacking,
owing to the random plasmonic hotspots resulted from uncontrolled aggregation of Au
NPs.

Secondly, the surface-bound CB7 can encapsulate DNT within its cavity, leading
to an enriched DNT concentration on the Au NP surface and in close proximity to the
plasmonic hotspots. This effect is particularly important for analyte targets such as
nitroaromatics, that have low intrinsic affinities to Au surface, in contrast to many of the
previous examples using analyte molecules with high affinities to Au surface.*® A
competitive binding experiment with 1-adamantylamine (AdNH2), which is a strong
binder to CB7, was performed to verify the surface-enrichment effect of CB7 (Figure
3.9a). The SERS signal of the main DNT peak was reduced by 67% in the presence of
equimolar (10 uM) AdNH2 which effectively displaced DNT from the CB7 cavity (Figure

3.9¢c,e).
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Figure 3.9. (a) Schematic illustration of the random plasmonic hotspots formed by NaCl-
aggregated Au NPs for DNT detection (not to scale). (b) Full-range and (c) zoom-in SERS
spectra of DNT with different concentrations from 0 uM to 20 uM. Main Raman peak of
DNT is marked by *. Spectra were baseline corrected and offset for clarity. (d)
Corresponding plot of SERS intensity of the main DNT peak (marked by * in (b)) against

DNT concentration.
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Figure 3.10. (a) Schematic illustration of competitive formation of CB7-DNT and CB7-
AdNH:2 host-guest complexes (not to scale). (b) Raman spectrum of AdNH2 powder. (c)
Full-range and (d,e) zoom-in SERS spectra showing competitive formation of CB7-DNT
and CB7-AdNH: host-guest complexes. Main Raman peaks of DNT and AdNH: are

marked by * and x respectively. Spectra were baseline corrected and offset for clarity.
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3.5 Selectivity of the nitroaromatic explosive SERS sensor

The selectivity of our SERS system was demonstrated by control experiments with
another nitroaromatic explosive, picric acid (PA), which is structurally similar to DNT
but too bulky to fit inside the CB7 cavity. When CB7 and PA were mixed in D20 with
1:1 stoichiometry, no characteristic upfield shift of the PA proton signals can be observed
in NMR, verifying the absence of host-guest complexation between CB7 and PA (Figure

3.11).

CB7 + PA
PA
CB7

9 8 7 6

Chemical shift (ppm)

Figure 3.11. 'H NMR spectra of CB7, PA and 1:1 CB7 and PA in D20.
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Figure 3.12. (a) Schematic illustration showing the absence of host-guest complex of
CB7 and PA (not to scale). (b) Raman spectra of 1 mM PA and 1 mM DNT. (c) SERS
spectra of PA in the presence or absence of CB7. (d) Full-range and (e) zoom-in SERS
spectra of PA with concentrations from 0 uM to 20 pM. Spectra were baseline corrected

and offset for clarity.
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The overall negative charge and high water solubility of PA also disfavour its
binding with CB7. Despite being 3.5 times more Raman-active than DNT in aqueous
solution (Figure 3.12b), PA did not exhibit any observable SERS signals in the presence
of 10 uM CB7 (Figure 3.12a,c,d,e), thus illustrating the importance of host-guest

complexation in our sensing scheme.

3.6 Robustness of the nitroaromatic explosive SERS sensor

Finally, the SERS detection of DNT was performed in the presence of strong Au NP
ligands, 4-mercaptobenezoic acid (4-MBA) and 4-mercaptophenylboronic acid (4-
MPBA) respectively, to mimic strongly binding environmental impurities that might
feature in field applications, as proof-of-concept experiments (Figure 3.13, 3.14).
Although 4-MBA can strongly bind to Au NPs, no SERS signal of 1 uM 4-MBA can be
observed in the absence of CB7 (Figure 3.13c). In contrast, the 4-MBA signals can be
readily observed when CB7 was used to mediate the formation of precise plasmonic
hotspots as aforementioned (Figure 3.13a). Multiplexed SERS detection of 10 uM DNT
and 1 uM 4-MBA was demonstrated in the presence of CB7 and the characteristic peaks
of 4-MBA and DNT can be clearly observed in the SERS spectra (Figure 3.13d,e,f).
Similar results were obtained with 4-MPBA, which reflects the tolerance of our SERS
system in detecting trace nitroaromatic explosives (Figure 3.14). Therefore, the
interference from various contaminants in the background can be eliminated by extracting
the Raman shift information, as opposed to the classical on/off-type sensing techniques

which are more prone to false-positive results.
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Figure 3.13. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB7 nanoaggregates with DNT encapsulated inside the CB7 cavity and 4-MBA bound to
Au NPs (not to scale). (b) Raman spectrum of 4-MBA powder. (c) SERS spectra of 4-
MBA in the presence or absence of CB7. (d) Full-range and (e-f) zoom-in SERS spectra

of 10 uM DNT in the presence of 1 uM 4-MBA. Main Raman peaks of DNT and 4-MBA
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are marked by * and + respectively. Spectra were baseline corrected and offset for clarity.
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Figure 3.14. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB7 nanoaggregates with DNT encapsulated inside the CB7 cavity and 4-MPBA bound
to Au NPs (not to scale). (b) Raman spectrum of 4-MPBA powder. (c) SERS spectra of

4-MPBA in the presence or absence of CB7. (d) Full-range and (e-f) zoom-in SERS
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spectra of 10 uM DNT in the presence of 1 uM 4-MPBA. Main Raman peaks of DNT
and 4-MPBA are marked by * and + respectively. Spectra were baseline corrected and

offset for clarity.

3.7 Conclusions

In this Chapter, a novel SERS sensor that exploits a neutral host-guest complexation
between CB7 and an explosive marker DNT has been developed. The key binding
parameters of the CB7-DNT complexes have been quantified using NMR, UV-Vis
titrations and 1TC measurements, and supported by DFT molecular models. While CB7
is known to bind a wide variety of positively charged guests, its binding with neutral
guests is much rarer. Our results have demonstrated new possibilities in utilising aqueous
supramolecular chemistry of CB7 for poly-substituted nitroaromatics, which is an
important class of explosive compounds for terrorism and military applications. The
CB7-DNT host-guest complexation allows a sensing scheme based on aqueous SERS via
formation of precise plasmonic hotspots, offering rapid response, high reproducibility and
signal linearity. Our system has achieved a detection limit of ~1 pM, consistent to other
solution-based SERS sensors. Notably, the molecular recognition properties of CB7 is
retained after capping onto the surface of Au NPs, which has been verified by a
competitive binding experiment with 1-adamantylamine and a negative control
experiment with picric acid. Proof-of-concept experiments have also showed that our
SERS sensor is tolerant against the presence of model organic contaminants, 4-
mercaptobenezoic acid and 4-mercaptophenylboronic acid, paving the way towards its

potential applications in on-site environmental monitoring.
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Chapter 4. Quantitative Sensing of Methylxanthine Drugs

This Chapter first reported the host-guest complexations between cucurbit[n]urils (CBn,
n =7, 8) and three structurally similar drugs, methylxanthines (MeX), in the purine family,
namely caffeine (CAF), theobromine (TBR) and theophylline (TPH), using nuclear
magnetic resonance (NMR) spectroscopy and computer simulations based on density
functional theory (DFT). Quantitative surface-enhanced Raman spectroscopy (SERS)
detection of MeX using nanoaggregates of gold nanoparticles (Au NPs) and CBs as
substrates was fully studied. The ability of the SERS sensor to differentiate structurally
similar molecules was demonstrated via multiplexed detection of isomers, TBR and TPH,

using Au NP: CB8 nanoaggregates in the latter part of this Chapter.

4.1 Introduction

Caffeine (CAF, 1,3,7-trimethylxanthine), theobromine (TBR, 3,7-dimethylxanthine) and
theophylline (TPH, 1,3-dimethylxanthine), which are structurally similar family members
of purine alkaloids, are naturally present in foods and beverages such as coffee, tea, and
chocolate. Interestingly, TBR and TPH are also two of the three major metabolites of
CAF.*®> Methylxanthines (MeX) act as central nervous system stimulants for sustaining
alertness by blocking adenosine receptors and inhibiting phosphodiesterases,?'3214 while
showing antitumoral and anti-inflammatory properties.?!> For instance, CAF is widely
used in the formulations of prescription and over-the-counter medications, whereas TBR
and TPH are active ingredients of bronchodilator drugs taken to widen the airways in the
lungs for asthma and other respiratory tract problems.2¢ Though MeX are generally safe
for human consumptions except in the cases of severe overdose?!’, they are potentially

toxic to small animals such as cats and dogs.?!®
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Development of a high-performance MeX sensor with multiplexing ability is thus
essential for therapeutic drug monitoring, quality control of consumer products in the
food and pharmaceutical industries, as well as for forensics and veterinary science.
Conventional methods for MeX detection are based on high-performance liquid
chromatography, near infrared spectroscopy, immunoassay, Vvoltammetry and
fluorescence,?1621%-227 put not all of these methods allow multiplexed detection of MeX
in real-time with minimal sample preparation and high performance.

SERS is an analytical technique capable to quantitatively discriminate multiple
structurally similar analyte molecules located in close proximity to the plasmonic
nanostructures (e.g. Au NPs and Ag NPs) via their vibrational fingerprints, with
additional advantages such as rapid response, high sensitivity, selectivity and
reproducibility (see section 1.4). Surprisingly, most of the previous SERS studies on MeX
detection were based on Ag NPs??8-237 for their relatively strong signals despite Au NPs
having higher chemical stability, reproducibility and biocompatibility.?®-240 This is
probably due to the poor sensitivity and reproducibility of the SERS signals resulted from
bare Au NPs or uncontrolled aggregation triggered by NaCl.'>?*! The inter-particle
spacing between Au NPs can be precisely controlled via cucurbituril (CB) mediated
aggregation, thus localising the analyte molecules at the centre of the plasmonic hotspots
via formation of host-guest complexes. Previous work on MeX detection mainly focused
on CAF, while TBR and TPH, in particular their multiplexed SERS sensing, remains

largely unexplored.

UCL Chemistry 105



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

(a) o / o / 0
Y N HN N SN N
L0 10 O
| | |
CAF TBR TPH

(b)

S

Host-guest
complexation CB-MeX
(c) SERS spectrum

Intensity (counts s mW™)

Raman shift cm™)

Figure 4.1. Schematic illustrations of (a) MeX (CAF, TBR and TPH), (b) the formation
of a 1:1 host-guest complex between CB and MeX and (c) the SERS measurement of the

Au NP-CB-MeX sample solution.

Herein, the host-guest complexations between CBn (n = 7, 8) and structurally
similar drug molecules, MeX (CAF, TBR and TPH), were investigated in solution using
experimental and computational techniques to quantify the key binding parameters for
the first time (Figure 4.1). Quantitative SERS detection of MeX was demonstrated with
highly reproducible signals via formation of precise plasmonic hotspots within the Au

NP: CB nanoaggregates. The detection limit of CAF is down to ~1 uM while those of its
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demethylated analogues, TBR and TPH, have reached ~50 nM, which are comparable to,
if not better than, other similar SERS techniques in the literature,1%230-232,236-238,240,241
Notably, multiplexed detection of TBR and TPH at sub-uM concentrations was also

demonstrated with CB8 using our SERS sensing platform.

4.2 Supramolecular chemistry of CB and MeX

The conjugated acid of CAF, [CAF-H]*, has a pKa of 10.4,2'* implying that CAF exists
in its protonated form in solution under our experimental condition. TBR and TPH, which
have pKa of 10.0 and 8.8 respectively,?# also exist in their protonated forms, [TBR-H]*
and [TPH-H]*, in our studies. The binding of CB7 to CAF was first suggested by Issacs
and co-workers?*2 in 2009, however, no NMR studies or DFT models have been reported.
Meanwhile, the host-guest complexations of CB8-CAF, CB7-TBR, CB8-TBR, CB7-TPH

and CB8-TPH were studied for the first time.

4.2.1 Supramolecular chemistry of CB and CAF
When CB7 and CAF were mixed in D20 with 1:1 stoichiometry, characteristic upfield
shifts of the CAF proton signals (Ha, Hb, Hc and Ha) were observed in the *H NMR
spectra, verifying the formation of host-guest complexes between CB7 and CAF (Figure
4.2b). Interestingly, splitting of the NMR signal of Ha was observed after host-guest
complexation, resulting in two different values for the change in chemical shift (A¢o) for
Ha (Ads = -0.002 ppm and -0.010 ppm). A6 for Ha is greater than that for He/Ho/Ha (Adc =
-0.002 ppm, Adb = -0.002 ppm and Ad = -0.003 ppm) which indicates Hq is deep inside
the CB7 cavity, whereas Hc/Ho/Ha are much closer to the carbonyl rim.

Similarly, characteristic upfield shifts of the CAF proton signals (Hb, He and Ha)

were observed in the 'H NMR spectra when CAF was mixed with the larger CB
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homologue, CB8, in DCI, verifying the formation of host-guest complexes between CB8
and CAF (Figure 4.3b). Add (-0.010 ppm) is greater than A¢de (-0.008 ppm) and Adb (-0.006
ppm), indicating Hq is deep inside the CB8 cavity, whereas Hc/Hp are closer to the
carbonyl rim. Notably, Ha was downfield shifted (Ad = 0.002 ppm), which implies it is
around the portal region.

The energy-minimised molecular models of the [CB7-CAF-H]* and [CB8-CAF-
H]* complexes calculated at wB97X-D/6-31G* level of theory both support the host-
guest binding geometries derived from NMR (Figure 4.2a,4.3a, see appendix for details),
with the cavity of CB8 being large enough to fully encapsulate CAF. The binding energies
of the [CB7-CAF-H]* and [CB8-CAF-H]* complexes in gas phase were calculated to be
-88.51 kcal mol? and -94.11 kcal mol* respectively (see Table A10 in appendix for
details), which are consistent to previous report on similar host-guest complexes.'4’

CAF is fully or almost fully encapsulated within the cavity of CB7 and CBS,
leaving both of the CB portals available for binding to the surface of Au NPs and hence
localising CAF at the centre of the plasmonic hotspots, which is critical to the subsequent

SERS studies.
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Figure 4.2. (a) DFT molecular model of a [CB7-CAF-H]* host-guest complex in gas
phase. (b) *H NMR spectra of CB7, CAF and 1:1 CB7-CAF host-guest complex in D20.

Inset: Zoom-in NMR spectra.
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Figure 4.3. (a) DFT molecular model of a [CB8-CAF-H]* host-guest complex in gas

phase. (b) *H NMR spectra of CB8, CAF and 1:1 CB8-CAF host-guest complex in DCI.

Inset: Zoom-in NMR spectra.
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4.2.2 Supramolecular chemistry of CB and TBR
Host-guest complexations between the demethylated analogues of CAF, TBR and TPH,
with CB7 and CB8 were also studied.

When CB7 and TBR were mixed in D20 with 1:1 stoichiometry, characteristic
upfield shifts of the TBR proton signals (Ho and Hc) were observed in the *H NMR
spectra, verifying the formation of host-guest complexes between CB7 and TBR (Figure
4.4b). The NMR signal of Hpwas strongly broadened after host-guest complexation (Adb
=-0.099 ppm), probably due to the binding kinetics falling into the intermediate exchange
regime on the NMR time scale at 298 K. This implies the Ha signal may be so broad that
it could not be observed in the NMR spectra. The energy-minimised molecular model of
the [CB7-TBR-H]* complex calculated at wB97X-D/6-31G™* level of theory supports the
formation of host-guest complexes between CB7 and TBR (Figure 4.4a, see appendix for
details). The binding energy of the [CB7-TBR-H]* complex in gas phase was calculated
to be -88.87 kcal mol* (see Table A10 in appendix for details), which is consistent to that
of the [CB7-CAF-H]* complex.

In addition, characteristic upfield shifts of the TBR proton signals (Ha, Hb and Hc)
were observed when TBR was mixed with CB8, verifying the formation of 1:1 CB8-TBR
host-guest complexes (Figure 4.5b). Ad for Ha (Ada =-0.014 ppm) is greater than that for
Hc/Hb (Ao =-0.010 ppm and Ad = -0.011 ppm) which indicates Ha is deeper inside the
CB8 cavity, whereas Hc/Hp are closer to the carbonyl rim. The energy-minimised
molecular model of the [CB8-TBR-H]* complex calculated at wB97X-D/6-31G* level of
theory supports the host-guest binding geometry derived from NMR (Figure 4.5a, see
appendix for details). The binding energy of the [CB8-TBR-H]* complex in gas phase
was calculated to be -79.40 kcal mol (see Table A10 in appendix for details), which is

consistent to that of the [CB8-CAF-H]* complex.
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Figure 4.4. (a) DFT molecular model of a [CB7-TBR-H]* host-guest complex in gas
phase. (b) *H NMR spectra of CB7, TBR and 1:1 CB7-TBR host-guest complex in D20.

Inset: Zoom-in NMR spectra.
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Figure 4.5. (a) DFT molecular model of a [CB8-TBR-H]* host-guest complex in gas

phase. (b) *H NMR spectra of CB8, TBR and 1:1 CB8-TBR host-guest complex in DCI.

Inset: Zoom-in NMR spectra.
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4.2.3 Supramolecular chemistry of CB and TPH

Though TBR and TPH are isomers, strong broadening of proton signals after host-guest
complexation between CB and TPH was not observed in the *H NMR spectra (Figure
4.6b). When CB7 and TPH were mixed in D20 with 1:1 stoichiometry, characteristic
shifts (Ha, Ho and Hc) of the TPH proton signals were observed, verifying the formation
of host-guest complexes between CB7 and TPH. In particular, Ha was downfield shifted
(A% =10.021 ppm) after host-guest complexation, implying it should be around the portal
region in a similar way to the case of [CB8-CAF-H]*. However, Ha is deep inside the
CBY7 cavity in the energy-minimised model of the [CB7-TPH-H]* complex calculated at
wB97X-D/6-31G* level of theory which suggests the model could be at local minimum
(Figure 4.6a, see appendix for details).

