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Abstract

Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful analytical tech-

nique for ultrasensitive detection of chemicals and biomolecules. As the high sensitivity

of SERS requires analytes to be in close contact with a plasmonic substrate, the detection

of analyte molecules with low chemical affinity towards the substrate is thus limited.

Cucurbit[n]uril (CB[n]) exhibits strong and selective encapsulation of various guest mo-

lecules into its barrel-shaped cavity. In addition, it can function as a precise rigid spacer

between metallic nanoparticles (NPs). The larger homologue CB[8] can simultaneously

sequester two guest molecules to form ternary complexes, allowing for tailoring of the

chemical environment of its cavity to trap specific analytes. CB[n] aggregated metal-

lic NPs provide a powerful platform for the detection of a wide variety of molecules.

However, the colloidal instability of this system requires the measurement to be finished

within 60 min after the preparation of the substrate. In addition, in situ measurements

may involve environments that affect such self-assembly processes. For example, the

possible displacement of analytes in the nanogap by non-analyte moieties can give rise

to fluctuating backgrounds. Therefore, a SERS substrate that can provide the same levels

of detection and functionality but eliminates the need for aggregation is of great demand.

This thesis mainly focuses on the preparation and characterisation of CB[n]-engineered

nanostructures as SERS substrates with great colloidal stability, high SERS enhancements

and sensitivities. Other applications of the prepared nanostructures such as peptide sep-

aration and high-performance catalysis are also discussed.

In the first chapter, the historical development and the remaining challenges in the

field of SERS are discussed. Three types of the most commonly used SERS substrates

are introduced, followed by the introduction of rationally designed nanoplatforms for
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molecules with low chemical affinity towards metallic surfaces. In addition, CB[n] host-

guest complexation, examples of CB[n]-engineered nanostructures and the application of

these nanostructures in SERS sensing are also discussed.

The second chapter demonstrates the preparation of surface-bound CB[8] catenanes

on silica NPs, where CB[8] is employed as a tethered supramolecular "receptor" to se-

lectively capture target guest molecules. More specifically, CB[8] is threaded onto a

methyl viologen (MV2+) axle and immobilised onto silica NPs with a surface density up

to 0.56 nm−2. Its use as an efficient and recyclable nanoplatform for peptide separation

is demonstrated. The peptides captured by the catenanes can be released by reversible

single-electron reduction of MV2+. The entire process demonstrates high recoverability.

Continued in the third chapter, a highly stable free-standing molecular sensor that ex-

ploits a catenane-engineered nanostructure is described. CB[8] is tethered onto spiky

γ-Fe2O3@Au NPs in a similar approach, to collect target analytes from aqueous media.

These target analytes can be detected with high sensitivities, on account of the high SERS

enhancement (on the order of 108) of the spiky NPs. This CB[8] catenane-based molecu-

lar sensor provides a powerful SERS substrate that shows great promise in the detection

of versatile chemicals, biomolecules, controlled substances and auxiliary diagnostics of

various diseases.

The fourth chapter introduces a facile preparation of monodispersed γ-Fe2O3@Au mag-

netic nanoraspberry NPs using a one-pot seeded growth method. The obtained nano-

raspberry NPs show excellent colloidal stability and high SERS enhancement factors (on

the order of 1010). By immobilising a dense layer of CB[n]s onto the surface of nanorasp-

berry NPs, a new type of CB/Au NP SERS substrate is obtained. CB[n]s are located per-

pendicularly to the NP surface and their cavity maintain the capability to sequester guest

molecules from aqueous media. More versatile molecules (both electron rich and electron

deficient molecules) can thus be detected with high sensitivities. We envisage that this

nanoraspberry-based molecular sensor will provide a powerful platform for SERS detec-

tion in various fields, such as chemical and biomolecule analysis, illegal drug detection

and pre-clinical/clinical diagnosis.
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The fifth chapter focuses on the preparation of CB[7]-based catalytic microreactors,

where metallic NPs are immobilised onto microchannels via supramolecular interaction

of methyl viologen@CB[7]. This microreactor exhibits remarkable catalytic activity on

account of the high surface area to volume ratio of the microchannels and metallic NPs.