The host-guest complexation between CB8 and TPH is very similar to that of CB7
and TPH, in which characteristic upfield shifts of Ho and Hc, and downfield shift of Ha
signals were observed in the *H NMR spectra (Figure 4.7b), whereas Ha is deep inside
the CB8 cavity in the energy-minimised model of the [CB8-TPH-H]* complex calculated
at wB97X-D/6-31G™* level of theory (Figure 4.7a, see appendix for details). The binding
energies of the [CB7-TPH-H]* and [CB8-TPH-H]* complexes in gas phase were
calculated to be -81.47 kcal mol and —85.38 kcal mol respectively (see Table A10 in
appendix for details), which are consistent to those of the [CB-CAF-H]* and [CB-TBR-
H]* host-guest complexes.

The two isomers, TBR and TPH, are fully or almost fully encapsulated within the
cavity of CB7 and CB8, leaving both of the CB portals available for binding to the surface
of Au NPs as in the case of CAF, and hence TBR and TPH are localised at the centre of

the plasmonic hotspots which are critical to the subsequent SERS studies.
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Figure 4.6. (a) DFT molecular model of a [CB7-TPH-H]* host-guest complex in gas
phase. (b) *H NMR spectra of CB7, TPH and 1:1 CB7-TPH host-guest complex in D20.

Inset: Zoom-in NMR spectra.
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Figure 4.7. (a) DFT molecular model of a [CB8-TPH-H]* host-guest complex in

gas

phase. (b) *H NMR spectra of CB8, TPH and 1:1 CB8-TPH host-guest complex in DCI.

Inset: Zoom-in NMR spectra.
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4.3 Raman spectroscopy of MeX and SERS of CB

The Raman spectrum of CAF powder is characterised by two major peaks at 558 cm
and 1330 cm™, corresponding to pyrimidine ring deformation + C-N-C deformation +
CHs rocking and imidazole ring stretching vibration respectively (Figure 4.8a).2%6:243
Similarly, the Raman spectrum of TBR powder is characterised by two major peaks at
622 cmtand 1334 cm?, which are attributed to C=C-C deformation and imidazole ring
stretching vibration respectively (Figure 4.8b).2*324 The Raman spectrum of TPH
powder is characterised by a main peak at 557 cm™, which corresponds to pyrimidine
ring deformation + C-N-C deformation + CHs rocking (Figure 4.8c). The other peaks at
668 cm and 1316 cm are assigned to O=C-N deformation + pyrimidine imidazole ring
deformation and imidazole ring stretching vibration respectively.?*

The two characteristic Raman peaks of CB7 at 444 cm™* and 833 cm ™, which
correspond to ring scissor and ring deformation modes respectively, were clearly
observed in the SERS spectra of CB7 at 447 cm™ and 833 cm™ (Figure 4.8d). The slight
shifts in peak position and peak broadening could be due to the solution effect and the
molecular interaction between Au NPs and CB7. Notably, the ring scissor mode of CB8
is at a slightly lower wavenumber of 444 cm™* whereas its ring deformation mode is at a
slightly higher wavenumber of 834 cm! than that of CB7, which is consistent with the

previous report.t’
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Figure 4.8. (a-c) Raman spectra of (a) CAF, (b) TBR and (c) TPH powder respectively.

(d) SERS spectra of 10 uM CB7 and 5 uM CBS8.

4.4 SERS sensing of CB-CAF host-guest complexes

The potential SERS detection of CAF was first performed with CB7 by adding a pre-
mixed CB7-CAF solution into the 40 nm citrate-capped Au NP solution, at a constant
CB7 concentration of 10 uM as to ensure the formation of reproducible nanoaggregates,
i.e. SERS substrates, since the aggregation kinetics is determined by the ratio of Au NP:
CB. As CB7 defines precise nanojunctions between Au NPs while CAF is fully or almost
fully encapsulated within the CB7 cavity (see section 4.2.1), CAF is localised at the
plasmonic hotspots within the Au NP: CB7 nanoaggregates (Figure 4.9a). The

characteristic Raman peak of CAF at 1330 cm?, which is attributed to imidazole ring
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stretching vibration, can be observed in the SERS spectra down to 5 uM (Figure 4.9¢,d).
It should be noted that no aggregation of Au NPs can be triggered and no SERS signals
can be observed in the absence of CB7 (Figure 4.9b), thus illustrating the importance of
CB on CAF sensing.

The sensitivity of our SERS system for CAF detection can be enhanced by using
the larger CB homologue, i.e. CB8. The calculated binding energy of the [CB8-CAF-H]*
complex is lower than that of the [CB7-CAF-H]* complex (see section 4.2.1), and CAF
is located deeper inside the cavity of CB8 than that of CB7. The SERS detection of CAF
was performed by adding a pre-mixed CB8-CAF solution into the Au NP solution, at a
constant CB8 concentration of 5 uM, to form precise plasmonic nanojunctions as in the
case of CB7 (Figure 4.10a). The main peak of CAF attributed to imidazole ring stretching
vibration can be clearly observed in the SERS spectra down to 1.25 uM (Figure 4.10¢,d)
while no aggregation of Au NPs can be triggered in the absence of CB8 (Figure 4.10b).
A good correlation (R? ~ 0.93) between the SERS intensity and log concentration of CAF

was found by performing power-law fittings (Figure 4.10e).
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Figure 4.9. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB7 nanoaggregates for CAF detection (not to scale). (b) SERS spectra of CAF in the
presence or absence of CB7. (c) Full-range and (d) zoom-in SERS spectra of CAF with
different concentrations from 0 to 10 pM. Main Raman peak of CAF is marked by +.

Spectra were baseline corrected and offset for clarity.
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Figure 4.10. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:

CB8 nanoaggregates for CAF detection (not to scale). (b) SERS spectra of CAF in the

presence or absence of CB8. (c) Full-range and (d) zoom-in SERS spectra of CAF with

different concentrations from 0 to 5 uM. Main Raman peak of CAF is marked by +.

Spectra were baseline corrected and offset for clarity. (e) Corresponding plot of SERS

UCL Chemistry

121



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

intensity of the main CAF peak (marked by + in (d)) against CAF concentration. Power-
law fittings were performed to reveal correlation between SERS intensity and CAF

concentration.

4.5 SERS sensing of CB-TBR host-guest complexes

The SERS detection of the demethylated analogues of CAF, i.e. TBR and TPH, was
subsequently investigated in our studies, at a constant concentration of CB7 (or CB8).
TBR and TPH are fully or almost fully encapsulated within the cavity of CB7 and CB8
as in the case of CAF while no aggregation of Au NPs can be triggered in the absence of
CB (Figure 4.11-4.14). In the Au NP: CB7 system, the characteristic Raman peak of TBR
at 1334 cm?, which is attributed to imidazole ring stretching vibration, can be clearly
observed in the SERS spectra down to 0.5 uM (Figure 4.11¢c,d). A good correlation (R? ~
0.94) between the SERS intensity and log concentration of TBR was found by performing
power-law fittings (Figure 4.11e).

In addition, the detection limit of TBR was found to be 10-fold lower (i.e. down
to ~50 nM) in the Au NP: CB8 system (Figure 4.12c,d), which is the lowest among all
similar SERS platforms in the literature,’>230 with a strong correlation (R? ~ 0.97)
between the SERS intensity and log concentration of TBR across a wide range (Figure
4.12e). Notably, the binding geometries of [CB7-TBR-H]* and [CB8-TBR-H]*

complexes are also very similar (see section 4.2.2).
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Figure 4.11. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB7 nanoaggregates for TBR detection (not to scale). (b) SERS spectra of TBR in the
presence or absence of CB7. (c) Full-range and (d) zoom-in SERS spectra of TBR with
different concentrations from 0 to 10 uM. Main Raman peak of TBR is marked by x.

Spectra were baseline corrected and offset for clarity. (¢) Corresponding plot of SERS
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intensity of the main TBR peak (marked by x in (d)) against TBR concentration. Power-
law fittings were performed to reveal correlation between SERS intensity and TBR

concentration.
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Figure 4.12. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB8 nanoaggregates for TBR detection (not to scale). (b) SERS spectra of TBR in the
presence or absence of CB8. (c) Full-range and (d) zoom-in SERS spectra of TBR with
different concentrations from 0 to 5 pM. Main Raman peak of TBR is marked by x.
Spectra were baseline corrected and offset for clarity. (¢) Corresponding plot of SERS
intensity of the main TBR peak (marked by x in (d)) against TBR concentration. Power-
law fittings were performed to reveal correlation between SERS intensity and TBR

concentration.

4.6 SERS sensing of CB-TPH host-guest complexes

The characteristic Raman peak of TPH at 557 cm, which corresponds to pyrimidine ring
deformation + C-N-C deformation + CHs rocking, can be clearly observed in the SERS
spectra down to 50 nM in the presence of CB7 (Figure 4.13c,d), with a strong correlation
(R? ~ 0.98) between the SERS intensity and log concentration of TPH (Figure 4.13e).
Interestingly, the detection limit of TPH in the Au NP: CB7 SERS system is 10-fold better
than that of its isomer, TBR, despite being less Raman-active (Figure 4.8b,c). This could
be due to the difference in the binding geometries of the two complexes (see section 4.2.2,
4.2.3).

Moreover, the [CB8-TPH-H]* complex has a similar binding geometry to that of
the [CB7-TPH-H]* complex (see section 4.2.3), with a detection limit of ~0.1 uM (Figure
4.14c,d) and a very strong correlation (R? ~ 1.00) between the SERS intensity and log
concentration of TPH from 0.1 to 2 uM (Figure 4.14e). It should be noted that the 5 uM
data point deviates from the trendline, probably due to the LSPR peak shifting away from

the 633 nm excitation or the difference in pH, which requires further investigations.
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Figure 4.13. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB7 nanoaggregates for TPH detection (not to scale). (b) SERS spectra of TPH in the
presence or absence of CB7. (c) Full-range and (d) zoom-in SERS spectra of TPH with
different concentrations from 0 to 10 uM. Main Raman peak of TPH is marked by *.

Spectra were baseline corrected and offset for clarity. (¢) Corresponding plot of SERS
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intensity of the main TPH peak (marked by * in (d)) against TPH concentration. Power-
law fittings were performed to reveal correlation between SERS intensity and TPH

concentration.
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Figure 4.14. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB8 nanoaggregates for TPH detection (not to scale). (b) SERS spectra of TPH in the
presence or absence of CB8. (c) Full-range and (d) zoom-in SERS spectra of TPH with
different concentrations from 0 to 5 uM. Main Raman peak of TPH is marked by *.
Spectra were baseline corrected and offset for clarity. (¢) Corresponding plot of SERS
intensity of the main TPH peak (marked by * in (d)) against TPH concentration. Power-
law fittings were performed to reveal correlation between SERS intensity and TPH

concentration.

4.7 Multiplexed SERS sensing of isomers

Furthermore, the potential multiplexed detection of structurally similar molecules using
our SERS system was demonstrated with the two isomers, TBR and TPH, at various
concentrations within the Au NP: CB8 nanoaggregates (Figure 4.15a). The main peaks
of TPH and TBR, at 557 cm~*and 1334 cm™ respectively, can be clearly observed in all
SERS spectra (Figure 4.15b). Good correlations (R? ~ 0.89 — 1.00) between the SERS
intensity and log concentration of TBR and TPH were found for all mixtures (Figure
4.15c). Meanwhile, the small error bars in Figure 4.11-4.15 indicate the high
reproducibility of the SERS signals of TBR and TPH in our sensing scheme. Notably, the
multiplexed detection of MeX at sub-uM levels was performed using Au NP-based SERS
system, in contrast to precedent examples using Ag NPs,'>230 with improved detection
limit but without using advanced data analysis model. Therefore, it is possible to
distinguish isomers using our SERS sensors by identifying their characteristic Raman

peaks, as opposed to other techniques which do not allow molecular fingerprinting.
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Figure 4.15. (a) Schematic illustration of the multiplexed detection of TBR and TPH

within Au NP: CB8 nanoaggregates (not to scale). (b) SERS spectra of different mixtures

of TBR and TPH. Main Raman peaks of TBR and TPH are marked by x and *

respectively. Spectra were baseline corrected and offset for clarity. (¢) Corresponding

plot of SERS intensity of the main TBR peak (marked by x in (b)) against TBR
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concentration in the presence of different concentrations of TPH. (d) Corresponding plot
of SERS intensity of the main TPH peak (marked by * in (b)) against TPH concentration
in the presence of different concentrations of TBR. Logarithmic fittings were performed

to reveal correlation between SERS intensity and concentration of TBR or TPH.

4.8 Conclusions

In this Chapter, a novel multiplexed SERS sensing platform that utilises various host-
guest complexations between two CB homologues, CB7 and CB8, and three structurally
similar drug molecules, CAF, TBR and TPH, has been developed. The key binding
parameters of the six different CB-MeX complexes have been quantified using NMR and
supported by DFT molecular models for the first time. The binding affinities of the
complexes will also be measured by UV-Vis titrations in the near future. The potential
SERS detection of CAF, TBR and TPH has been demonstrated with CB7 and CB8
mediating the formation of precise plasmonic hotspots within the Au NP: CB
nanoaggregates. The detection limit of CAF using our SERS system is down to ~1 uM
whereas those of the demethylated analogues, TBR and TPH, have reached ~50 nM, with
highly reproducible SERS signals. This is enabled by the relatively large cavity size of
CBS8, which can fully encapsulate MeX inside its cavity and localise them at the centre of
the plasmonic hotspots within the Au NP: CB8 nanoaggregates. The capability of our
SERS system to simultaneously detect multiple structurally similar molecules or isomers
(TBR and TPH) holds great potential for a wide range of applications including

therapeutic drug monitoring, food processing, forensics and veterinary science.
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Chapter 5. Quantitative Sensing of Biomarkers in Urinalysis

This Chapter first reported the host-guest complexation between cucurbit[7]uril (CB7)
and an important biomarker, creatinine (CRN), using various characterisation techniques
including nuclear magnetic resonance (NMR) spectroscopy, UV-Visible spectroscopy
and computer simulations based on density functional theory (DFT). Quantitative
detection of CRN in water and highly diluted (2000 and 5000-fold) synthetic urine (SU)
of clinically relevant concentrations were fully studied by UV-Vis spectroscopy and
surface-enhanced Raman spectroscopy (SERS) using nanoaggregates of gold
nanoparticles (Au NPs) and CB7 as plasmonic substrates. In addition, the formation of
Au NP: CB7 nanoaggregates via neutralisation of surface charges on the citrate-capped
Au NPs and carbonyl portal binding of CB7 was verified by dynamic light scattering
(DLS) and zeta potential measurements. The tolerance of the SERS sensor against the
presence of other biomolecules and proteins was demonstrated in the latter part of this

Chapter.

5.1 Introduction

Urine is one of the major body fluids where metabolic information of the body and renal
function can be extracted.>*>24 It is readily available and can be obtained in a non-
invasive way as opposed to blood serum. Creatinine (CRN), the end product of muscle
metabolism, is a critical biomarker used to monitor the kidney filtration function in renal
clearance test.?#724 CRN is used as the internal standard to normalise the variations of
water and other analytes in urine for its almost constant excretion rate.2%?%0 Early
detection of urinary biomarkers can help to diagnose life-threatening diseases and

improve the efficiency of medical treatment, for instance, to prevent the progression from
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renal diseases to kidney failure. Elevated CRN level is also related to diseases such as
muscular dystrophy, hyperthyroidism and poliomyelitis,?51-253

The standard clinical method for CRN quantification is based on the Jaffe reaction
developed in 1886.1%1" However, this method suffers from a major drawback of non-
specificity, as picric acid also forms reddish-orange complexes with a wide range of other
biomarkers besides CRN in basic solution.8250.25425% Qther clinical methods for CRN
include enzymatic methods, capillary electrophoresis, high-performance liquid
chromatography and isotope dilution mass spectrometry,?%6-259 but not all of these
methods allow point-of-care diagnosis in real-time with high sensitivity and specificity.

On the contrary, SERS is a promising technique for diagnostic applications as it
offers advantages including rapid response, high-sensitivity, cost-effectiveness, ease of
use, minimal sample preparation and wider information window of the biomolecules via
their vibrational fingerprints (see section 1.4).260-262 |t can dramatically amplify the
Raman signals of the biomolecules located at or in close proximity to the plasmonic
nanostructures (e.g. Au NPs).2%* Despite the strong merits of using nanostructured SERS
substrates for CRN quantification in urinalysis, its applications have been greatly limited
by the relatively low reproducibility in solution-based systems or the complicated
fabrication procedures involved in solid-based systems,?248:252,257,263-268

Poor sensitivity and reproducibility result from uncontrolled aggregation of
colloidal Au NPs can be overcome by attaching cucurbiturils (CBs) onto the surface of
Au NPs to control the inter-particle spacing and localise CRN at the centre of the
plasmonic hotspots via formation of host-guest complexes.>?172 Surprisingly, there is
only one illustrative example of the Au NP: CB SERS system on biosensing® in the

literature, thus leaving plenty of room for more application-oriented studies.
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Herein, the host-guest complexation between CB7 and an important urinary
biomarker CRN was investigated in water using experimental and computational
techniques to quantify the key binding parameters for the first time. The formation of
nanoaggregates in previous Au NP: CB systems was only mediated by the portal binding
of CB7 on the surface of Au NPs, whereas it is also mediated by the electrostatic effects
of CRN molecules in addition to CB7 portal binding in this study.?° The quantitative
detection of CRN in water and diluted synthetic urine (SU) of clinically relevant levels
was demonstrated using a facile multi-spectroscopic approach, i.e. UV-Vis spectroscopy
and SERS, in which a single sample solution exhibits two independent spectral signatures

and thus allows rapid cross-validation of the results (Figure 5.1).

dilute with water

(1000 - 5000 times) CB7
_— > —
host-guest

2 I

complexation

« U
« i

CRN in water diluted CRN in water CB7-CRN complex
orin SU orin SU in water or in SU

UV-Vis

add small amount
into Au NPs

Absorbance

Quantification Wavelength (nm)
of CRN SERS

Intensity

Au NP-CB7-CRN
Raman shift (cm™) nano-assembly

Figure 5.1. Schematic illustration of the dual UV-Vis and SERS detection scheme
triggered by the formation of host-guest complexes between CB7 and CRN in water or
highly diluted SU, and the self-assembly of Au NPs mediated by portal binding of CB7

and electrostatic interactions with CRN.
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Notably, our SERS system for CRN quantification in urinalysis is highly sensitive
with a sub-uM detection limit of 12.5 ng mL* (111 nM), which is the lowest among all
current state-of-the-art methods.?6° The CRN signals are also highly reproducible (< 5%
error) and tolerant against the presence of other biomolecules and proteins in the complex

matrix (SU).

5.2 Supramolecular chemistry of CB7 and CRN

When CB7 and CRN were mixed in D20 with 1:1 stoichiometry, characteristic upfield
shifts of the CRN proton signals (Ha and Hb) were observed in the 'H NMR spectra,
verifying the formation of host-guest complexes between CB7 and CRN (Figure 5.2).
The change in chemical shift (A9d) for Hp (Adb = -0.15 ppm) of CRN is much greater than
that for Ha (Ada = -0.02 ppm) after host-guest complexation, which indicates Hp (methyl
group) is deep inside the CB7 cavity, whereas Ha (CH2 group) is closer to the carbonyl
rim. The formation of CB7-CRN host-guest complexes is mainly driven by the release of
high-energy water from the CB7 cavity,!'* together with ion-dipole interactions and
hydrogen bonding between the electron-rich carbonyl portal of CB7 and the protonated
site on CRN (see section 1.12). A binding constant of (1.17 + 0.03) x 10* M- was obtained
for the CB7-CRN complex via UV-Vis titration of 50 uM CRN with up to 2 equivalents
of CB7, assuming a 1:1 binding model (Figure 5.3). The relatively low binding affinity
is probably due to the high water solubility and small molecular size of CRN.

The conjugated acid of CRN, [CRN-H]*, has a pKa of 9.2,2’% implying that CRN
exists in its protonated form in water and SU under our experimental conditions where
the pH is between 5 and 7. The energy-minimised molecular models of the complex in
gas phase (MMFF94 and wB97XD/6-31G*) and in water (CPCM/wB97XD/6-31G*)

both support the host-guest binding geometry derived from NMR (Figure 5.2, see
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appendix for details). The binding energy of the [CB7-CRN-H]* complex in gas phase
and in water was calculated to be -85.00 kcal mol* and -36.12 kcal mol* respectively
(see Table A13 in appendix for details), which is consistent to previous report on similar
host-guest complexes.'” Notably, CRN is fully encapsulated within the CB7 cavity,
leaving both of the CB7 portals available for binding to the surface of Au NPs and hence
localising CRN at the centre of the plasmonic hotspots which is critical to the subsequent

SERS studies.

CB7 -CRN
I
/I
CRN {
H
H, 2
CB7

. 4 3
Chemical shift (ppm)

o r

Figure 5.2. *H NMR spectra of CB7, CRN and 1:1 CB7-CRN host-guest complex in

D20. Inset: DFT molecular model of a [CB7-CRN-H]* host-guest complex in water.
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K, = (1.171 £ 0.027) x 10* M"*
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Figure 5.3. UV-Vis titration of 50 uM CRN with CB7. Inset: UV-Vis spectra of CB7-

CRN.

5.3 Colourimetric sensing of CB7-CRN host-guest complexes

CRN of clinically relevant concentrations from 0 to 300 mg dL"* (from normal to excess)
was prepared in water and SU (see section 2.4). Quantification of CRN was first
investigated by UV-Vis titrations in water, 2000 and 5000-fold diluted SU with a constant
CB7 concentration of 10 uM as to ensure the formation of reproducible nanoaggregates
and signal reproducibility (Figure 5.4). The aggregation of the 40 nm citrate-capped Au
NPs was mediated by CB7 as evidenced by the colour change in the Au NP solution from
red to purple and the appearance of a secondary localised surface plasmon resonance
(LSPR) peak between 690 — 760 nm in the UV-Vis spectra (see section 1.5). The new
LSPR peak is attributed to the longitudinal plasmonic resonance, suggesting the
formation of chain-like Au nanoaggregates where CB7 is doubly-capped by the Au

NPs.12

UCL Chemistry 136



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

Strong correlations between the LSPR peak wavelength (Aser) and log
concentration of CRN were found in water (R? ~ 0.93) and 2000-fold diluted SU (R? ~
0.98) while reasonable correlation (R? ~ 0.81) can still be observed in 5000-fold diluted
SU (Figure 5.4). Notably, the low detection limit of 0.06 ug mL* (0.53 uM) allows
quantification of CRN in highly diluted SU, and hence minimising signal perturbation
from other biomolecules and proteins in the sample (i.e. matrix effects, see section 5.6).
Surprisingly, CRN can also trigger the aggregation of Au NPs in the absence of CB7
when its concentration is > 0.30 ug mL™* in water but the correlation between ALspr and
log concentration of CRN was less robust (Figure 5.5a). In contrast, CB7 plays the critical
role in the formation of nanoaggregates in SU as CRN alone fails to aggregate Au NPs
due to preferential surface crowding by other biomolecules and proteins present in the
complex matrix (Figure 5.5b).2%°

Attachment of the [CB7-CRN-H]* complexes onto the citrate-capped Au NPs can
further speed up the aggregation via neutralisation of the negative surface charges,
leading to a decrease in the long-range electrostatic repulsion between Au NPs and thus
lowering the colloidal stability, as opposed to the pure CB-mediated aggregations via
carbonyl portal binding in the previous examples.»2172 This was verified by the increase
in hydrodynamic size of the nanoaggregates and the decrease in the magnitude of the zeta
potential in the presence of CB7 (Figure 5.6). In addition, [CRN-H]* alone can trigger
aggregation of Au NPs via a similar electrostatic self-assembly mechanism, upon
electrostatic interactions or chemisorption with the surface of Au NPs via its nitrogen

containing groups.
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Figure 5.4. (a,c,e) UV-Vis spectra of CRN in (a) water, (c) 2000-fold diluted SU and (e)

5000-fold diluted SU with arrows indicating the shifting of the LSPR peaks. (b,d,f)

Corresponding plots of ALser in (a,c,e) against CRN concentration respectively.

Logarithmic fittings were performed to reveal correlation between ArLspr and CRN

concentrations. (Note: 1 pg mL™! in measurement samples in (d) corresponds to 2000 pg

UCL Chemistry

138



Macrocycle-Functionalised SERS Substrates for Sensing Applications

W. I. K. Chio

mL! of the actual CRN concentration in undiluted patient samples while 1 pg mL? in

measurement samples in (f) corresponds to 5000 pg mL?t in the undiluted patient

samples.)
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Figure 5.5. UV-Vis spectra of Au NP-CRN in (a) water and (b) 2000-fold diluted SU,

with CRN concentrations from 0 to 1.50 ug mL™* in the absence of CB7.
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Figure 5.6. (a) Hydrodynamic size and (b) zeta potential of Au NP-CRN and Au NP-
CB7-CRN at different concentrations of CRN from 0 to 1.50 ug mL. (Note: solid lines

are to guide the eyes.)
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Colourimetric sensing of CRN via UV-Vis spectroscopy can be potentially useful
for clinical applications, however, there is no direct evidence to show whether the shift in
ALspr is caused by CRN or other biomolecules in the matrix. For instance, the ALspr Of
0.60 ng mL* CRN is at 738 nm in 2000-fold diluted SU but at 731 nm in 5000-fold
diluted SU. Nevertheless, this detection scheme can still be used as a rapid test to
complement and cross-validate the results from quantitative SERS sensing (see section

5.5).

5.4 SERS sensing of CB7-CRN complexes in water
In contrast to colourimetric sensing, SERS is a highly specific technique for CRN
quantification as it allows identification of CRN via its vibrational fingerprints and hence
differentiation from other biomolecules in the matrix. The Raman spectrum of CRN
powder is characterised by multiple peaks at 608, 674, 839, 904, 1416, 1657 and 1712
cm! (Figure 5.7a). The Raman spectrum of solid CB7 is characterised by two major peaks
at 444 cm™ and 833 cm?, corresponding to ring scissor and ring deformation modes
respectively (Figure 5.7b). Due to the intrinsically low Raman scattering cross-sections,
it was challenging to measure the Raman signals of CB7, CRN and CB7-CRN in water.
SERS signals were then measured by adding the CB7, CRN and pre-mixed 1:1
CB7-CRN solution into the 40 nm citrate-capped Au NP solution respectively. CB7
defines precise nanojunctions between Au NPs via interactions with their electron-rich
carbonyl portals, resulting in very strong and localised plasmonic hotspots. The SERS
peaks of CB7 and CRN in solution are broadened and show slight shifts in positions when
compared to those of CB7 and CRN powder, owing to the solution effect and the

molecular interaction between Au NPs and CB7 (Figure 5.8a).17
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Notably, the SERS signals of the CB7-CRN complex are approximately equal to
the sum of CB7 and CRN, indicating that the major tautomer of CRN in aqueous solution
(i.e. amino tautomer, 2-amino-1-methyl-2-imidazoline-4-one)? should stay the same
upon binding to CB7. The Raman spectra of CB7, CRN and the CB7-CRN complex were
also modelled in water at CPCM/wB97XD/6-31G* level of theory (Figure 5.8b), which

show general consistency with the experimental results.
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Figure 5.7. Raman spectra of (a) CRN powder and (b) CB7 powder.
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theory.
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SERS titrations of CRN with concentrations from 0 to 1.50 ug mL? (13.3 pM)
were performed in water at a constant CB7 concentration of 10 uM as to ensure the
formation of reproducible nanoaggregates, i.e. SERS substrates (Figure 5.9). Most of the
CRN molecules should be fully encapsulated within the CB7 cavity, however, there might
be a tiny amount of free (i.e. uncomplexed) CRN trapped within the Au NP: CB7
nanoaggregates, which can only happen at relatively high concentrations of CRN (i.e.
CRN is in excess). The CRN signals can be clearly observed in the SERS spectra even
when the concentration is down to 0.06 ug mL* (0.53 uM) with a good signal-to-noise
ratio (SNR) of 12.8, implying that the actual detection limit could be down to 4.69 ng
mL! (41.5 nM). The SNR is the ratio of the intensity of the major CRN peak at 1434 cm-
1 (i.e. signal) to the background signal at 1800 — 2000 cm (i.e. noise). Good correlations
(R%?~0.78 — 0.91) between the SERS intensity and log concentration of CRN were found
for multiple characteristic peaks at 721, 877, 947, 1435 and 1461 cm™ respectively
(Figure 5.9c). Notably, there is a slight drop in linearity when the CRN concentration is
> 1.05 ug mL* (9.28 uM), probably due to the LSPR peak shifting away from the 633
nm excitation.? Furthermore, the CRN signals can still be observed in the SERS spectra
in the absence of CB7 due to the aggregation of Au NPs caused by the electrostatic
interactions or chemisorption of CRN with the surface of Au NPs, but a correlation

between the SERS intensity and concentration of CRN is lacking (Figure 5.10a).
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Figure 5.9. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:

CB7 nanoaggregates for CRN detection in water (not to scale). (b) SERS spectra of CRN

in water with concentrations from 0 to 1.50 pg mL™* (13.3 uM). Spectra were baseline

corrected and offset for clarity. (c) Corresponding plots of SERS intensity of the five

characteristic CRN peaks in (b) against CRN concentration. Logarithmic fittings were

performed to reveal correlation between SERS intensity and CRN concentration.
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Figure 5.10. (a) SERS spectra of CRN in water with concentrations from 0 to 1.50 pg
mL™! in the absence of CB7. (b) Raman spectrum of SU. (c) SERS spectra of CRN in

2000-fold diluted SU with concentrations from 0 to 1.50 ug mL* in the absence of CB7.
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5.5 SERS sensing of CB7-CRN complexes in urinalysis

Subsequently, SERS detection of CRN was performed in SU, i.e. in the presence of other
biomolecules and proteins, as to explore its potential for point-of-care and clinical
applications. The Raman signals observed in the prepared SU could be attributed to urea
and phosphate, however, no Raman signals of CRN could be observed (Figure 5.10b).
The prepared SU was then highly diluted with water (1000 — 5000-fold) for SERS
titrations of CRN, meaning only a very small volume of sample is required for this highly
sensitive detection scheme. This has particular important implications to point-of-care
monitoring of patients in critical conditions who often fail to excrete a normal volume of
urine, together with other benefits such as minimising the matrix effect.

As a control experiment, no SERS signals of CRN can be observed in diluted SU
in the absence of CB7, probably due to preferential surface crowding by other
biomolecules and proteins present in the complex matrix (Figure 5.10c). SERS titrations
of CRN were first performed in 1000-fold diluted SU with CRN concentrations from 0
to 3.00 pg mL? (26.5 uM). Good correlations (R? ~ 0.81 — 0.94) between the SERS
intensity and log concentration of CRN were found but the error bars are relatively large
for the samples containing high CRN concentrations (Figure 5.11). The presence of
excess [CRN-H]* with a constant CB7 concentration of 10 uM caused a shift in the
aggregation kinetics, resulting in faster aggregation of Au NPs and thus a narrower
measurement window.

SERS titrations were then performed in 2000-fold diluted SU with CRN
concentrations from 0 to 1.50 pg mL™* (13.3 uM), as to avoid the shift in aggregation
kinetics resulted from the relatively high ratio of CRN to CB7. Strong correlations (R? >
0.95) between the SERS intensity and log concentration of CRN were found for all

characteristic CRN peaks with very small error bars (Figure 5.12), indicating the high
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reproducibility (i.e. < 5% error) of the SERS signals in our sensing scheme, which allows
selective detection of a particular analyte in a complex matrix via formation of host-guest
complexes (Figure 5.12a).

Finally, to test the detection limit, SERS titrations were performed in 5000-fold
diluted SU with CRN concentrations from 0 to 0.60 pg mL™* (5.3 uM). Strong correlations
(R? ~ 0.88 — 0.96) between the SERS intensity and log concentration of CRN were found
for all characteristic CRN peaks with small error bars (Figure 5.13). Notably, the CRN
signals can still be observed in the SERS spectra even when the concentration is down to
0.06 pg mL* (0.53 uM) with a SNR of 4.8, implying that the actual detection limit could

be down to 12.5 ng mL* (111 nM) which is the lowest among all previous reports.
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Figure 5.11. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:

CB7 nanoaggregates for CRN detection in 1000-fold diluted SU (not to scale). (b) SERS

spectra of CRN in 1000-fold diluted SU with concentrations from 0 to 3.00 pg mL* (26.5

uM). Spectra were baseline corrected and offset for clarity. (¢) Corresponding plots of

SERS intensity of the five characteristic CRN peaks in (b) against CRN concentration.

Logarithmic fittings were performed to reveal correlation between SERS intensity and

CRN concentration. (Note: 1 ug mL™? in measurement samples corresponds to 1000 pg

mL* of the actual CRN concentration in undiluted patient samples.)

UCL Chemistry

148



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio

—_—
)
N
—_—
O
N

- 1.50 pg mL"
A ) . . . 4 4 L 1.35ug mL
320 1 1 2 3 ﬁ5 f=——1.20 ug mL"
—~ S e e W, L\.Mﬁw\,_ f=———1.05 pg mL"
AP A ¥ AR A A« A J & T - 280
r 2?‘ Gt L - ) -~ 0.90 pug mL"!
¢ ¥ . ® | - 0.75ug mL"
el A p < £ 2404 -75ug mL
r 2 x - KA “-\ J\ - 0.60 pg mL"|
v A 3 b 7] a |- 0.45 pg mL"
> X «» 200
r & . £ ——0.30 pg mL
: ‘“A s o s 5 »* S 160 4 ﬂ_lu_w 0.15ug L
r %, S, v 8 _ A —TTL
):l¢ r A=t - D A i 120 —— A AN A~N W
an *
r N s < % ?%?‘g g‘ wu_/\/vx.__mf\/\,&__/\hh/\_/vh\.,«/ Y —
A 5 < X * A ¥ » 804 A A
R X n A TEP TN c
A X r R Y& Ty g \
c 404
A X4 - SRS Gy W WS
CcB7 ﬁ- CRN 73! Background molecules
A X 0- A

400 600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

4
- . Male excessed - iZ Male excessed - : Male excessed
g 11 g |2 212]3
= £ 212
c c 10 c
3° 3 3104
2 {male normal Female excessed; ~ © 8{Male normal, Female excessedr  © ol Male normal Female excessed|
o =) o
<4 T 6 6
g 2 Female normal g 4 Female normal g 44 Female normal
£ R? = 0.9860 £ 5] R? = 0.9549 £ 2 R? = (.9754
0 0 T
0.1 1 10 0.1 1 10 0.1 1 10
CRN conc. (ug mL") CRN conc. (ug mL") CRN conc. (ug mL")
40 .
. Male excessed _ 14 Male excessed i
a |4 215
t T 121
S 304 =1 \/2
o 010
o Male normal Female excessedt © Male normal Female excessed!|
S 201 S 8
b =t T 4l
2 2
@ 10 Female normal @ 44 Female normal
] @ 2
E R*=09554 | E | R? = 0.9592
0.1 1 10 0.1 1 10
CRN conc. (ug mL") CRN conc. (ug mL")

Figure 5.12. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB7 nanoaggregates for CRN detection in 2000-fold diluted SU (not to scale). (b) SERS
spectra of CRN in 2000-fold diluted SU with concentrations from 0 to 1.50 ug mL* (13.3
uM). Spectra were baseline corrected and offset for clarity. (¢) Corresponding plots of
SERS intensity of the five characteristic CRN peaks in (b) against CRN concentration.
Logarithmic fittings were performed to reveal correlation between SERS intensity and
CRN concentration. (Note: 1 ng mL™ in measurement samples corresponds to 2000 pg

mL"! of the actual CRN concentration in undiluted patient samples.)
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Figure 5.13. (a) Schematic illustration of the precise plasmonic hotspots within Au NP:
CB7 nanoaggregates for CRN detection in 5000-fold diluted SU (not to scale). (b) SERS
spectra of CRN in 5000-fold diluted SU with concentrations from 0 to 0.60 pg mL* (5.3
uM). Spectra were baseline corrected and offset for clarity. (c) Corresponding plots of
SERS intensity of the five characteristic CRN peaks in (b) against CRN concentration.
Logarithmic fittings were performed to reveal correlation between SERS intensity and
CRN concentration. (Note: 1 ng mL™ in measurement samples corresponds to 5000 pg

mL-! of the actual CRN concentration in undiluted patient samples.)
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5.6 Matrix effect on SERS signals

The signal perturbation from other biomolecules and proteins on the SERS signals of
CRN in diluted SU (i.e. matrix effect) was studied. The CRN signals in 2000-fold diluted
SU are 34.0% — 52.6% lower than those in water at the same concentration of 0.60 pg
mL* (Figure 5.14), probably due to competitive binding between CRN and other
biomolecules to CB7 and Au NPs in the matrix.!8 For instance, uric acid can form host-
guest complexes with CB7272 while phosphate may also bind to the surface of Au NPs.
Nevertheless, the matrix effect on the SERS signals of CRN can be minimised by
increasing the dilution factor and thus recovering the CRN signals in the absence of other

biomolecules and proteins (i.e. in water) and increasing the SNR.
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Figure 5.14. SERS spectra of 0.60 ug mL** CRN in water and sequentially diluted SU.
Insets: Schematic illustrations of the Au NP: CB7 nanoaggregates for CRN detection in

water and sequentially diluted SU, showing the matrix differences (not to scale).
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5.7 Conclusions

In this Chapter, a novel multi-spectroscopic sensing platform based on UV-Vis
spectroscopy and SERS for an important urinary biomarker CRN has been developed.
The key binding parameters of the CB7-CRN complex have been quantified using NMR,
and UV-Vis titrations, and supported by DFT molecular models. The dual-triggered self-
assembly of the plasmonic substrate by a combination of carbonyl portal binding of CB7
and the electrostatic effects of CRN allows rapid quantification via two independent
spectral signatures (i.e. UV-Vis and SERS) from a single sample solution, enhancing the
data consistency and measurement throughput. Notably, the CRN signals are selectively
enhanced in SERS via formation of precise plasmonic hotspots and host-guest
complexation with CB7. The quantification of CRN of clinically relevant levels has been
demonstrated in highly diluted SU with rapid response, high sensitivity (detection limit
of 111 nM) and reproducibility (within 5% error). Our detection scheme is also tolerant
against the presence of other biomolecules and proteins in SU, making it promising for

point-of-care and clinical applications.
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Chapter 6. Conclusions and Outlook

This Chapter concluded the research outcomes and provided insights into the possible

future directions.