Superior to most conventional heterogeneous catalytic reactions, separation post reaction

and complicated recycling steps of the catalysts are not required. Moreover, CB[7] can

complex a variety of metallic NPs onto its portal (e.g. gold, silver, palladium, quantum

dot), providing a multifunctional in situ catalysis platform.

In the end, a concluding chapter summarises the presented work, also giving a brief

outlook of the potential future work.
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Chapter 1

Introduction

1.1 Nanoplatforms for SERS Technique

1.1.1 SERS: an ultrasensitive analytical technique for molecular sensing

Surface-enhanced Raman scattering (SERS) spectroscopy is a surface-sensitive technique

that enhances the Raman scattering of molecules by adsorbing them on roughened metal

surfaces or nanostructures.1–6 The specific vibrational modes of the molecules result in

different frequency shifts of the scattering energy from the incident light, so that virtu-

ally all polyatomic molecules display characteristic Raman/SERS spectral peaks.1–6 Ul-

trahigh SERS sensitivity even down to the few or single molecule level can be achieved

with well-designed nanostructures.1,4,7,8 SERS has been established as an ultrasensit-

ive and ultra-rapid analytical technique widely applied in various fields, ranging from

analytical chemistry,9 surface science,10,11 biomolecule and pharmaceutical drug dia-

gnostics,12,13 to environmental monitoring.1

After decades of debate, it is now generally accepted that the predominant contrib-

utor to most SERS processes is the electromagnetic field enhancement.1–6,14 The enhanced

SERS signals are largely due to the amplification of electromagnetic field by the excitation

of localised surface-plasmon resonances.1,2,14 This amplification occurs preferentially in

the sharp features, gaps, or crevices of plasmonic materials, which are commonly noble

and coinage metals (e.g. silver, gold and copper) with nanoscale features.1,2,14

The sensitivity and resolution of SERS are strongly influenced by several factors, in-
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Chapter 1 Introduction

cluding the characteristics of the laser excitation (e.g. wavelength, incident direction

and polarization), the dielectric properties of the ambient environment, the intrinsic Ra-

man cross-section of probe molecules, and more importantly, the optical properties of

SERS substrates.1–5 Over the past decades, great efforts have been devoted to developing

optimized SERS substrates for high enhancement and sensitivity.10,15–22 The pioneering

discorvery can be traced back to the 1970s for pyridine adsorbed on roughened silver

electrodes.23,24 Thereafter, the history of SERS is largely governed by the development of

SERS substrates (as illustrated in Figure 1.1). Early research focused on the fundamental

theory and increasing the field enhancement exploring substrates mainly consisting of

roughened Au/Ag electrodes, colloidal aggregates, island films and microlithographic-

manufactured surface structures.16,18,24 The 1990s witnessed the rapid development of

nanoscience and nanotechnology.17 Emerging synthetic methods of nanoparticles (NPs)

and nanofabrication methods of structured surfaces significantly benefited the develop-

ment of SERS substrates.5 Au and Ag NPs with nanometre-sized tips, shells or gaps as

well as structured surfaces with nanometre-sized holes, bumps or ridges were manufac-

tured for high-sensitivity SERS.10,15,17,19–22

Challenges still remain in the SERS field, namely, limited detectable analyte species,

degradation of the substrates with time which leads to a decrease in signal and limited

re-usability of the substrates.1–6 Since the high sensitivity of SERS is dependent on the

optimization of local enhanced electromagnetic field at the metal surface, the adsorp-

tion of the analyte molecules onto the SERS substrates is required.1–6 As a result, the

applications of SERS in liquid environments are largely restricted to analyte molecules

with chemical affinity for the common plasmonic substrates (e.g. thiolated or aminated

molecules).1–6 Therefore, one of the key challenges is the rational design of efficient and