6.1 Conclusions
Surface-enhanced Raman spectroscopy (SERS) is a powerful technique that has found
itself a wide range of applications in sensing and related research. The high sensitivity,
specificity and portability of the SERS sensors are particularly useful for real-time and
on-site detection of trace analyte targets, as opposed to the classical techniques which are
bulky and more prone to false signals. In this research, we have demonstrated facile
fabrication of reproducible SERS substrates via aqueous self-assembly of gold
nanoparticles (Au NPs) mediated by the highly symmetric and rigid macrocycles,
cucurbiturils (CBs), allowing the formation of precise plasmonic hotspots within the Au
NP: CB nanoaggregates. Novel host-guest complexes of CBs and various small
molecules, including explosives, drugs and biomarkers, have been investigated using
different experimental and computational approaches. Subsequent molecular
recognitions of the analyte targets enabled by CBs have been demonstrated using the Au
NP: CB SERS substrates, for potential applications in different areas such as homeland
security, environmental monitoring, therapeutic drug monitoring and early disease
diagnostics.

While CBs are known to have strong preferences for positively charged guests
that can be fully or mostly encapsulated within its cavity, neutral guests such as 2,4-
dinitrotoluene (DNT), a bulky explosive marker, are much rarer. The novel host-guest

complexation between CB and poly-substituted aromatics has provided new insights into
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the scenario of bulky guests in the Au NP: CB system, which has not been properly
addressed in the previous reports. Notably, the SERS signals of bulky guests can be
detected when they are not localised within but just in close proximity to the plasmonic
nanojunctions between Au NPs, hence extending the range of attractive analyte targets
for the Au NP: CB SERS system.

Interestingly, the aqueous self-assembly of the Au NP: CB nanoaggregates can be
dual-triggered by a combination of carbonyl portal binding of CB7 and the electrostatic
effects of the analyte targets such as creatinine (CRN), an important biomarker, in
contrast to the previous Au NP: CB systems where the aggregation of Au NPs is only
mediated by the portal binding of CB7 onto the Au NP surfaces. This has provided
fundamental insights into the aggregation kinetics which can be modified using the host-
guest complex itself, thus opening new possibilities for designing Au NP: CB SERS
systems.

While CB7 can fully or almost fully encapsulate a wide variety of positively
charged molecules such as methylxanthines (MeX), CB8 is capable of fully encapsulating
small guests within its relatively larger cavity and localise them at the centre of the
plasmonic hotspots within the Au NP: CB8 nanoaggregates for stronger SERS
enhancement as in the case of caffeine (CAF). This has also illustrated the possibility to
quantify analyte targets via formation of 1:1 CB8 host-guest complexes in the Au NP:
CB SERS system, in addition to the more common routes of utilising 1:1 CB7 or 1:1:1
CB8 host-guest complexation.

Quantitative SERS detection of various analyte targets, ranging from neutral and
bulky nitroexplosives (DNT) to positively charged drug molecules (MeX) and
biomarkers (CRN), has been demonstrated systematically via formation of CB host-guest

complexes and localisation of the analyte molecules in close proximity to or within the
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precise plasmonic nanojunctions between the Au NPs. The tolerance of the Au NP: CB
SERS system against signal perturbation from background molecules has been
demonstrated by multiple proof-of-concept experiments. For instance, DNT can be
detected in the presence of model organic contaminants while CRN of clinically relevant
concentrations can be quantified in the presence of proteins and other biomolecules (i.e.
synthetic urine). The capability of the SERS system to distinguish structurally similar
molecules has also been verified by multiplexed detection of drug isomers, theobromine
(TBR) and theophylline (TPH). Therefore, the Au NP: CB SERS system has great
potentials to be extended to multiplexed detection of a wide variety of attractive analyte

targets in complex media for in-field and point-of-care applications.

6.2 Future work
The reproducibility, responsiveness, high sensitivity and robustness of the Au NP: CB
system in the SERS detection of attractive analyte targets including explosives, drugs and
biomarkers have been demonstrated in this research. However, the ability of the SERS
system to simultaneously detect multiple analyte molecules in complex media with high
sensitivity remains the major challenge towards practical applications. For instance, on-
site detection of bulky guests using the Au NP: CB system is hindered by the current
detection limit while quantitative multiplexed detection of a wide variety of CB guests in
complex media is disfavoured by the labour-intensive procedures. Further research efforts
are thus required to address these issues, such as increasing the SERS enhancement by
means of new approaches or techniques and incorporating advanced data analytical
methods.

While the detection limit of Au NP: CB SERS system is excellent for point-of-

care sensing of drugs and biomarkers, machine learning methods such as artificial neural
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network®*® should be adopted to simultaneously quantify tens of analyte molecules in
complex media such as blood serum and urine, paving the way towards practical
applications.

Anisotropic nanostructures such as Au nanostars (Au NSs) have intrinsically more
plasmonic hotspots than spherical NPs due to the presence of sharp tips or edges.?*" The
SERS signals can be further enhanced by attaching CBs onto the Au NSs via aqueous
self-assembly. Meanwhile, the NPs on mirror geometry (NPoM)8 can be applied to
deposit Au NSs on a glass slide or metal surface sandwiched by CBs, where multi-layered
SERS substrates can be fabricated via alternate coating of Au NSs and CBs, as to increase
the durability and overcome the shortcomings of limited measurement window of the
solution-based methods. The performance of the SERS sensor can be improved further
by incorporating techniques such as photo-induced enhanced Raman spectroscopy
(PIERS)?® and electrochemical SERS (EC-SERS)?*.. For instance, CB can bind to
semiconductor quantum dots,**° which provides an opportunity for PIERS sensing.

With the continuous research efforts by our group and others in enhancing the
SERS signals of attractive analyte targets in the Au NP: CB system and developing
advanced analytical tools to probe the complex situations, we expect the Au NP: CB
SERS system to be ready for real sample testing or applications in real environments in

this new decade.
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Appendix

A.1 Synthesis of Au NPs
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Figure A.1. (a) UV-Vis spectra of Au NPs and (b) zoom-in spectra showing the shifting
of the LSPR peaks. (c) Hydrodynamic size of Au NPs determined by dynamic light

scattering and (d) corresponding plot of particle size as a function of number of growing
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steps. (e) TEM images showing the size of Au seeds and Au NPs after 5 and 10 growing

steps.

A.2 Coordinates of the CB7-DNT inclusion complex

Table A.1. Coordinates of the CB7-DNT inclusion complex in water. The geometry was

optimised at the CPCM/wB97X-D/6-311+G** level of theory. Energy = —4892.9663

hartree.
Atom Coordinates (A)
(Centre Nr.)

X Y Z

N(1) 1.449 3.012 -3.809
C(2) 1.114 4.346 -3.371
C(3) -0.432 4.377 -3.45
N(4) -0.771 3.034 -3.862
C(5) 0.338 2.265 -4.114
N(6) 1.381 4.615 -1.977
C(7) 0.237 4.888 -1.265
N(8) -0.835 4,721 -2.107
0(9) 0.338 1.13 -4.558
0(10) 0.186 5.24 -0.099
N(11) -3.038 2.408 -3.315
C(12) -3.803 3.446  -2.657
C(13) -4.929 2.658 -1.942
N(14) -4.725 1.302  -2.386
C(15) -3.634 1.174 -3.206
N(16) -3.126 4.12 -1.577
C(17) -3.668 3.825 -0.349
N(18) -4.665 2.9 -0.54
0(19) -3.27 0.157 -3.769
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0(20) -3.344 4328 0713
N(21) 5.509 -0.966 -0.523
C(22) 5.913 -0.592  0.811
C(23) 5.426 -1.78 1.681
N(24) 4.684 -2.594  0.741
C(25) 4.829 -2.158 -0.552
N(26) 5.213 0.54 1.378
C(27) 4.53 0.211 2.524
N(28) 4.636 -1.144  2.705
0(29) 4.441 -2.739 -1.552
0(30) 3.958 0.992  3.264
N(31) -1.596 -4.311 2.123
C(32) -2.195 -4.026  3.412
C(33) -3.581 -3.446 3.039
N(34) -3.659 -3.656  1.617
C(35) -2.497 -4.165 1.093
N(36) -1.573 -2.957  4.149
C(37) -2.334 -1.815 4.167
N(38) -3.484 -2.061  3.453
0(39) -2.302 -4.466 -0.071
0O(40) -2.053 -0.777 4.74
N(41) -5.546 -0.445 -0.927
C(42) -6.109 0.018 0.321
C(43) -5.819 -1.159  1.295
N(44) -5.145 -2.127 0.46
C(45) -5.013 -1.704  -0.837
N(46) -5.435 1.136 0.939
C(47) -4.796 0791  2.101
N(48) -5 -0.548  2.316
0(49) -4.546 -2.353  -1.758
O(50) -4.193 1.55 2.842
C(51) 4.19 -3.911  1.061
C(52) -2.167 5.174 -1.781
C(53) 4191 -1.81 3.902
C(54) -2.08 2.691 -4.353
N(55) 3.611 2.203 -3.092
C(56) 4.326 3.139 -2.253
C(57) 5.279 2227  -1.438
N(58) 5.041 0.911 -1.986
C(59) 4111 0.927  -2.997
N(60) 3.534 3.793 -1.239
C(61) 3.876 3.398  0.03
N(62) 4.837 2.426 -0.077
0(63) 3.799 -0.018  -3.699
0(64) 3.423 3.85 1.067
C(65) 2.781 2623  -4.193
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C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
N(73)
C(74)
C(75)
N(76)
C(77)
N(78)
C(79)
N(80)
0(81)
0(82)
C(83)
C(84)
H(85)
H(86)
H(87)
H(88)
H(89)
H(90)
H(91)
H(92)
H(93)
H(94)
H(95)
H(96)
H(97)
H(98)
H(99)
H(100)
H(101)
H(102)
H(103)
H(104)
H(105)
H(106)
H(107)
H(108)
H(109)
H(110)
H(111)
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2.7
5.549
5.879
-5.687
-5.579
-4.872
-4.643
0.846
1.377
2.844
2.94
1.783
0.82
1.754
2.933
1.622
1.577
-0.388
-0.43
1.607
-0.827
-4.166
-5.938
6.993
6.235
-2.241
-4.419
-7.172
-6.715
4.933
4.056
-2.108
-2.52
4.068
4.962
-1.985
-2.454
4.842
6.337
2.706
3.258
2.591
3.198
5.304
6.624
5.816

4.94
1.906
-0.231
0.249
2.503
-3.484
-1.204
-3.096
-4.242
-3.84
-2.51
-2.108
-4.464
-4.321
-3.914
-1.073
-4.544
-3.135
-5.152
5.089
5.106
4171
2.993
-0.428
-2.362
-4.934
-3.936
0.24
-1.6
-4.429
-4.451
5.755
5.816
-1.06
-2.524
1.801
3.52
3.882
2.49
1.79
3.473
5.491
5.574
2.525
1.966
-0.91

-1.495
1.059
-1.707
-2.178
0.503
0.859
3.546
4.204
3.503
3.208
3.761
4.381
2.188
1.19
1.768
5.004
0.006
4.948
1.988
-4.004
-4.164
-3.39
-2.2
0.847
2131
4.021
3.543
0.196
1.739
1.676
0.125
-0.861
-2.593
4.683
4.204
-4.973
-4.962
-2.868
-1.535
-4.89
-4.693
-0.562
-2.235
1.921
0.863
-2.557
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H(112) 6.911 0.113  -1.595
H(113) -5.569 -0.48 -2.978
H(114) -6.689 0.684  -2.228
H(115) -5.404 3.151 1.36
H(116) -6.604 2.642  0.146
H(117) -4.795 -4.089 -0.043
H(118) -5.708 -3.844  1.467
H(119) -5.496 -1.804 3.879
H(120) -4.432 -0.435  4.288
H(121) 1.279 -5.143 4116
H(122) 3.587 -4.497  3.668
H(123) -0.356 -2.337 5.688
H(124) -0.46 -4101  5.458
H(125) -0.498 -5.97 2.714
H(126) -0.431 -5.563  0.979
C(127) 1.801 -0.544 -1.022
C(128) 1.508 -1.589  -1.879
C(129) 0.178 -1.896 -2.124
C(130) -0.856 -1.204  -1.523
C(131) -0.514 -0.155 -0.688
C(132) 0.806 0.221 -0.412
C(133) 1.204 1.346 0.495
N(134) -1.634 0.549 -0.061
0(135) -1.554 1.754  0.071
0O(136) -2.589 -0.119 0.289
N(137) -0.147 -2.992 -3.04
0(138) -1.317 -3.174 -3.324
0(139) 0.769 -3.666  -3.473
H(140) 2.835 -0.301 -0.809
H(141) 2.305 -2.156  -2.338
H(142) -1.893 -1.462 -1.699
H(143) 0.588 1.39 1.395
H(144) 2.247 1.223 0.786
H(145) 1.098 2.303  -0.022
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Table A.2. Coordinates of the CB7-DNT inclusion complex in gas phase. The geometry

was optimised at the wB97X-D/6-311+G** level of theory. Energy = —4892.7629 hartree.

Atom Coordinates (A)
(Centre Nr.)

X Y Z
N(1) 1.101 2.858 -3.642
C(2) 0.984 4275  -3.395
C(3) -0.549 4.533 -3.483
N(4) -1.06 3288  -3.977
C(5) -0.104 2.295 -4.039
N(6) 1.321 4711 -2.072
C(7) 0.212 5.105 -1.335
N(8) -0.897 4902  -2.134
0(9) -0.269 1.166 -4.422
0(10) 0.233 5.59 -0.234
N(11) -3.354 2.784 -3.378
C(12) -3.995 3792 -2.569
C(13) -5.064 2.977 -1.78
N(14) -5.059 1702 -2.444
C(15) -4.043 1584  -3.375
N(16) -3.205 4393  -1536
C(17) -3.527 3.925 -0.274
N(18) 4572 3.029  -0.426
0(19) -3.836 0.642  -4.094
0(20) -3.042 4.288 0.765
N(21) 5.358 -1.019  -0.315
C(22) 5.868 -0.532 0.946
C(23) 5.478 1665  1.943
N(24) 5.004 -2.715 1.084
C(25) 4.953 2341 -0.246
N(26) 5.225 0.627 1.493
C(27) 4.43 0337  2.587
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N(28)
0(29)
0(30)
N(31)
C(32)
C(33)
N(34)
C(35)
N(36)
C(37)
N(38)
0(39)
0(40)
N(41)
C(42)
C(43)
N(44)
C(45)
N(46)
C(47)
N(48)
0(49)
0(50)
C(51)
C(52)
C(53)
C(54)
N(55)
C(56)
C(57)
N(58)
C(59)
N(60)
C(61)
N(62)
0(63)
0(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
N(73)
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45
4.646
3.828
-1.279
-2.023
-3.354
-3.21
-2.012
-1.501
-2.345
-3.378
-1.683
-2.224
-5.582
-5.935
-5.53
-4.715
-4.846
-5.171
-4.631
-4.856
-4.449
-4.116
4.607
-2.195
4.034
-2.41
3.208
4.047
5.041
4.796
3.751
3.422
3.818
4.665
3.412
3.521
2.34
2.661
5.447
5.63
-5.927
-5.318
-4.317
-4.554
0.907

-1.032
-3.042
1.132
-4.292
-4.11
-3.462
-3.414
-3.952
-3.15
-2.064
-2.196
-4.139
-1.202
-0.188
0.135
-1.139
-1.861
-1.355
1.172
0.75
-0.616
-1.872
1.438
-4.028
5.391
-1.605
3.077
1.923
2.921
2.07
0.732
0.652
3.767
3.476
2.378
-0.33
4.084
2.236
4.949
1.979
-0.396
0.598
2.571
-3.228
-1.366
-3.318