flexible substrates for a broader collection of chemical analytes.1

2



Chapter 1 Introduction

Figure 1.1: Milestones of the development of SERS, adapted from reference.5 Develop-
ment of new methods of surface-enhanced Raman spectroscopies (left), and
representative SERS substrates (right) in the past four decades. Image (ii-xvi)
are adapted from references.10,15–22 Full names of abbreviations in the figure:
near infrared SERS (NIR SERS), surface-enhanced hyper-Raman spectroscopy
(SE-HRS), surface-enhanced coherent anti-Stokes Raman spectroscopy (SE-
CARS), single-molecule SERS (SM SERS), tip-enhanced Raman spectroscopy
(TERS), ultraviolet SERS (UV SERS), shell-isolated nanoparticle-enhanced Ra-
man spectroscopy (SHINERS), surface-enhanced femtosecond stimulated Ra-
man spectroscopy (SE-FSRS) and tip-enhanced stimulated Raman spectro-
scopy (TE-SRS).

3



Chapter 1 Introduction

1.1.2 Commonly used SERS substrates

Most SERS-active substrates are based on noble and coinage metals (i.e. Au, Ag or Cu).1,2

In general, Au and Ag are most often used because they are air stable while Cu is more re-

active.2 All three metals have localised surface-plasmon resonances covering most of the

visible and near infrared wavelength range, where most Raman measurements are con-

ducted (Figure 1.2).2 The most common SERS substrates can be arbitrarily classified into

three generic categories:2,3,6 (1) metal NPs in suspension; (2) metal NPs immobilised on

solid substrates; (3) solid substrates with well-designed nanostructures, often fabricated

by nanolithography and/or template based synthesis.

Figure 1.2: Approximate wavelength ranges which the localized surface-plasmon reson-
ances of Au, Ag and Cu cover. Adapted from reference.2

1.1.2.1 Metal NPs in suspension

Metal NPs in suspension are used extensively as SERS substrates due to their high SERS-

performance and developed fabrication methods.2,3,6 Various sizes and shapes of NPs

can be obtained by both physical and chemical strategies,25,26 typically wet chemical syn-

thesis using specific surfactants to direct the growth process.25 It is well recognised that

besides particle size, the shape of NPs also plays an important role in the magnitude

of SERS enhancement.1,4,6,8,9 The overall SERS enhancement factor increases with shape

4



Chapter 1 Introduction

as follows: nanospheres < nanorods < nanogap (dimers, aggregates) <= nanostars, at-

tributed to the number of intrinsic hot-spots per particle.1,5,6,27–29 Hot-spots are locations

in the vicinity of the plasmonic nanostructures where the local optical field is tremend-

ously enhanced compared to its surrounding.3,6 Consequently, molecules present in the

hot-spots exhibits an immense enhancement in its Raman scattering signals.3,6 Nanostars

are star-shaped NPs with sharp edges and tips, possessing much denser hot-spots in a

single NP, thus giving rise to higher SERS enhancement in comparison to nanospheres,

nanorods and aggregated nanospheres.3,6

The simplest SERS measurement using metal NPs in suspension is conducted by dir-

ect mixing of NPs with analytes in solution.3 Other means of mixing NPs with analytes

including microfluidics,30 slippery liquid-infused porous SERS,31 as well as depositing

and drying the analytes in NP colloidal suspensions on a solid optical substrate.22,32 For

example, Figure 1.3 shows a flow-focusing microfluidic device for controlled Ag NP ag-

gregation and SERS measurement.30 The system was designed to firstly diffuse the ana-

lyte into the side stream containing Ag NPs, followed by the introduction of salt ions

which caused the aggregation of Ag NPs, creating species with strong SERS signals.30

Figure 1.3: (a) Schematic illustration of the flow-focusing microfluidic device; (b) mi-
crophotograph of the flow-focusing junction; (c) schematic of the reaction
between the Ag NP, analyte, and salt ions.Adapted from reference.30
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SERS measurements using metal NPs in suspension usually require the aggregation

of NPs for enhanced fields.3 However, aggregation reduces the reproducibility and col-

loidal stability of the substrate systems, which is a remaining challenge.3,6 One of the

solutions developed by the Tian group is the shell-isolated nanoparticle-enhanced Ra-

man spectroscopy (SHINERS), in which the Raman signal amplification is provided by

Au NPs covered with an ultrathin silica or alumina shell.7,22 As illustrated in Figure 1.4,

a monolayer of such NPs is spread as ’smart dust’ over the surface to be probed, where

the jointly enhanced Raman signals contributed by all of these NPs are collected.7,22 The

ultrathin coating keeps the NPs from agglomerating, separating them from direct contact

with the probed surface.7,22 The SHINER substrate has been demonstrated to success-

fully probe hydrogen adsorbed on a single crystal Pt surface, detect pesticides that con-

taminated citrus fruits and dynamically track heterogeneous nanocatalytic processes.7,22

Figure 1.4: (a) Schematic illustration of the shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS); (b) high resolution TEM images of Au/silica core-
shell NPs with different shell thicknesses; (c) high resolution TEM images
of Au/silica NPs and Au/alumina NPs with a continuously and completely
packed shell of 2 nm. Adapted from reference.7,22

1.1.2.2 Metal NPs immobilised on solid substrates

Immobilisation of the metal NPs on solid substrates provides an approach to bring the

NPs into close contact while avoiding aggregations.6 Several strategies have been em-

ployed to immobilise NPs on solid substrates. The most common strategy is by chemical

attachment of prepared metal NPs to solid substrates using bifunctional molecules.19,33,34

The first self-assembled metal NPs on solid support used as SERS-active substrate was re-
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ported by the Natan group in 1995 (Figure 1.5).19 The procedure was straightforward: the

surface of glass slides were firstly functionalised with either aminated or thiolated mo-

lecules, followed by immersing of the functionalised slides into metal NP suspensions.

Numerous works have been published based on this fabrication principle, for example,

Au nanorods immobilised on amine modified quartz slides and Ag NP monolayers im-

mobilised on 1,10-phenanthroline modified Ag plates.19,33,34 Many fabrication paramet-

ers, e.g. metal NP concentrations, incubation time, temperature and centrifugal forces,

have been examined to tune the properties of the substrate.19,33,34 This principle can also

be applied to immobilise metal NPs on non-flat materials. For example, Ag NPs were

immobilised onto Ag nanowires using a bifunctional molecule 4-aminobenzenethiol.35

Figure 1.5: Assembly strategy for Au and Ag monolayers on glass slides. X = CN, NH2,
2-pyridyl, P(C6H5)2, or SH; R = CH3 or CH2CH3. Adapted from references.3,19

Other methods, such as self-assembly of metal NPs onto solid surfaces based on elec-

trostatic attraction using polymers and biomolecules,36 direct transfer of pre-assembled

metal NP film onto a solid support,37 chemically and photochemically grown metal NPs

on solid supports,38 have also been reported.

1.1.2.3 Solid substrates with well-designed nanostructures

Solid substrates with highly-ordered SERS-active metallic nanostructures are generally

fabricated using nanolithography and/or template-assisted techniques.3,6 Electron beam

lithography (EBL) is one of the mostly used nanolithographic method.3,6,39,40 It consists

of a 10-50 keV electron beam focused on a solid support, generally electro-resist covered

silica wafer, as illustrated in Figure 1.6.3,6,39,40 The electro-resist covers can be either pos-

itive or negative resist. For the positive resist cover, the electron beam selectively etches

off the covered region, leaving the surface in the predetermined architecture, and vice

versa.3,6,39,40 The advantages of EBL are the possibility of controlling the NP sizes and
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shapes as well as the interparticle distance with great accuracy.3 Another common nano-

lithographic method, nanosphere lithography (NSL), is an effective and high-throughput

technique to produce highly-ordered 2D periodic arrays of NPs.6,41 NSL can fabricate

three types of ordered substrates: metal films over nanospheres, periodic NP arrays and

nanovoid arrays (Figure 1.7). In addition, flexible SERS substrates which can be used on

irregular surfaces to detect analytes can also be prepared by NSL.42

Figure 1.6: Schematic diagram of two fabrication strategies for SERS substrates using
electron beam lithography (EBL): (a) using a positive resist cover and (b) using
a negative resist cover. Adapted from references.6,39