2.794
-1.175
3.259
1.983
3.201
2.719
1.29
0.857
4.133
4.316
3.405
-0.286
5.145
-0.99
0.36
1.151
0.201
-1.085
1.013
2.214
2.302
-2.095
3.056
1.521
-1.744
4.031
-4.419
-2.906
-2.279
-1.44
-1.891
-2.795
-1.304
-0.011
-0.083
-3.401
0.983
-4.014
-1.621
1.057
-1.585
-2.144
0.713
0.389
3.487
4.408
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N(80)
0(81)
0(82)
C(83)
C(84)
H(85)
H(86)
H(87)
H(88)
H(89)
H(90)
H(91)
H(92)
H(93)
H(94)
H(95)
H(96)
H(97)
H(98)
H(99)
H(100)
H(101)
H(102)
H(103)
H(104)
H(105)
H(106)
H(107)
H(108)
H(109)
H(110)
H(111)
H(112)
H(113)
H(114)
H(115)
H(116)
H(117)
H(118)
H(119)
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1.536
3.001
2.9
1.705
1.113
2.186
3.304
1.436
2.168
-0.395
-0.122
1.563
-0.816
-4.429
-6.07
6.952
6.325
-2.166
-4.245
-7.008
-6.388
5.346
4.602
-2.056
-2.559
3.727
4.863
-2.408
-2.732
4.54
6.094
2.1
2.877
2.594
3.203
5.169
6.516
5.454
6.68
-5.895
-6.946
-4.956
-6.384
-4.014
-5.171
-5.423

-4.357
-3.858
-2.472
-2.195
-4.502
-4.493
-4.118
-1.192
-4.799
-3.406
-5.137
4.838
5.344
4.57
3.416
-0.367
-2.025
-5.08
-4.051
0.364
-1.753
-4.402
-4.664
5.917
6.093
-0.782
-2.156
2.216
3.973
3.533
2.336
1.292
2.893
5.543
5.515
2.641
2.099
-1.153
-0.075
-0.069
0.978
3.123
2.792
-3.609
-3.813
-1.994

3.645
3.498
3.888
4.538
2.269
1.394
2121
5.143
0.231
5.014
1.886
-4.14
-4.175
-3.212
-1.831
0.876
2.544
3.7
2.985
0.42
1.461
2.239
0.634
-0.797
-2.506
4.679
4.501
-5.091
-4.968
-3.047
-1.611
-4.508
-4.718
-0.707
-2.392
1.879
0.831
-2.352
-1.616
-3.007
-2.009
1.583
0.552
-0.589
0.763
3.732
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H(120)
H(121)
H(122)
H(123)
H(124)
H(125)
H(126)
c(127)
C(128)
C(129)
C(130)
C(131)
C(132)
C(133)
N(134)
0(135)
0(136)
N(137)
0(138)
0(139)
H(140)
H(141)
H(142)
H(143)
H(144)
H(145)

-4.379
1.451
3.712
-0.44
-0.503
-0.281
-0.017
1.671
1.335
0.072
-0.861
-0.469
0.799
1.243
-1.469
-1.094
-2.63
-0.295
-1.378
0.518
2.657
2.039
-1.853
0.506
2177
1.401

-0.652
-5.317
-4.388
-2.653
-4.407
-6.029
-5.436
-1.093
-2.23
-2.308
-1.3
-0.174
-0.016
1.206
0.889
2.044
0.56
-3.496
-3.495
-4.396
-1.018
-3.042
-1.387
1.538
0.999
2.037

4.294
4172
4.147
5.803
5451
2.511
0.841
-0.764
-1.483
-2.043
-1.891
-1.188
-0.613
0.142
-1.066
-1.132
-0.913
-2.834
-3.378
-2.901
-0.319
-1.606
-2.319
0.874
0.667
-0.548

A.3 Binding energy of the CB7-DNT inclusion complex

Table A.3. Binding energies, in kcal mol™!, of the CB7-DNT inclusion complex,

optimised at various levels of theory.

Method Water model Energy / kcal mol™
wB97X-D/6-311+G** - -36.9
wB97X-D/6-31G* - -38.9
MMFF94 - —34.7
wB97X-D/6-311+G** CPCM? -26.9
wB97X-D/6-31G* CPCM? -30.3

2 Calculation was performed in the presence of solvent with the dielectric constant of water (78)

using the CPCM model in Spartan’16.
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A.4 Coordinates of the [CB7-CAF-H]™ inclusion complex

Table A.4. Coordinates of the [CB7-CAF-H]* inclusion complex in gas phase. The

geometry was optimised at the wB97X-D/6-31G* level of theory. Energy = —4891.8067

hartree.
Atom Coordinates (A)
(Centre Nr.)

X Y Z

N(1) 2273 2622  -4.201
C(2) 1.862 3947  -3815
c(3) 0.317 3822  -3.659
N(4) 0.040 2.474 -4.073
C(5) 1.182 1795  -4.475
N(6) 2.282 4.388 -2.513
C( 1.252 4.446 -1.593
N(8) 0.093 4097  -2.257
0(9) 1.227 0.709 -4.995
0(10) 1.344 4780  -0.431
N(11) -2.219 1.854 -3.436
C(12) -2.859 2961  -2.777
C(13) -4.146 2.337 -2.160
N(14) -4.069 0959  -2.555
C(15) -2.970 0.686 -3.353
N(16) -2.155 3479  -1633
C(17) -2.838 3.271 -0.444
N(18) -4.001 2601  -0.752
0(19) -2.727 -0.359 -3.909
0(20) -2.486 3654  0.652
N(21) 5.370 -1.396 -0.830
C(22) 5.705 -1.066  0.523
C(23) 4.759 -1.978 1.363
N(24) 3.808 2583 0.373
C(25) 4.335 -2.317 -0.924
N(26) 5.347 0262  0.961
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C(27)
N(28)
0(29)
0(30)
N(31)
C(32)
C(33)
N(34)
C(35)
N(36)
C(37)
N(38)
0(39)
0(40)
N(41)
C(42)
C(43)
N(44)
C(45)
N(46)
C(47)
N(48)
0(49)
0(50)
C(51)
C(52)
C(53)
C(54)
N(55)
C(56)
C(57)
N(58)
C(59)
N(60)
C(61)
N(62)
0(63)
0(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
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4.468
4.119
3.920
4.099
-2.379
-2.912
-4.347
-4.397
-3.273
-2.297
-3.171
-4.365
-3.115
-2.948
-5.385
-6.063
-6.234
-5.616
-5.165
-5.314
-5.070
-5.589
-4.711
-4.569
3.186
-1.181
3.441
-1.264
4.560
5.245
6.035
5.562
4.731
4.405
4.594
5.636
4.268
3.964
3.576
3.645
6.078
6.033
-5.181
-5.080
-5.535
-5.484

0.258
-1.053
-2.818
1.226
-4.424
-3.888
-3.415
-3.694
-4.349
-2.681
-1.613
-2.034
-4.814
-0.537
-0.520
0.130
-1.012
-2.142
-1.867
1.129
0.785
-0.477
-2.661
1.500
-3.815
4.525
-1.432
2.031
1.883
2.723
1.700
0.424
0.530
3.407
2.957
2.067
-0.383
3.311
2.324
4.609
1.440
-0.868
0.047
2.463
-3.469
-1.140

2.031
2.263
-1.939
2.662
2.335
3.558
3.157
1.745
1.279
4.050
4.105
3.562
0.175
4.615
-1.154
-0.064
0.992
0.351
-0.926
0.653
1.969
2.163
-1.716
2.809
0.626
-1.740
3.472
-4.500
-3.797
-2.853
-1.963
-2.434
-3.540
-1.891
-0.611
-0.623
-4.178
0.374
-4.752
-2.143
0.596
-1.993
-2.456
0.192
0.897
3.434
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N(73) 0.115 -2.654 3.878
C(74) 0.670 -3.885  3.370
C(75) 2.078 -3.459 2.862
N(76) 2.181 -2.085  3.270
C(77) 1.017 -1.609 3.853
N(78) 0.044 -4.423 2200
C(79) 0.833 -4.323 1.068
N(80) 2.006 -3.668  1.437
0(81) 0.847 -0.491 4.294
0(82) 0.576 4759  -0.029
C(83) -1.043 -2.628  4.736
C(84) -1.173 -5.194  2.224
H(85) 2.169 4679  -4575
H(86) -0.243 4539  -4.278
H(87) -3.067 3.770 -3.494
H(88) -5.077 2.788 -2.531
H(89) 6.772 -1.248  0.711
H(90) 5.295 -2.752 1.932
H(91) -2.910 -4.659  4.342
H(92) -5.146 -3.962 3.675
H(93) -7.019 0.550  -0.409
H(94) -7.285 -1.240 1.220
H(95) 3.872 -4534  1.105
H(96) 2.866 -4.208 -0.343
H(97) -1.009 4920  -0.737
H(98) -1.579 5.324 -2.388
H(99) 3.254 -0.516  4.036
H(100) 4.099 -2.096 4.055
H(101) -1.133 1.060  -4.985
H(102) -1.665 2.756 -5.228
H(103) 5.890 3.444  -3.369
H(104) 7.124 1.777 -2.065
H(105) 3.449 1.506  -5.466
H(106) 3.958 3.212 -5.270
H(107) 3.634 5200  -1.226
H(108) 4.149 5.172 -2.938
H(109) 5.949 2.165  1.402
H(110) 7.142 1.196 0.487
H(111) 5.846 -1.568 -2.811
H(112) 7.110 -0.810 -1.791
H(113) -4.979 -0.782  -3.138
H(114) -6.095 0573  -2.768
H(115) -4.826 3.064  1.068
H(116) -5.997 2.855  -0.272
H(117) -5.448 -4.160 0.054
H(118) -6.453 -3.683  1.459
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H(119) -6.408 -1.698 3.623
H(120) -5.360 -0.363  4.191
H(121) 0.699 -4.640 4.169
H(122) 2.897 -4.048  3.300
H(123) -1.021 -1.687 5.291
H(124) -0.974 -3.473  5.439
H(125) -1.119 -5.904 3.062
H(126) -1.228 -5.739  1.279
C(127) -1.291 -0.253 0.815
N(128) -0.849 -0.983  -0.295
C(129) 0.334 -0.794  -1.020
N(130) 1.178 0.250  -0.593
C(131) 0.813 0.983 0.484
C(132) -0.343 0.778  1.186
N(133) 1.475 2.024 1.070
C(134) 0.728 2441 2111
N(135) -0.367 1.714  2.203
0O(136) -2.347 -0.476 1.380
0(137) 0.624 -1.483  -1.965
C(138) -1.419 1.852 3.213
C(139) 2.404 0515  -1.324
C(140) -1.704 -2.068 -0.795
H(141) 2.377 2.446  0.809
H(142) 0.999 3.254 2.764
H(143) -2.371 2.033 2717
H(144) -1.474 0.933 3.796
H(145) -1.156 2.606  3.851
H(146) 2472 -0.222 -2.126
H(147) 2.380 1520  -1.756
H(148) 3.268 0.416 -0.659
H(149) -2.560 2131  -0.131
H(150) -2.035 -1.847 -1.811
H(151) -1.154 -3.009  -0.792
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A.5 Coordinates of the [CB7-TBR-H]™* inclusion complex

Table A.5. Coordinates of the [CB7-TBR-H]* inclusion complex in gas phase. The

geometry was optimised at the wB97X-D/6-31G* level of theory. Energy = —4852.5047

hartree.
Atom Coordinates (A)
(Centre Nr.)

X Y Z

N(1) 1.894 2815  -4.508
C(2) 1.709 4.228 -4.291
C@3) 0.150 4365  -4.211
N(4) -0.314 3.031 -4.470
C(5) 0.714 2112 -4.503
N(6) 2.153 4.747 -3.023
C(7) 1.111 5048  -2.167
N(8) -0.062 4.846 -2.868
0(9) 0.582 0906  -4.577
0(10) 1.203 5.492 -1.043
N(11) -2.524 2322 -3.807
C(12) -3.048 3.276 -2.881
C(13) -3.972 2405  -1.980
N(14) -3.855 1.078 -2.524
C(15) -3.051 1.050  -3.660
N(16) -2.102 3.858 -1.957
C(17) -2.358 3489  -0.652
N(18) -3.409 2.584 -0.665
0(19) -2.884 0115  -4.401
0(20) -1.796 3.902 0.342
N(21) 5.136 -1.363  -0.800
C(22) 5.395 -0.894 0.527
C(23) 4.691 -1.954  1.426
N(24) 3.969 2773 0.483
C(25) 4.325 -2.485 -0.834
N(26) 4.753 0.344  0.909
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C(27)
N(28)
0(29)
0(30)
N(31)
C(32)
C(33)
N(34)
C(35)
N(36)
C(37)
N(38)
0(39)
0(40)
N(41)
C(42)
C(43)
N(44)
C(45)
N(46)
C(47)
N(48)
0(49)
0(50)
C(51)
C(52)
C(53)
C(54)
N(55)
C(56)
C(57)
N(58)
C(59)
N(60)
C(61)
N(62)
0(63)
0(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
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3.888
3.876
4.023
3.282
-2.201
-2.744
-4.087
-4.208
-3.072
-2.017
-2.598
-3.834
-2.888
-2.115
-4.836
-5.331
-5.583
-5.003
-4.731
-4.377
-4.185
-4.924
-4.497
-3.519
3.480
-1.340
3.361
-1.642
3.930
4.803
5.491
5.161
4.203
4174
4.220
4.879
3.744
3.821
3.141
3.526
5.293
5.729
-4.847
-4.189
-5.217
-4.826

0.187
-1.156
-3.128
1.068
-4.883
-4.456
-3.760
-4.071
-4.685
-3.396
-2.170
-2.370
-5.010
-1.091
-0.538
0.129
-1.031
-2.177
-1.911
0.976
0.583
-0.567
-2.730
1.163
-4.089
5.054
-1.628
2.668
1.792
2.687
1.734
0.427
0.458
3.677
3.345
2.132
-0.496
4.018
2.180
4.879
1.638
-0.810
0.054
2.366
-3.540
-1.321

1.972
2.299
-1.809
2.552
2.381
3.645
3.231
1.832
1.322
4.300
4112
3.549
0.174
4.416
-1.008
0.160
1.169
0.512
-0.836
0.850
2.160
2.359
-1.686
2.991
0.810
-2.261
3.547
-4.882
-3.697
-2.983
-1.961
-2.446
-3.448
-2.150
-0.814
-0.711
-4.028
0.112
-4.828
-2.615
0.568
-1.990
-2.321
0.517
0.946
3.570
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N(73) 0.413 -3.433 4.357
C(74) 0.937 -4.464  3.508
C(75) 2.295 -3.872 3.039
N(76) 2.203 -2.481  3.438
C(77) 1.122 -2.248 4.268
N(78) 0.225 -4.690 2270
C(79) 1.084 -4.601 1.167
N(80) 2.296 4113 1.628
0(81) 0.868 -1.210 4.841
0(82) 0.822 -4.927  0.037
C(83) -0.815 -3.538 5.085
C(84) -0.939 -5.550  2.197
H(85) 2.161 4.799 -5.112
H(86) -0.270 5.065  -4.944
H(87) -3.582 4078  -3.412
H(88) -5.023 2.734 -1.989
H(89) 6.478 -0.819  0.702
H(90) 5.392 -2.564 2.015
H(91) -2.877 -5.303  4.328
H(92) -4.960 -4.122 3.786
H(93) -6.240 0.702  -0.076
H(94) -6.648 -1.207 1.378
H(95) 4.268 -4.658  1.328
H(96) 3.237 -4.580 -0.136
H(97) -1.152 5574  -1.319
H(98) -1.957 5.687 -2.914
H(99) 3.061 -0.758  4.136
H(100) 4.161 -2.170 4.076
H(101) -1.581 1.786  -5.524
H(102) -2.062 3.508 -5.451
H(103) 5.507 3.173  -3.674
H(104) 6.582 1.858 -1.908
H(105) 2.918 1.264  -5.381
H(106) 3.719 2.864 -5.466
H(107) 3.540 5589  -1.786
H(108) 4.108 5.279 -3.454
H(109) 4.944 2355  1.315
H(110) 6.391 1.574  0.606
H(111) 5.582 -1.548  -2.782
H(112) 6.802 -0.660  -1.815
H(113) -4.636 -0.744  -3.038
H(114) -5.849 0.472 -2.514
H(115) -3.663 2.832 1.352
H(116) -5.176 2.843  0.394
H(117) -5.209 -4.165 0.049
H(118) -6.192 -3.618  1.443
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H(119) -5.801 -1.771 3.791
H(120) -4.555 -0.621  4.362
H(121) 1.038 -5.402 4.071
H(122) 3.166 -4.346 3513
H(123) -0.809 -2.740 5.830
H(124) -0.852 4511 5587
H(125) -0.840 -6.350 2.945
H(126) -0.960 -5.983  1.193
C(127) 0.344 1.466 -0.922
N(128) -0.307 0.463  -1.634
C(129) -1.036 -0.629 -1.160
N(130) -1.098 -0.746  0.242
C(131) -0.582 0.250  1.002
C(132) 0.095 1.330 0502
N(133) -0.616 0.377 2.363
C(134) 0.013 1.527 2.677
N(135) 0.445 2119  1.583
0O(136) 1.021 2.319 -1.466
0(137) -1.560 -1.429  -1.891
C(138) 1.174 3.387 1.519
C(139) -1.655 -1.948  0.834
H(140) -0.151 0.451 -2.647
H(141) -1.127 -0.188  3.055
H(142) 0.142 1.892 3.682
H(143) 0.746 4002  0.728
H(144) 1.062 3.883 2.483
H(145) 2.224 3.190  1.313
H(146) -2.619 -1.737 1.304
H(147) -1.800 -2.675  0.034
H(148) -0.955 -2.356 1.572
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A.6 Coordinates of the [CB7-TPH-H]™ inclusion complex

Table A.6. Coordinates of the [CB7-TPH-H]* inclusion complex in gas phase. The

geometry was optimised at the wB97X-D/6-31G* level of theory. Energy = —4852.4856

hartree.
Atom Coordinates (A)
(Centre Nr.)