Figure 1.7: Schematic diagram of template methods using nanosphere lithography to fab-
ricate SERS-active substrates: metal films over nanospheres, periodic NP ar-
rays, and nanovoid arrays. Adapted from references.41,43,44
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Although SERS substrates using metal NPs immobilised on solid substrates or metallic

nanostructures fabricated directly on solid substrates can prevent the aggregation of NPs,

they are generally too expensive and substrates can hardly be reused.1,4,5,8,45,46

1.1.3 Nanoplatforms for SERS detection of "inert" analytes

Analytes need to be adsorbed efficiently onto the substrate surface to obtain high sensit-

ivity SERS signals, as the SERS enhancement decreases exponentially with the separation

distance (r10 for spheres) and the Raman signal is only amplified at distances no larger

than 5 nm from the substrate surface.1–6 Consequently, most of the SERS measurements

are carried out with thiolated or aminated molecules, which can be attached chemically

onto the metal surface (i.e. Au or Ag surfaces).1,4,5,8,45,46 For analytes without a clear

metal binding group (hereinafter referred to as "inert"), SERS signals become weaker ow-

ing to fewer molecules binding to the substrate.1,4,5,8,45,46 A range of solutions have been

presented to trap "inert" analytes in the plasmonic hot-spots, including electrostatic and

hydrophobic interactions,1,47 mechanical trapping,1,48,49 antibody receptors,50 and host-

guest interactions.28,51–56

1.1.3.1 Electrostatic and hydrophobic interactions

Molecules can be attracted to metallic surfaces by electrostatic or hydrophobic interac-

tions.1 However, the hydrophobic nature of metallic surfaces is questionable when deal-

ing with colloidal metal NPs in solution, as they are solvated and surrounded by an elec-

trostatic double layer (EDL).1 For most of common colloidal metal NP SERS substrates

(i.e. citrate or borohydride reduced Au/Ag NPs), the capping agents are citrate ions and

the NPs are negatively charged.1 Since conventional charged organic molecules are gen-

erally negatively-charged, the interaction between the EDL and analyte gets hindered.1

This problem was partially solved by using a "colloidal activation" method.1,47 An elec-

trolyte solution such as nitrates, sulfates or halides was added to the system to increase

the ionic strength and reduce the surface charge, leading to a smaller electrostatic repul-

sion between the metallic surface and the analytes. Acidic solution (e.g. HNO3, H2SO4
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or HClO4) was then added to increase the proton concentration, thereby decreasing the

negative charge of the carboxylate groups.1,47 In addition, these acidic agents may also in-

teract with the analytes, making them less negative or even neutral, thus improving their

electrostatic interaction with the metallic surface. This method, however, compromises

the colloidal stability of the system.1,47

Figure 1.8: (a) Schematic illustration of the fabrication process of partition-layer modi-
fied Ag film over nanostructured substrate; (b) schematic representation of a
hypothetical glucose concentration gradient created by a (1-mercaptoundeca-
11-yl)tri(ethylene glycol) partition layer. SERS spectra of serum albumin (i),
serum albumin with glucose (ii), Raman spectrum of glucose (iii). Adapted
from references.1,57

Another method developed using hydrophobic interactions is by creating a dense par-

tition layer to increase the surface-to-solution partition coefficient. This method relies

on the functionalisation of the metallic surface with hydrophobic molecular monolay-

ers (e.g. amino- or thio-aliphatic chains), as shown in Figure 1.8.1,57 Since these hydro-

phobic molecules are generally insoluble in water, nanostructured solid substrates are

preferred in this case.1 The monolayer can be subsequently functionalised onto the sub-

strate and increase the surface-to-solution partition, thereby detecting hydrophobic "in-

ert" analytes.1,58 For example, the detection of polycyclic aromatic hydrocarbons (PAHs)59

and polychlorinated biphenyls60 using alkyl monolayers has been reported.
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1.1.3.2 Mechanical trapping

Mechanical trapping relies on the metalsurface being surrounded by a responsive mat-

rix which is able to trap and release target analytes upon a chemical or physical stim-

ulus.1 The most commonly used stimuli are temperature and pH.1,48 For temperature-

responsive matrix, poly-N-isopropylacrylamide (pNIPAM) has been the most popular

choice, on account of its reversible phase transition at its lower critical solution temperat-

ure (LCST) around 32 ◦C.1,48 Figure 1.9a shows an example of using pNIPAM to trap ana-

lytes for SERS detection, utilizing core–shell colloids consisting of a Au NP core coated

with a pNIPAM shell.1,48 Small molecules can be trapped and released reversibly towards

the Au surface, yielding SERS signals. However, the pNIPAM shell prevents close con-

tact between the metal NPs and thus limits the enhancement factor.1,48,49,61 Therefore,

alternative composite materials were developed, using multiple plasmonic NPs inside

each pNIPAM bead (Figure 1.9b).1,48,49,61 In these materials, the collapse of the pNIPAM

bead at high temperature makes the NPs approach each other, generating higher SERS

enhancements between them.1,48,49,61

Figure 1.9: (a) Spherical Au NPs coated with pNIPAM and (b) SERS spectra of 1-naphthol
with various temperature (from 4 to 60 ◦C and back to 4 ◦C); (c) mag-
netite–Ag@pNIPAM composite microgels and (d) the SERS detection of penta-
chlorophenol (PCP). Adapted from references.1,48,49
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Regarding pH responsive matrices, the driving force to collapse or expand the polymer

matrix is the electrostatic force generated at the functional groups (typically carboxylic or

amino groups) as a function of proton concentration.62 For example, the most widely

used polymers to detect cationic analytes (amines) are polyacrylic acid63,64 and its block-

copolymers with polyethylene glycol.1 These polymers expand at high pH due to the

electrostatic repulsion between the differently ionized carboxylate groups. When pH is

decreased, the polymers collapse due to the protonation of the carboxylates and forma-

tion of intramolecular hydrogen bonds.1

1.1.3.3 Detection via molecules with selective ligands

Indirect methods using molecules with selective ligands have also been investigated.

Here, SERS spectra changes of the ligand molecules induced by target analytes are de-

tected.1 These methods are particularly suitable for the detection of atomic cations, in-

cluding metallic ions, inorganic oxoanions and organic aliphatic molecules, as well as

the direct detection of analytes in complex matrices such as biological fluids and waste

waters.1–6

Molecules with selective ligands can be used for the detection of organic molecules, for

example, the detection of sugars (glucose) using boronic acids.65 The most active current

research direction is the use of biosensors.1–5 Although the use of biological interfaces

is expensive, they provide extraordinary chemical selectivity and highly specific binding

of target analytes, thus are capable of detecting minute amounts of analytes in highly

complex media such as biological fluids or natural and waste waters directly.1 Such bio-

sensors include antibody receptors,50,66 as well as nucleic acid interactions and peptidic

or nucleic acid aptamers.

The use of antibody receptors is based on the antibody-antigen recognition, where

structural differences induced by the antigen upon complexation lead to changes in the

SERS spectrum of the antibody.1,50,66 The antibody receptor has been used for the de-

tection of exogenous proteins in milk50 and the analysis of small metabolites such as

benzoylecgonine,66 on account of its high sensitivity and specificity. As an example, the
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ultrasensitive SERS detection of ovalbumin (OVA) in milk based on antibody modified

Ag dendrite complexes is shown schematically in Figure 1.10.50

Figure 1.10: Schematic illustration of SERS detection of ovalbumin (OVA) based on anti-
body modified Ag dendrite complexes. Adapted from reference.50

Figure 1.11: (a) Illustration of the Vo-Dinh’s DNA detection scheme; (b) illustration of
the detection of target DNAs by Au NP-on-nanowire system. Adapted from
references.67,68

The use of DNA/RNA fragments as the sensitive layer is also of great interest. The

purine and pyrimidine bases composing the nucleic acids specifically recognise their

corresponding pairs, contributing to the specific recognition of a given DNA or RNA

sequence.1,67,68 As shown in Figure 1.11a, the early concept (developed in 1994 by the