X Y Z

N(1) 1.890 3173  -4.253
C(2) 1.623 4.421 -3.578
c(@3) 0.079 4392  -3.387
N(4) -0.337 3.311 -4.231
C(5) 0.724 2595  -4.757
N(6) 2.113 4.520 -2.236
c(7) 1.128 4302 -1.289
N(8) -0.077 4.178 -1.960
0(9) 0.661 1679  -5538
0(10) 1.297 4.262 -0.089
N(11) -2.573 2572  -3.626
C(12) -3.142 3.352 -2.569
C(13) -4.325 2478  -2.074
N(14) -4.015 1.187 -2.642
C(15) -3.063 1273 -3.647
N(16) -2.329 3.485 -1.375
C(17) -3.053 3143 -0.232
N(18) -4.239 2.574 -0.646
0(19) -2.748 0.404  -4.424
0(20) -2.715 3.358 0.909
N(21) 4.909 1292 -1.085
C(22) 5.704 -1.125 0.114
C(23) 4.942 2015 1141
N(24) 4.094 -2.821 0.312
C(25) 3.951 -2.284 -0.947
N(26) 5.654 0.180  0.708
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C(27)
N(28)
0(29)
0(30)
N(31)
C(32)
C(33)
N(34)
C(35)
N(36)
C(37)
N(38)
0(39)
0(40)
N(41)
C(42)
C(43)
N(44)
C(45)
N(46)
C(47)
N(48)
0(49)
0(50)
C(51)
C(52)
C(53)
C(54)
N(55)
C(56)
C(57)
N(58)
C(59)
N(60)
C(61)
N(62)
0(63)
0(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
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4.790
4.247
3.139
4.561
-1.985
-2.639
-4.018
-3.756
-2.607
-2.109
-3.137
-4.261
-2.226
-3.068
-5.026
-5.890
-5.916
-4.951
-4.451
-5.386
-5.301
-5.590
-3.696
-5.095
3.484
-1.306
3.609
-1.698
4.093
4.944
5.726
4,931
4.018
4.277
4.759
5.687
3.311
4.420
3.171
3.487
6.338
5.308
-4.939
-5.304
-4.746
-5.480

0.234
-1.034
-2.610
1.203
-4.821
-4.126
-3.754
-3.884
-4.607
-2.822
-1.891
-2.435
-5.008
-0.843
-0.581
-0.190
-1.451
-2.321
-1.822
0.840
0.430
-0.921
-2.390
1.144
-4.064
4.490
-1.360
3.080
2.204
2.878
1.711
0.558
0.847
3.498
3.047
2.056
0.045
3.442
2.839
4.708
1.346
-0.809
0.082
2.229
-3.693
-1.681

1.795
1.956
-1.791
2.479
2.400
3.468
2.855
1.438
1.179
3.816
3.956
3.362
0.104
4.552
-1.334
-0.254
0.671
0.049
-1.137
0.617
1.936
1.968
-1.895
2.892
0.705
-1.264
3.218
-4.643
-3.897
-2.955
-2.272
-2.641
-3.657
-1.824
-0.617
-0.873
-4.216
0.481
-4.815
-1.882
0.208
-2.383
-2.603
0.266
0.416
3.186
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N(73) 0.308 -2.704 3.687
C(74) 0.976 -3.964  3.446
C(75) 2.360 -3.528 2.889
N(76) 2.390 -2.109  3.103
C(77) 1.174 -1.627 3.578
N(78) 0.445 -4.785  2.399
C(79) 1.219 -4.775 1.256
N(80) 2.300 -3.928  1.505
0(81) 0.937 -0.477 3.872
0(82) 1.035 -5.405  0.243
C(83) -0.875 -2.622  4.520
C(84) -0.764 -5.564 2.498
H(85) 1.977 5271  -4.177
H(86) -0.415 5328  -3.685
H(87) -3.449 4.341 -2.939
H(88) -5.309 2.829 -2.419
H(89) 6.742 -1.435  -0.060
H(90) 5.599 -2.647 1.754
H(91) -2.710 -4.769  4.356
H(92) -4.830 -4.430 3.157
H(93) -6.880 0.086  -0.644
H(94) -6.896 -1.946 0.705
H(95) 4.246 -4.646  1.245
H(96) 3.191 -4.603 -0.199
H(97) -1.067 4592  -0.203
H(98) -1.690 5.452 -1.645
H(99) 3.377 -0.410  3.704
H(100) 4.314 -1.928 3.845
H(101) -1.663 2.338  -5.444
H(102) -2.114 4.022 -5.028
H(103) 5.589 3.602  -3.467
H(104) 6.761 1.608 -2.619
H(105) 2.985 2135  -5.629
H(106) 3.660 3.739 -5.210
H(107) 3.517 5.147  -0.882
H(108) 3.940 5.400 -2.603
H(109) 6.422 2.046  1.042
H(110) 7.338 1.053  -0.128
H(111) 4.803 -1.424  -3.132
H(112) 6.397 -0.916 -2.484
H(113) -4.588 -0.645  -3.339
H(114) -5.945 0.433  -2.882
H(115) -5.136 2773 1.199
H(116) -6.249 2.558  -0.187
H(117) -4.393 -4.228 -0.469
H(118) -5.706 -4.116  0.748
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H(119) -6.323 -2.379 3.250
H(120) -5.537 -0.961  4.005
H(121) 1.041 -4.538 4.381
H(122) 3.207 -4.011  3.399
H(123) -0.917 -1.618 4.950
H(124) -0.774 -3.361  5.331
H(125) -0.760 -6.105 3.451
H(126) -0.742 -6.275  1.669
C(127) 0.151 1.780 2.068
N(128) -1.077 1.116  2.204
C(129) -1.518 0.017 1.479
N(130) -0.612 -0.565  0.565
C(131) 0.558 0.072 0.340
C(132) 0.950 1.190  1.016
N(133) 1.541 -0.214 -0.575
C(134) 2.507 0.719 -0.449
N(135) 2.166 1.564  0.505
0O(136) 0.482 2.725 2.744
0(137) -2.625 -0.469  1.597
C(138) -0.992 -1.765 -0.177
C(139) -1.934 1.642  3.274
H(140) 1.598 -1.003 -1.218
H(141) 3.405 0.740  -1.044
H(142) 2.707 2.385 0.800
H(143) -1.858 2193 0.321
H(144) -1.272 -1.528 -1.207
H(145) -0.173 -2.489  -0.160
H(146) -1.947 2.726 3.190
H(147) -2.935 1.242  3.165
H(148) -1.512 1.340 4.233
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A.7 Coordinates of the [CB8-CAF-H]™ inclusion complex

Table A.7. Coordinates of the [CB8-CAF-H]* inclusion complex in gas phase. The

geometry was optimised at the wB97X-D/6-31G* level of theory. Energy = —5493.3988

hartree.
Atom Coordinates (A)
(Centre Nr.)

X Y Z

N(1) 6.304 -0.903  -0.010
C(2 6.669 -0.154 -1.189
C(3) 6.111 -1.041  -2.335
N(4) 5.890 -2.299 -1.699
C(5) 5.981 2220  -0.315
N(6) 5.992 1.099 -1.385
C(7) 4.939 0.991 -2.259
N(8) 4.922 -0.305 -2.746
0(9) 5.859 -3.133  0.462
0(10) 4.185 1.889 -2.590
N(11) 4312 -3.714  -2.887
C(12) 3.796 -3.087 -4.058
C(13) 2.484 -3.868  -4.331
N(14) 2.240 -4.525 -3.069
C(15) 3.384 4548  -2.277
N(16) 3.318 -1.717 -3.902
C(17) 2.015 -1.589  -4.340
N(18) 1.550 -2.831 -4.678
0(19) 3.559 -5.206 -1.283
0(20) 1.394 -0.537  -4.453
N(21) -1.944 2.867 4,780
C(22) -2.409 4071 4131
C(23) -3.680 3.569 3.400
N(24) -3.990 2.347 4076
C(25) -2.926 1.895 4.845
N(26) -1.598 4574  3.062
C(27) -2.025 4.125 1.831
N(28) -3.214 3.434 2.030
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0(29) -2.892 0.871 5.487
0(30) -1.496 4347  0.760
N(31) -5.662 -2.702 0.056
C(32) -6.114 2572 -1.293
C(33) -5.289 -3.649 -2.051
N(34) -4.211 -3.920  -1.125
C(35) -4.504 -3.454 0.156
N(36) -5.743 -1.360  -1.996
C(37) -5.134 -1.617 -3.204
N(38) -4.930 -2.985  -3.271
0(39) -3.906 -3.722  1.170
0(40) -4.870 0812  -4.071
N(41) -0.110 -5.109  -2.936
C(42) -0.860 -4.867  -4.127
C(43) -2.332 -4.924  -3.644
N(44) -2.197 -4.734 -2.210
C(45) -0.893 -5.001  -1.793
N(46) -0.770 -3.521 -4.662
C(47) -2.030 -2.998  -4.933
N(48) -2.952 -3.862 -4.381
0(49) -0.515 -5.155  -0.658
O(50) -2.259 -1.990 -5.562
C(51) -5.267 1.687  4.051
C(52) 4.222 -0.593 -3.970
C(53) -4.132 3290  0.931
C(54) 5.644 -3.542 -2.375
N(55) 6.049 0.493  1.955
C(56) 6.308 1.886 1.781
C(57) 5.455 2.544  2.896
N(58) 4,501 1.501 3.215
C(59) 4.935 0.261  2.749
N(60) 5.760 2.499 0.582
C(61) 5.051 3.654  0.880
N(62) 4918 3.709 2.252
0(63) 4.465 -0.817  3.018
0(64) 4.654 4.475 0.080
C(65) 6.767 -0571  1.316
C(66) 6.337 2331 -0.725
C(67) 4.322 4826  2.938
C(68) 3.674 1.546  4.397
C(69) 1.248 -5.565  -2.904
C(70) 0.346 -3.059 -5.436
C(71) -3.288 -5.006  -1.296
C(72) -4.369 -3.608  -4.432
N(73) -5.835 0.569 -0.532
C(74) -6.424 0375  0.757
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C(75) -5.857 1.560 1.580
N(76) -4.704 1.973  0.790
C(77) -4.759 1.426 -0.493
N(78) -5.961 -0.771  1.508
C(79) -5.576 -0.423 2.791
N(80) -5.574 0.965  2.848
0(81) -4.023 1.707 -1.416
0(82) -5.329 -1.175  3.704
C(83) -6.294 -0.062 -1.736
C(84) -6.316 -2.134  1.201
N(85) 0.770 4.850 3.488
C(86) 1.107 4.207 4,742
C(87) 2.592 3.816  4.520
N(88) 2.979 4629  3.401
C(89) 1.892 5207 2770
N(90) 0.470 2.957 5.006
C(91) 1.279 1.876  4.705
N(92) 2512 2.390 4.278
0(93) 1.930 5914 1785
0(%4) 1.007 0.711 4.852
C(95) -0.497 5.478  3.227
C(96) -0.804 2.810 5.653
H(97) 7.757 -0.003  -1.239
H(98) 6.798 -1.149 -3.185
H(99) 4521 -3.135  -4.883
H(100) 2.563 -4.594 -5.153
H(101) -2.601 4866  4.865
H(102) -4.527 4.267 3.452
H(103) -7.201 -2.728  -1.348
H(104) -5.856 -4.565 -2.271
H(105) -0.619 -5.612  -4.898
H(106) -2.830 -5.879 -3.862
H(107) -6.050 2438 4221
H(108) -5.269 0.959 4.866
H(109) 3.637 0.292  -4.227
H(110) 4.956 -0.783 -4.771
H(111) -3.577 3505  0.015
H(112) -4.948 4.026 1.042
H(113) 5.810 -4340  -1.648
H(114) 6.356 -3.640  -3.205
H(115) 7.384 2.095  1.863
H(116) 6.035 2.832  3.783
H(117) 6.642 -1.474 1.918
H(118) 7.830 -0.294  1.285
H(119) 5.972 3.159 -1.337
H(120) 7.433 2.379  -0.663

UCL Chemistry 212



Macrocycle-Functionalised SERS Substrates for Sensing Applications W. I. K. Chio
H(121) 4.960 5.081 3.793
H(122) 4.296 5.662  2.235
H(123) 4.284 1.880 5.254
H(124) 3.320 0.528  4.580
H(125) 1.434 -6.015 -1.926
H(126) 1.375 -6.327  -3.688
H(127) 0.040 -2.116 -5.894
H(128) 0.592 -3.782  -6.229
H(129) -2.845 -5.207 -0.317
H(130) -3.829 -5.901  -1.645
H(131) -4.539 -2.935  -5.275
H(132) -4.884 -4560  -4.607
H(133) -7.520 0.375  0.676
H(134) -6.562 2396 1.691
H(135) -6.011 0.565 -2.584
H(136) -7.391 -0.122 -1.677
H(137) -6.037 -2.723  2.078
H(138) -7.401 -2.209 1.039
H(139) 0.953 4900  5.582
H(140) 3.236 4.028 5.386
H(141) -0.752 6.165  4.047
H(142) -0.372 6.049 2.304
H(143) -0.881 3594  6.422
H(144) -0.835 1.829 6.131
C(145) -0.676 1.160  1.111
N(146) -1.646 0.160 1.022
C(147) -2.109 -0.444  -0.151
N(148) -1.338 -0.273 -1.307
C(149) -0.339 0.639 -1.269
C(150) -0.031 1.379 -0.163
N(151) 0.541 0.998  -2.256
C(152) 1.361 1.946 -1.755
N(153) 1.033 2.193  -0.501
0(154) -0.406 1.733 2.151
0(155) -3.114 -1.120  -0.179
C(156) 1.615 3.224 0.358
C(157) -1.842 -0.844  -2.555
C(158) -2.320 -0.215  2.269
H(159) 0.692 0538  -3.162
H(160) 2.192 2.386 -2.285
H(161) 2.446 3.696  -0.165
H(162) 0.836 3.955 0.574
H(163) 1.956 2.757  1.284
H(164) -2.217 -1.845  -2.338
H(165) -2.649 -0.228 -2.960
H(166) -1.026 -0.915  -3.276
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H(167) -1.587 -0.207  3.075
H(168) -3.103 0510  2.486
H(169) -2.753 -1.207  2.150

A.8 Coordinates of the [CB8-TBR-H]* inclusion complex

Table A.8. Coordinates of the [CB8-TBR-H]* inclusion complex in gas phase. The

geometry was optimised at the wB97X-D/6-31G* level of theory. Energy = —5454.0728

hartree.
Atom Coordinates (A)
(Centre Nr.)

X Y Z

N(1) 4974 0.168 -1.145
C(2) 5.488 1.178  -0.239
C(3) 5.204 2.475 -1.026
N(4) 5.101 2.024  -2.377
C(5) 4.878 0.656 -2.443
N(6) 4.739 1.354  0.970
c(7) 3.773 2329  0.830
N(8) 3.961 2917  -0.418
0(9) 4.678 0.007  -3.443
0(10) 2.937 2.649  1.648
N(11) 4.124 3.668  -3.884
C(12) 3.607 4.769 -3.123
C(13) 2.532 5380  -4.068
N(14) 2.334 4.313 -5.022
C(15) 3.293 3.317  -4.934
N(16) 2.825 4.412 -1.948
C(17) 1.546 4953  -2.002
N(18) 1.426 5.637 -3.191
0(19) 3.412 2.367  -5.669
0(20) 0.695 4.855 -1.140

UCL Chemistry

214



Macrocycle-Functionalised SERS Substrates for Sensing Applications

W. I. K. Chio

N(21)
C(22)
C(23)
N(24)
C(25)
N(26)
C(27)
N(28)
0(29)
0(30)
N(31)
C(32)
C(33)
N(34)
C(35)
N(36)
C(37)
N(38)
0(39)
0(40)
N(41)
C(42)
C(43)
N(44)
C(45)
N(46)
C(47)
N(48)
0(49)
0(50)
C(51)
C(52)
C(53)
C(54)
N(55)
C(56)
C(57)
N(58)
C(59)
N(60)
C(61)
N(62)
0(63)
0(64)
C(65)
C(66)
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-2.243
-2.607
-3.809
-4.202
-3.240
-1.675
-1.999
-3.221
-3.295
-1.376
-4.488
-5.148
-4.539
-3.307
-3.355
-4.785
-4.500
-4.387
-2.561
-4.412
-0.050
-1.049
-2.323
-1.758
-0.416
-0.891
-2.026
-2.929
0.315
-2.212
-5.371
3.439
-4.013
5.260
4.665
5.224
4.708
3.582
3.656
4.668
4.332
4.406
2.999
4.083
5.251
5.086

-5.195
-4.477
-3.620
-4.275
-5.159
-3.498
-2.218
-2.300
-5.816
-1.210
0.076
1.346
2.164
1.438
0.151
2.149
3.458
3.470
-0.738
4.412
3.977
4.988
4.165
2.873
2.797
5.775
5.775
4.914
1.834
6.440
-3.970
4.235
-1.106
2.863
-1.794
-1.677
-2.943
-3.333
-2.742
-0.617
-1.080
-2.461
-3.024
-0.396
-1.237
0.753

3.726
4.927
4.445
3.231
2.767
5.394
4,982
4.315
1.756
5.215
-1.887
-1.788
-2.949
-3.202
-2.669
-0.639
-1.008
-2.393
-2.895
-0.273
-5.300
-5.100
-4.767
-4.385
-4.706
-3.898
-3.101
-3.708
-4.512
-2.112
2.460
-0.652
4.189
-3.531
0.233
1.546
2.273
1.440
0.186
2.360
3.631
3.584
-0.792
4.594
-0.950
2.228
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C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
N(73)
C(74)
C(75)
N(76)
C(77)
N(78)
C(79)
N(80)
0(81)
0(82)
C(83)
C(84)
N(85)
C(86)
C(87)
N(88)
C(89)
N(90)
C(91)
N(92)
0(93)
0(94)
C(95)
C(96)
H(97)
H(98)
H(99)
H(100)
H(101)
H(102)
H(103)
H(104)
H(105)
H(106)
H(107)
H(108)
H(109)
H(110)
H(111)
H(112)
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4.136
2.944
1.237
0.292
-2.549
-4.237
-5.019
-5.693
-5.537
-4.413
-4.197
-5.023
-4.948
-5.312
-3.463
-4.671
-5.354
-5.093
0.685
0.972
2.346
2.819
1.812
0.141
0.699
1.978
1.926
0.182
-0.496
-1.177
6.551
5.986
4.408
2.850
-2.861
-4.648
-6.237
-5.165
-1.142
-3.012
-6.236
-5.508
2.680
4.247
-3.404
-4.916