Vo-Dinh group) comprised immobilising single stranded DNA onto a nitrocellulose fil-

ter, followed by the exposure to a complementary DNA, which was labeled with a strong
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Raman active dye molecule that yields strong SERS signals.67,69,70 This technique was

applied to the detection of HIV gene and cancer markers.67 Detection of pathogens using

DNA probes immobilised on Au nanowires has also been reported (Figure 1.11b).68

1.1.3.4 Host-guest interactions

Figure 1.12: (a) Schematic of the formation of Ag NP-coated microspheres functionalised
with thiolated cyclodextrin (Tβ-CD). In the step 1, micronsized polystyrene
beads (PS) were wrapped with polyelectrolytes consisting of layer-by-layer
assembly of poly(diallyldimethylammonium chloride) [PDDA], polystyrene
sulfonate (PSS), and poly(allylamine hydrochloride) [PAH]. The functional-
ised beads were then coated with Ag NPs (PS@AgNPs) in the step 2, fol-
lowed by functionalisation with Tβ-CDs of the Ag surface (PS@AgNPs@Tβ-
CD) (step 3). Finally, the addition of hydrobenzoin enantiomers led to the
formation of supramolecular complexes; (b) density functional theory (DFT)
calculated molecular models for the most probable conformation of each en-
atiomer within the CD. Adapted from references.71

Host-guest interactions of macromolecular cages (host) showing specific supramolecu-

lar interactions towards target analytes (guest), have also been applied to ultrasensitive

SERS measurements.1,71–74 This approach imparts preferential orientations with respect

to the surface on the molecules and increases the level of SERS sensitivity.1,71–74 For ex-

ample, as shown in Figure 1.12, by using the host molecule cyclodextrin (CD), analytes

are retained in a confined geometry compared to an open surface (the aromatic rings of

the R,R isomer are more perpendicular to the surface than those of the S,S isomer); there-
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fore, the R,R- and S,S-hydrobenzoin enantiomers can be differentiated and quantified.71

CDs show extremely low SERS cross-sections, and are therefore capable of trapping ana-

lytes while avoiding spurious background signals in the spectra.1,71–74 Consequently,

CDs have been applied to the ultrasensitive detection of poly(allylamine hydrochlor-

ide) (PAH),72 explosives73 and pollutants (e.g. carbendazim and parathion).74 Other host

systems of different nature have also been successfully exploited, including calixarenes75

and cucurbit[n]urils (CB[n]s, where n = 5, 6, 7 or 8).28,51–56 The latter, CB[n], is of particu-

lar interest as it not only exhibits low SERS cross-sections and selective encapsulation of

various guest molecules into its barrel-shaped cavity, but also functions as a precise rigid

spacer between nanoparticles.53,76–78

1.2 Cucurbit[n]uril Host-Guest Chemistry

1.2.1 Macrocyclic host-guest complexation

Macrocyclic host-guest complexation is a typical process of molecular self-assembly where

molecules bind selectively through supramolecular interactions. A host-guest complex

is composed of at least one host and one guest molecule held together in a unique struc-

ture by non-covalent interactions.79 Generally, the host component is a larger molecule,

which is able to encompass a smaller guest molecule.79 Figure 1.13 shows an example of

host-guest complexation between β−cyclodextrin (host) and polyaromatic hydrocarbons

(PAHs, guest). A complementarity in molecular shape and binding sites location is the

key to the host-guest complexation.79

Figure 1.13: Illustration of β−cyclodextrin and polyaromatic hydrocarbon molecule host-
guest complexation. Adapted from reference.80
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Host-guest complexes form reversibly, achieving an equilibrium:81

H +G
 HG

where H , G and HG represent "host", "guest" and the "host-guest complex", respectively.