-3.287
-4.619
4.196
6.479
1.664
4.677
0.630
-0.593
-1.440
-0.788
0.484
-1.423
-2.747
-2.758
1.334
-3.700
1.906
-1.166
-4.037
-5.268
-4.959
-3.848
-3.251
-5.572
-5.153
-4.696
-2.276
-5.244
-3.785
-6.148
1.015
3.241
5.469
6.304
-5.177
-3.599
1.215
2.193
5.619
4.047
-3.907
-4.794
4.420
4.979
-0.273
-1.199

4731
1.585
-5.928
-3.508
-4.397
-3.157
1.225
0.906
2.192
2.840
2.333
-0.074
0.350
1.686
2.790
-0.337
0.669
-1.487
5.386
4.686
4.033
4.797
5.545
3.559
2.375
2.648
6.248
1.277
6.164
3.633
-0.013
-0.927
-2.854
-4.566
5.736
5.155
-1.861
-3.852
-5.991
-5.613
3.131
1.757
0.111
-0.543
4.548
4.816
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H(113) 5.458 2.213 -4.386
H(114) 6.121 3522  -3.361
H(115) 6.321 -1.613 1.495
H(116) 5.444 -3.757  2.324
H(117) 4.845 -1.764 -1.815
H(118) 6.340 -1.398  -0.906
H(119) 4.596 1.310 3.029
H(120) 6.178 0.836  2.349
H(121) 4.870 -4.102 4.751
H(122) 4.257 -2.657 5.614
H(123) 3.720 -5.386 1.747
H(124) 2.421 -4.831  0.649
H(125) 1.474 3.345 -6.571
H(126) 1.137 5.096  -6.545
H(127) 0.013 7.056  -2.623
H(128) 0.618 7.167 -4.298
H(129) -1.873 0.816  -4.517
H(130) -3.227 1.705 -5.266
H(131) -4.451 5.511 -2.485
H(132) -4.964 4.666 -3.979
H(133) -6.738 -0.398  0.627
H(134) -6.420 -1.427 2.846
H(135) -4.970 2.685  1.330
H(136) -6.452 1.986 0.619
H(137) -4.571 -1.986  -1.985
H(138) -6.142 -1.152 -1.824
H(139) 0.993 -6.120  5.379
H(140) 3.057 -5.795 4.084
H(141) -0.719 -4.646  6.809
H(142) -0.268 -2.914 6.783
H(143) -1.190 -6.826  4.497
H(144) -1.356 -6.718 2.719
C(145) 0.012 -1.786  0.626
N(146) -0.007 -2.839 -0.278
C(147) 0.208 -2.840  -1.654
N(148) 0.399 -1.571 -2.235
C(149) 0.337 -0.487  -1.436
C(150) 0.162 -0.522  -0.078
N(151) 0.452 0.830  -1.797
C(152) 0.355 1.583 -0.676
N(153) 0.184 0.788  0.368
0(154) -0.091 -1.939 1.829
O(155) 0.225 -3.852  -2.308
C(156) -0.002 1.212  1.763
C(157) 0.678 -1.451 -3.659
H(158) -0.058 -3.774  0.137
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H(159)
H(160)
H(161)
H(162)
H(163)
H(164)
H(165)
H(166)

0.515
0.407
0.419
-1.066
0.525
0.721
-0.125
1.639

1.189
2.666
2211
1.200
0.510
-2.463
-0.896
-0.953

-2.759
-0.646
1.875
2.006
2.406
-4.058
-4.148
-3.814

A.9 Coordinates of the [CB8-TPH-H]" inclusion complex

Table A.9. Coordinates of the [CB8-TPH-H]* inclusion complex in gas phase. The

geometry was optimised at the wB97X-D/6-31G* level of theory. Energy = —5454.0750

hartree.
Atom Coordinates (A)
(Centre Nr.)

X Y Z

N(1) 0.462 5.739 -1.080
c(2) -0.685 6.181  -0.316
C(3) -1.864 5.665 -1.178
N(4) -1.260 5458  -2.460
C(5) 0.119 5.440 -2.397
N(6) -0.872 5516  0.934
C(7) -1.742 4.441 0.825
N(8) -2.274 4466  -0.465
0(9) 0.889 5.243 -3.307
0(10) -2.011 3.653 1.701
N(11) -2.657 4.042 -3.847
C(12) -3.864 3.664 -3.179
C(13) -4.368 2463  -4.019
N(14) -3.173 2.074 -4.737
C(15) -2.208 3.059  -4.719
N(16) -3.698 3.075 -1.860
C(17) -4.411 1.875  -1.762
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N(18)
0(19)
0(20)
N(21)
C(22)
C(23)
N(24)
C(25)
N(26)
C(27)
N(28)
0(29)
0(30)
N(31)
C(32)
C(33)
N(34)
C(35)
N(36)
C(37)
N(38)
0(39)
0(40)
N(41)
C(42)
C(43)
N(44)
C(45)
N(46)
C(47)
N(48)
0(49)
0(50)
C(51)
C(52)
C(53)
C(54)
N(55)
C(56)
C(57)
N(58)
C(59)
N(60)
C(61)
N(62)
0(63)
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-4.852
-1.185
-4.645
4.795
4.021
3.218
3.953
4.859
2.992
1.781
1.892
5.603
0.781
-0.197
-1.552
-2.300
-1.363
-0.089
-2.242
-3.464
-3.514
0.931
-4.336
-3.175
-4.368
-3.854
-2.429
-2.028
-4.998
-5.222
-4.584
-0.890
-5.895
3.802
-3.586
0.712
-1.983
2.385
2.225
3.363
3.625
3.051
1.051
1.371
2.759
3.126

1.554
3.096
1.278
-2.145
-2.521
-3.744
-4.141
-3.182
-1.596
-1.925
-3.181
-3.245
-1.224
-5.630
-6.073
-5.272
-4.209
-4.499
-5.659
-5.064
-4.878
-3.908
-4.802
-0.303
-1.035
-2.492
-2.308
-1.025
-0.788
-1.954
-2.971
-0.634
-2.075
-5.402
3.888
-4.025
5.294
5.541
5.989
5.245
4.128
4.347
5.478
4.967
4.905
3.592

-3.026
-5.363
-0.735
3.354
4515
3.997
2.837
2.423
4.887
4.321
3.758
1.476
4.354
-2.252
-2.114
-3.215
-3.523
-3.043
-0.911
-1.192
-2.562
-3.306
-0.397
-5.215
-4.929
-4.766
-4.583
-4.941
-3.649
-2.942
-3.629
-5.069
-1.942
2.158
-0.677
3.679
-3.694
0.382
1.737
2.484
1.580
0.339
2417
3.669
3.733
-0.620

219



Macrocycle-Functionalised SERS Substrates for Sensing Applications

W. I. K. Chio

0(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
N(73)
C(74)
C(75)
N(76)
C(77)
N(78)
C(79)
N(80)
0(81)
0(82)
C(83)
C(84)
N(85)
C(86)
C(87)
N(88)
C(89)
N(90)
C(91)
N(92)
0(93)
0(94)
C(95)
C(96)
H(97)
H(98)
H(99)
H(100)
H(101)
H(102)
H(103)
H(104)
H(105)
H(106)
H(107)
H(108)
H(109)
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0.600
1.799
-0.295
3.439
4.809
-3.131
-5.691
-1.493
-4.675
-0.809
0.488
1.307
0.520
-0.793
1.237
2.534
2.581
-1.745
3.462
-2.014
0.946
3.593
4.957
4.892
3.782
2.973
5.340
5.097
4.683
1.943
5.228
3.178
5.821
-0.677
-2.699
-4.570
-5.174
4.668
3.152
-1.613
-2.525
-5.094
-4.051
3.882
4.623
-3.803

4.672
6.160
5.946
4.349
3.303
1.032
0.417
-3.393
-4.344
-5.834
-6.394
-5.838
-4.681
-4.797
-5.897
-5.556
-5.561
-4.151
-5.346
-6.260
-6.277
0.744
0.950
2413
2.954
1.955
0.220
0.939
2.221
2.106
0.563
-0.441
-1.140
7.271
6.375
4.506
2.720
-2.744
-4.569
-7.163
-5.862
-0.911
-3.128
-6.208
-5.476
3.244

4.547
-0.782
2.175
4.872
1.685
-5.730
-3.299
-4.704
-3.221
1.030
0.821
2.013
2414
1.942
-0.316
0.040
1.428
2.307
-0.703
0.375
-1.676
5.008
4.551
4.055
4.779
5.301
3.381
2.229
2.626
5.912
1.090
5.716
3.372
-0.180
-1.255
-3.144
-4.720
5.375
4.720
-2.242
-4.115
-5.745
-5.641
2.899
1.441
0.178
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H(110) -4.329 4.703 -0.715
H(111) -0.163 -3.391  3.843
H(112) 0.775 -4.775 4.487
H(113) -1.254 5371  -4.503
H(114) -2.716 6.108 -3.775
H(115) 2.289 7.083  1.794
H(116) 4.271 5.844 2.630
H(117) 2.406 5903  -1.654
H(118) 1.841 7.246 -0.619
H(119) -0.902 5554  2.993
H(120) -0.321 7.045 2.196
H(121) 4.355 4923  5.050
H(122) 2.766 4.456 5.725
H(123) 5.663 3.942  1.959
H(124) 4.992 2.855  0.705
H(125) -2.188 1.162 -6.266
H(126) -3.970 1152  -6.430
H(127) -6.262 0.189 -2.396
H(128) -6.381 0.706  -4.105
H(129) -0.511 -2.954 -4.902
H(130) -1.786 -4.032  -5.555
H(131) -5.502 -4.412 -2.511
H(132) -4.889 -4.961  -4.103
H(133) 0.430 -7.492 0.799
H(134) 1.408 -6.549  2.847
H(135) -2.862 -5.976 1.003
H(136) -1.976 -7.355  0.280
H(137) 1.825 -6.005 -2.266
H(138) 0.786 -7.364  -1.737
H(139) 5.678 0.786 5.364
H(140) 5.806 2.990  4.246
H(141) 3.915 -0.703 6.489
H(142) 2.227 -0.197  6.194
H(143) 6.468 -1.263 4.252
H(144) 6.412 -1.288  2.465
C(145) -1.419 -0.613 1.123
N(146) -1.952 -0.701  -0.172
C(147) -1.605 0.087  -1.268
N(148) -0.493 0.940  -1.140
C(149) 0.133 0.991 0.061
C(150) -0.282 0.282  1.151
N(151) 1.256 1.684 0.442
C(152) 1.512 1.392  1.735
N(153) 0.593 0553  2.175
0O(154) -1.836 -1.225 2.078
0(155) -2.218 0.043  -2.313
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C(156) -0.156 1.803 -2.273
C(157) -3.056 -1.643  -0.389
H(158) 1.867 2.275 -0.134
H(159) 2.353 1.780  2.293
H(160) 0.560 0.096 3.100
H(161) -0.818 2673 -2.282
H(162) 0.882 2.132 -2.194
H(163) -0.280 1.237  -3.197
H(164) -3.077 -2.335 0.451
H(165) -4.002 -1.104  -0.459
H(166) -2.870 -2.180 -1.322

A.10 Binding energies of the [CB-MeX-H]™ inclusion complexes
Table A.10. Binding energies, in kcal mol™!, of the [CB-MeX-H]* inclusion complexes,

optimised at the wB97X-D/6-31G* level of theory.

Structure Energy/ Hartree Energy / kcal mol™  Binding energy /
kcal mol™

CB7 -4211.1343 -2642524.6517

CB8 -4812.7175 -3020023.5319

[CAF-H]* -680.5313 -427039.5438

[TBR-H]* -641.2288 -402376.8512

[TPH-H]* -641.2215 -402372.2503

[CB7-CAF-H]* -4891.8067 -3069652.7048 -88.5093

[CB7-TBR-H]* -4852.5047 -3044990.3687 -88.8658

[CB7-TPH-H]* -4852.4856 -3044978.3738 -81.4718

[CB8-CAF-H]* -5493.3988 -3447157.1832 -94.1075

[CB8-TBR-H]* -5454.0728 -3422479.7843 -79.4012

[CB8-TPH-H]* -5454.0750 -3422481.1624 -85.3801

UCL Chemistry

222



Macrocycle-Functionalised SERS Substrates for Sensing Applications

W. I. K. Chio

A.11 Coordinates of the [CB7-CRN-H]™ inclusion complex

Table A.11. Coordinates of the [CB7-CRN-H]* inclusion complex in water. The

geometry was optimised at the CPCM/wB97X-D/6-31G* level of theory. Energy =

—4607.8120 hartree.
Atom Coordinates (A)
(Centre Nr.)

X Y Z

N(1) 0.026 4901 1316
C(2 0.581 5.635 0.209
c(3) 2.099 5.31 0.287
N(4) 2.168 4.295 1.316
C(5) 0.954 4102 1.944
N(6) 0.207 5.145 -1.101
c(7) 1.301 4769  -1.853
N(8) 2412 4.859 -1.044
0(9) 0.748 3381  2.905
0(10) 1.288 4.452 -3.029
N(11) 4.141 2.897  1.263
C(12) 5.015 3.186 0.141
C(13) 5.748 1835  -0.063
N(14) 5.477 1.119 1.153
C(15) 451 1734 1915
N(16) 4.356 3.4 -1.118
C(17) 4.38 2.28 -1.919
N(18) 5.106 1314 -1.254
0(19) 4.085 1.356 2.992
0(20) 3.885 2177  -3.027
N(21) -5.588 1.366 1.076
C(22) -6.007 0.908 -0.223
C(23) -6.092 -0.636 -0.046
N(24) -5.409 -0.846 1.218
C(25) -5.21 0.334 1.905
N(26) -5.015 1.051  -1.278
C(27) -4.675 -0.155 -1.835
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N(28)
0(29)
0(30)
N(31)
C(32)
C(33)
N(34)
C(35)
N(36)
C(37)
N(38)
0(39)
0(40)
N(41)
C(42)
C(43)
N(44)
C(45)
N(46)
C(47)
N(48)
0(49)
0(50)
C(51)
C(52)
C(53)
C(54)
N(55)
C(56)
C(57)
N(58)
C(59)
N(60)
C(61)
N(62)
0(63)
0(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
N(73)
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-5.393
-4.798
-3.868
0.15
0.452
1.972
2.376
1.298
-0.117
0.782
2.007
1.341
0.54
5.56
5.748
4.981
4.482
4.825
5.078
4.009
3.969
4.582
3.225
-5.285
3.75
-5.327
3.407
-2.349
-2.923
-4.182
-4.342
-3.247
-2.164
-2.652
-3.789
-3.109
-2.192
-1.286
-1.057
-4.742
-5.517
6.142
5.554
3.746
3.235
-2.505

-1.136
0.438
-0.33
-4.502
-5.42
-5.207
-4.481
-4.027
-5.045
-4.368
-4.436
-3.352
-3.81
-1.314
-1.83
-3.191
-3.255
-2.155
-1.105
-1.786
-3.027
-1.995
-1.387
-2.119
4.64
-2.517
3.924
4.445
4.94
4.053
3.457
3.666
4.66
3.577
3.138
3.269
3.108
5.137
5.454
2.293
2.745
-0.098
0.124
-4.359
-4.108
-4.633

-1.202
3.046
-2.742
1.318
0.238
0.03
1.202
1.929
-1.029
-1.814
-1.198
2.942
-2.88
1.047
-0.287
-0.252
1.098
1.851
-1.346
-1.851
-1.27
3.034
-2.709
1.882
-1.528
-1.605
1.954
1.168
-0.07
-0.233
1.063
1.874
-1.257
-1.95
-1.29
3.017
-2.975
1.855
-1.72
-1.96
1.491
1.549
-1.925
1.648
-1.87
-0.971
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C(74)
C(75)
N(76)
C(77)
N(78)
C(79)
N(80)
0(81)
0(82)
C(83)
C(84)
H(85)
H(86)
H(87)
H(88)
H(89)
H(90)
H(91)
H(92)
H(93)
H(94)
H(95)
H(96)
H(97)
H(98)
H(99)
H(100)
H(101)
H(102)
H(103)
H(104)
H(105)
H(106)
H(107)
H(108)
H(109)
H(110)
H(111)
H(112)
H(113)
H(114)
H(115)
H(116)
H(117)
H(118)
H(119)
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-3.002
-4.317
-4.24
-3.233
-2.212
-2.965
-4.204
-3.037
-2.598
-1.428
-1.095
0.352
2.721
5.682
6.828
-6.951
-7.113
0.174
2.547
6.814
5.61
-6.217
-5.104
3.702
4.388
-5.182
-6.281
3.17
4.034
-3.14
-5.083
-1.293
-1.478
-0.94
-1.3
-4.328
-5.688
-5.527
-6.4
6.106
7.185
5.188
6.65
3.736
4.258
3.881

-4.681
-3.859
-3.251
-3.796
-3.952
-2.986
-2.943
-3.586
-2.306
-5.439
-4.561
6.702
6.17
4.023
1.933
1.377
-1.027
-6.446
-6.132
-1.927
-4.059
-2.685
-1.907
4.64
5.463
-2.55
-2.99
3.539
4.821
6.011
4.608
4.789
6.217
5.277
6.509
2.049
2.836
2.754
3.269
-0.157
-0.035
0.18
0.093
-4.22
-5.296
-4.994

0.379
0.301
-1.012
-1.781
1.355
2
1.403
-2.966
2.943
-1.474
2.041
0.301
0.556
0.374
-0.218
-0.516
-0.012
0.5
-0.075
-0.515
-0.476
1.78
2.936
-2.618
-1.19
-2.686
-1.353
2.947
2.051
0.005
-0.518
2.889
1.833
-2.789
-1.549
-2.939
-2.091
2.581
1.113
2.637
1.222
-2.951
-1.933
2.729
1.406
-1.892
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H(120) 2.979 -3.822 -2.891
H(121) -3.149 5718 0.699
H(122) -5.224 -4.465  0.393
H(123) -1.452 -5.364  -2.561
H(124) -1.589 648  -1.176
H(125) -1.339 561 2258
H(126) -0.951 4022 2978
C(127) 0.178 -0.343 0.9
C(128) 1.387 -0.834  0.216
N(129) 0.891 -1.325  -0.986
C(130) -0.454 -1.097  -1.078
N(131) -0.902 -0.521  0.032
C(132) -2.283 0192 0.32
N(133) -1.16 1432 -2.137
0(134) 2.546 -0.808  0.546
H(135) 0.299 0701  1.201
H(136) 0.015 -0.965  1.877
H(137) -2.934 -0.975  -0.076
H(138) -2.556 0778  -0.106
H(139) -2.412 -0.165  1.403
H(140) 1.501 1535  -1.783
H(141) -2.136 1156 -2.264
H(142) -0.768 2115 -2.781
H(143) -1.279 1185  -1.82

Table A.12. Coordinates of the [CB7-CRN-H]* inclusion complex in gas phase. The

geometry is optimised at the wB97X-D/6-31G* level of theory. Energy = —4607.6597

hartree.
Atom Coordinates (A)
(Centre Nr.)
X Y Z
N(1) -0.907 4745  1.359
C(2) -0.428 5585 0.3
C(3) 1.119 5.429 0.395
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N(4)
C(5)

N(6)

c(7)

N(8)

0(9)

0(10)
N(11)
C(12)
C(13)
N(14)
C(15)
N(16)
C(17)
N(18)
0(19)
0(20)
N(21)
C(22)
C(23)
N(24)
C(25)
N(26)
C(27)
N(28)
0(29)
0(30)
N(31)
C(32)
C(33)
N(34)
C(35)
N(36)
C(37)
N(38)
0(39)
0(40)
N(41)
C(42)
C(43)
N(44)
C(45)
N(46)
C(47)
N(48)
0(49)
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1.284
0.083
-0.715
0.433
1.51
-0.069
0.476
3.486
4.297
5.319
5.26
4.135
3.651
3.889
4.78
3.808
3.449
-5.866
-6.094
-5.883
-5.165
-5.274
-5.09
-4.529
-5.124
-4.946
-3.669
0.963
1.39
2.861
3.184
2.053
0.776
1.525
2.751
2.003
1.173
5.817
6.037
5.505
5.064
5.256
5.24
4.275
4.463
5.053

4.315
3.938
5.127
5.001
5.192
3.085
4.814
3.309
3.871
2.734
1.962
2.255
4.028
2.954
2.118
1.742
2.801
0.445
-0.106
-1.635
-1.667
-0.462
0.2
-0.935
-2.021
-0.266
-0.981
-4.298
-5.233
-4.808
-4.047
-3.668
-5.039
-4.194
-4.048
-2.958
-3.691
-0.405
-0.865
-2.338
-2.498
-1.363
-0.258
-1.097
-2.337
-1.27

1.305
1.888
-1.039
-1.812
-0.965
2.735
-3.005
1.285
0.226
-0.031
1.171
1.925
-1.044
-1.887
-1.226
2.967
-3.001
0.993
-0.311
-0.092
1.165
1.855
-1.317
-1.85
-1.248
2.999
-2.714
1.294
0.275
0.035
1.203
1.902
-1.008
-1.802
-1.195
2.877
-2.855
0.999
-0.345
-0.307
1.049
1.825
-1.389
-1.872
-1.304
3.01
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0(50)
C(51)
C(52)
C(53)
C(54)
N(55)
C(56)
C(57)
N(58)
C(59)
N(60)
C(61)
N(62)
0(63)
0(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
N(73)
C(74)
C(75)
N(76)
C(77)
N(78)
C(79)
N(80)
0(81)
0(82)
C(83)
C(84)
H(85)
H(86)
H(87)
H(88)
H(89)
H(90)
H(91)
H(92)
H(93)
H(94)
H(95)
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3.417
-4.814
2.868
-4.771
2.521
-3.201
-3.807
-4.891
-5.056
-4.021
-2.991
-3.207
-4.266
-3.888
-2.626
-2.241
-2.001
-4.997
-6.083
6.161
5.443
4.524
3.89
-1.656
-2.115
-3.556
-3.577
-2.499
-1.457
-2.37
-3.613
-2.345
-2.122
-0.469
-0.246
-0.778
1.627
4.758
6.344
-7.095
-6.816
1.272
3.558
7.1
6.267
-5.636

-0.832
-2.867
5.167
-3.368
4.083
3.979
4.412
3.325
2.751
3.099
4.306
3.127
2.475
2.737
2.739
4.774
5.268
1.464
1.82
0.894
1.062
-3.695
-3.511
-4.983
-5.028
-4.45
-3.866
-4.273
-4.12
-3.283
-3.522
-4.072
-2.505
-5.621
-4.489
6.617
6.32
4.818
3.09
0.156
-2.209
-6.273
-5.647
-0.788
-3.087
-3.594

-2.701
1.882
-1.44
-1.61
2.013
1.163
-0.079
-0.303
0.998
1.857
-1.253
-1.936
-1.298
3.001
-2.922
1.888
-1.666
-2.008
1.376
1.512
-1.931
1.617
-1.894
-0.924
0.436
0.341
-0.983
-1.753
1.352
1.988
1.429
-2.937
2.881
-1.422
2.051
0.443
0.79
0.541
-0.207
-0.675
-0.035
0.608
-0.088
-0.606
-0.561
1.824
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H(96) -4.661 -2.57 2.922
H(97) 2.816 5167  -2.531
H(98) 3.382 6.073 -1.093
H(99) -4.593 -3.394  -2.687
H(100) -5.625 -4.013 -1.365
H(101) 2.288 3522 2922
H(102) 2.954 5.06 2.287
H(103) -4.212 5.429  0.014
H(104) -5.846 3.723 -0.675
H(105) -2.213 4371  2.904
H(106) -2.57 5.823 1.918
H(107) -1.837 5.143  -2.739
H(108) -2.409 6.27 -1.47
H(109) -4.468 1.286  -2.948
H(110) -6.017 1.819 -2.22
H(111) -6.142 1.837 2.466
H(112) -7.035 2.153  0.948
H(113) 6.165 0.799 2.6
H(114) 7.163 1172 1.162
H(115) 5.05 1.071 -2.95
H(116) 6.527 1.246  -1.955
H(117) 4.508 -3.537 2.697
H(118) 5.173 -4548  1.379
H(119) 4.669 -4.285 -1.954
H(120) 3.551 -3.256 -2.9
H(121) -2.079 -6.057 0.819
H(122) -4.345 -5.209 0.4
H(123) -0.52 -5.565 -2.511
H(124) -0.472 -6.672  -1.107
H(125) -0.323 -5.545 2.361
H(126) -0.173 -3.856  2.938
C(127) 0.371 -0.197 1.005
C(128) 1.622 -0.517  0.206
N(129) 1.173 -1.131 -0.968
C(130) -0.19 -1.094  -1.034
N(131) -0.695 -0.55 0.07
C(132) -2.108 -0.4 0.361
N(133) -0.864 -1.576 -2.059
0(134) 2.772 -0.305  0.482
H(135) 0.34 0.855 1.307
H(136) 0.327 -0.823  1.905
H(137) -2.645 -1.292 0.027
H(138) -2.522 0.485  -0.132
H(139) -2.237 0312 1441
H(140) 1.787 -1.228 -1.786
H(141) -1.858 -1.398  -2.217
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H(142) -0.375 2153 -2.739
H(143) -0.997 1226 -1.788

A.12 Binding energies of the [CB7-CRN-H]™" inclusion complexes
Table A.13. Binding energies, in kcal mol™!, of the [CB7-CRN-H]" inclusion complexes

in gas phase and in water, optimised at the wB97X-D/6-31G* level of theory.

Structure Water Energy/ Energy / kcal Binding energy
model Hartree mol™! / kcal mol™

CB7 -4211.134 -2642524.652

[CRN-HT* -396.390 -248738.298

[CB7-CRN-H]* -4607.660 -2891347.954 -85.004

CB7 CPCM -4211.273 -2642611.447

[CRN-H] CPCM -396.482 -248795.928

[CB7-CRN-H]* CPCM -4607.812 -2891443.496 -36.121
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	While the idea of encapsulating Au NPs within the CB cavity was suggested by Corma and co-workers171 in 2007, the capping of CBs by Au NPs has not been reported until Lee and Scherman1 synthesised Au NPs via NaBH4 reduction of HAuCl4 in the presence o...
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	Figure 1.26. Schematic illustration of Au NP: CB5 nanoaggregates. Either one or both carbonyl portals of CB5 can be capped by the Au NPs. Reproduced with permission from ref. 1. Copyright 2010 The Royal Society of Chemistry.
	Figure 1.27. TEM images of (a) 1:80 (diffusion-limited) and (b) 1:60 (reaction-limited) Au NP: CB5 nanoaggregates formed at the indicated time. Reproduced with permission from ref. 2. Copyright 2011 American Chemical Society.
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	Figure 1.28. (a) Full range and (b) zoom-in Raman spectra of CBn (n = 5 – 8) showing systematic peak shifts as the number of glycoluril unit increases. Reproduced with permission from ref. 175. Copyright 2010 The PCCP Owner Societies.
	The SERS detection of a dye molecule, rhodamine 6G (R6G), based on the formation of precise plasmonic nanojunctions between Au NPs and the size-specific host-guest binding of CBs was demonstrated in 2011.2 For instance, CB7 can form 1:1 host-guest com...
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	Table 1.4. SERS substrates based on aqueous self-assembly of Au NP: CB nanoaggregates.
	Figure 1.29. (a) SERS detection of PAHs with Au NP: CB8 nanoaggregates and an electron-deficient first guest MV2+. Reproduced with permission from ref. 3. Copyright 2012 American Chemical Society. (b) SERS monitoring of photoisomerisation of trans-DAS...
	Apart from aqueous Au NP: CB nanoaggregates, solid-based SERS substrates exploiting the plasmonic nanojunctions defined by CBs have also been explored. For instance, Li and co-workers180 investigated the SERS detection of ferrocene, which has no affin...
	Figure 3.1. (a) Schematic illustration of the formation of a 1:1 host-guest complex between CB7 and DNT. (b) TEM images and photographs showing the 40 nm Au NP solution upon addition of the CB7-DNT complexes. (c) Schematic illustration of the SERS mea...
	Figure 3.2. 1H NMR spectra of CB7, DNT and 1:1 CB7-DNT host-guest complex in D2O. The impurity in the DNT sample is marked by +. Inset: DFT molecular model of a CB7-DNT host-guest complex in water.
	Figure 3.3. 1H NMR spectra of CB7, DNT and 1:1 CB7-DNT host-guest complex with excess DNT in D2O. The impurity in the DNT sample is marked by +. Inset: DFT molecular model of a CB7-DNT host-guest complex and a free DNT molecule in water.
	Figure 3.4. (a) UV-Vis titration of 10 μM DNT with CB7. Inset: UV-Vis spectra of CB7-DNT. (b) ITC data showing binding isotherms of CB7 and DNT. The apparent reaction heats were obtained from integration of the calorimetric traces.
	Figure 3.5. (a) Experimental Raman spectra of solid CB7, solid DNT and 1:1 CB7-DNT host-guest complex of 2 mM in water. (b) Calculated Raman spectra of CB7, DNT and 1:1 CB7-DNT host-guest complex in gas phase at HF/3-21G level of theory.
	Figure 3.6. (a-c) Stepwise zoom-in TEM images of 40 nm Au NPs after addition of the CB7-DNT complex. (c) Plot of grayscale against pixel. (Grayscale refers to the brightness of a pixel. Total white = 255 for 8-bit depth and total dark = 0.)
	SERS titration was then performed by adding different concentrations of the 1:1 CB7-DNT host-guest complexes into the Au NP solution (Figure 3.7c,d). The characteristic DNT signals remain readily observable for concentrations down to ~10 μM. Neverthel...
	Figure 3.7. (a) Raman and SERS spectra of DNT in the presence or absence of CB7. Main Raman peak of DNT is marked by *. (b) Raman spectrum of water in the custom-made sample holder. The H-O-H bending peak of liquid water is marked by w. (c) Full-range...
	Figure 3.8. (a) Schematic illustration of the precise plasmonic hotspots within Au NP: CB7 nanoaggregates for DNT detection (not to scale).  (b) Full-range and (c) zoom-in SERS spectra of DNT with concentrations from 0 to 20 μM. Main Raman peak of DNT...
	Figure 3.9. (a) Schematic illustration of the random plasmonic hotspots formed by NaCl-aggregated Au NPs for DNT detection (not to scale). (b) Full-range and (c) zoom-in SERS spectra of DNT with different concentrations from 0 μM to 20 μM. Main Raman ...
	Figure 3.10. (a) Schematic illustration of competitive formation of CB7-DNT and CB7- AdNH2 host-guest complexes (not to scale). (b) Raman spectrum of AdNH2 powder. (c) Full-range and (d,e) zoom-in SERS spectra showing competitive formation of CB7-DNT ...
	Figure 3.12. (a) Schematic illustration showing the absence of host-guest complex of CB7 and PA (not to scale). (b) Raman spectra of 1 mM PA and 1 mM DNT. (c) SERS spectra of PA in the presence or absence of CB7. (d) Full-range and (e) zoom-in SERS sp...
	Figure 3.13. (a) Schematic illustration of the precise plasmonic hotspots within Au NP: CB7 nanoaggregates with DNT encapsulated inside the CB7 cavity and 4-MBA bound to Au NPs (not to scale). (b) Raman spectrum of 4-MBA powder. (c) SERS spectra of 4-...
	Figure 3.14. (a) Schematic illustration of the precise plasmonic hotspots within Au NP: CB7 nanoaggregates with DNT encapsulated inside the CB7 cavity and 4-MPBA bound to Au NPs (not to scale). (b) Raman spectrum of 4-MPBA powder. (c) SERS spectra of ...
	Figure 5.1. Schematic illustration of the dual UV-Vis and SERS detection scheme triggered by the formation of host-guest complexes between CB7 and CRN in water or highly diluted SU, and the self-assembly of Au NPs mediated by portal binding of CB7 and...
	Notably, our SERS system for CRN quantification in urinalysis is highly sensitive with a sub-μM detection limit of 12.5 ng mL-1 (111 nM), which is the lowest among all current state-of-the-art methods.269 The CRN signals are also highly reproducible (...
	Figure 5.2. 1H NMR spectra of CB7, CRN and 1:1 CB7-CRN host-guest complex in D2O. Inset: DFT molecular model of a [CB7-CRN-H]+ host-guest complex in water.
	Figure 5.3. UV-Vis titration of 50 μM CRN with CB7. Inset: UV-Vis spectra of CB7-CRN.
	CRN of clinically relevant concentrations from 0 to 300 mg dL-1 (from normal to excess) was prepared in water and SU (see section 2.4). Quantification of CRN was first investigated by UV-Vis titrations in water, 2000 and 5000-fold diluted SU with a co...
	Figure 5.4. (a,c,e) UV-Vis spectra of CRN in (a) water, (c) 2000-fold diluted SU and (e) 5000-fold diluted SU with arrows indicating the shifting of the LSPR peaks. (b,d,f) Corresponding plots of λLSPR in (a,c,e) against CRN concentration respectively...
	Figure 5.5. UV-Vis spectra of Au NP-CRN in (a) water and (b) 2000-fold diluted SU, with CRN concentrations from 0 to 1.50 μg mL-1 in the absence of CB7.
	Figure 5.6. (a) Hydrodynamic size and (b) zeta potential of Au NP-CRN and Au NP-CB7-CRN at different concentrations of CRN from 0 to 1.50 μg mL-1. (Note: solid lines are to guide the eyes.)
	Colourimetric sensing of CRN via UV-Vis spectroscopy can be potentially useful for clinical applications, however, there is no direct evidence to show whether the shift in λLSPR is caused by CRN or other biomolecules in the matrix. For instance, the λ...
	Figure 5.7. Raman spectra of (a) CRN powder and (b) CB7 powder.
	Figure 5.8. (a) Experimental SERS spectra of CB7, CRN and 1:1 CB7-CRN host-guest complex added to 40 nm Au NP solution. (b) Calculated Raman spectra of CB7, CRN and 1:1 CB7-CRN host-guest complex in water at CPCM/wB97XD/6-31G* level of theory.
	SERS titrations of CRN with concentrations from 0 to 1.50 μg mL-1 (13.3 μM) were performed in water at a constant CB7 concentration of 10 μM as to ensure the formation of reproducible nanoaggregates, i.e. SERS substrates (Figure 5.9). Most of the CRN ...
	Figure 5.9. (a) Schematic illustration of the precise plasmonic hotspots within Au NP: CB7 nanoaggregates for CRN detection in water (not to scale). (b) SERS spectra of CRN in water with concentrations from 0 to 1.50 μg mL-1 (13.3 μM). Spectra were ba...
	Figure 5.10. (a) SERS spectra of CRN in water with concentrations from 0 to 1.50 μg mL-1 in the absence of CB7. (b) Raman spectrum of SU. (c) SERS spectra of CRN in 2000-fold diluted SU with concentrations from 0 to 1.50 μg mL-1 in the absence of CB7.
	Figure 5.11. (a) Schematic illustration of the precise plasmonic hotspots within Au NP: CB7 nanoaggregates for CRN detection in 1000-fold diluted SU (not to scale). (b) SERS spectra of CRN in 1000-fold diluted SU with concentrations from 0 to 3.00 μg ...
	Figure 5.12. (a) Schematic illustration of the precise plasmonic hotspots within Au NP: CB7 nanoaggregates for CRN detection in 2000-fold diluted SU (not to scale). (b) SERS spectra of CRN in 2000-fold diluted SU with concentrations from 0 to 1.50 μg ...
	Figure 5.13. (a) Schematic illustration of the precise plasmonic hotspots within Au NP: CB7 nanoaggregates for CRN detection in 5000-fold diluted SU (not to scale). (b) SERS spectra of CRN in 5000-fold diluted SU with concentrations from 0 to 0.60 μg ...
	Figure 5.14. SERS spectra of 0.60 μg mL-1 CRN in water and sequentially diluted SU. Insets: Schematic illustrations of the Au NP: CB7 nanoaggregates for CRN detection in water and sequentially diluted SU, showing the matrix differences (not to scale).