The thermodynamic benefit of the formation of a host-guest complex is that there is a

lower overall Gibbs free energy due to the interaction between the host and guest mo-

lecules.81,82

Common macrocyclic host molecules include cyclodextrins,80 calixarenes,83,84 crown

ethers85,86 and cucurbiturils77,87–89 Cyclodextrin is a toroidal-shaped polycyclic glucose

oligomer with a hydrophilic exterior and a hydrophobic cavity and has been investig-

ated as a promising cargo carrier in drug delivery.80,90 Calixarenes are macrocycles ob-

tained from hydroxyalkylation between aldehyde and phenol.83,84 Their shape resembles

a bucket or a cup. Calixarenes have been applied as chemical sensors and sodium select-

ive electrodes.91 A crown ether is a macrocycle consisting of several ether groups, among

which the most common group is ethylene oxide.86 It is able to bind strongly to certain

cations, such as potassium cations (K+).85 The supramolecular hosts mentioned above

are good choices for industrial applications due to their low cost and commercial avail-

ability, however, they also exhibit several limitations, such as low selectivity and low

affinity.92

CB[5] CB[6] CB[7] CB[8] CB[10]

Figure 1.14: X-ray crystal structures of CB[n] homologues (CB[5]-CB[8], CB[10]). Colour
codes: carbon, gray; nitrogen, blue; oxygen, red. Adapted from reference.76

Cucurbit[n]urils (Figure 1.14) are cage-like macrocyclic molecules consisting of gly-

coluril monomers linked by methylene bridges.93 These macrocycles were named “cu-
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curbiturils” for their resemblance to a pumpkin, which belongs to the Cucurbitaceae fam-

ily.94 Cucurbiturils are commonly written as cucurbit[n]urils, or CB[n], where n repres-

ents the number of glycoluril units. CB[6] was first synthesised in 1905 by Behrend

and coworkers,95 by acid-catalysed condensation of glycoluril and formaldehyde (Fig-

ure 1.15). However, the chemical nature and molecular structure were not identified un-

til 1981, when a thorough investigation of CB[n]s was carried out by Mock and cowork-

ers.94 The research on the CB[n] family was largely promoted by the research groups of

Kim, Day and Isaacs, who discovered and isolated four other homologues, (CB[5], CB[7],

CB[8] and subsequently CB[10]).77,87–89 Recently, the largest family member, CB[14], was

reported with 14 glycoluril units linked by 28 methylene bridges and aroused great in-

terests.96 The CB[n] homologues can be isolated based on their different solubility in vari-

ous solvents, e.g. methanol-water and acetone-water mixtures,77,87 or by column chro-

matography with harsh acidic eluents.97 The Scherman group has recently reported an

environmentally friendly method for the isolation of CB[5] and CB[7], via ionic liquid

binding and a solid state metathesis reaction.98

Figure 1.15: Synthetic scheme of CB[n]s homologues.

The structural dimensions of CB[n] homologues are shown in Figure 1.16 and Table 1.1.93,99

The height for all CB[n]s is 9.1 Å, since the height of a single glycoluril unit is fixed. The

mean internal cavity diameter increases progressively from 4.4 Å for CB[5] to 12.4 Å for

CB[10], and the portal diameter also increases from 2.4 Å to 10.6 Å, contributing to an

increase of the overall cavity volume from 83 Å3 to 870 Å3.
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Figure 1.16: Illustration of the chemical framework (left) and dimensional structure
(right) of CB[n]. Adapted from references.93,99

Table 1.1: Dimensions and solubility of CB[n] homologues.93,99

CB[n] a [Å] b [Å] c [Å] d[Å] V [Å3] SH2O [mM]

CB[5] 13.1 4.4 2.4 9.1 82 20-30

CB[6] 14.4 5.8 3.9 9.1 164 0.018

CB[7] 16.0 7.3 5.4 9.1 279 20-30

CB[8] 17.5 8.8 6.9 9.1 479 <0.01

CB[10] - 11.3-12.4 9.5-10.6 9.1 870 <0.05

a: outer diameter; b: internal cavity diameter; c: portal diameter; d: total CB[n] depth; V: volume of the
cavity; SH2O : solubility in water.

The water solubility (Table 1.1) of CB[n]s is generally low (< 0.05 mM), except for CB[5]

and CB[7], which have moderate solubility in water around 20-30 mM.93,99 All the CB[n]s

are soluble in acidic solutions as a function of protonation.93 CB[n]s are insoluble in most

organic solvents, with a few exceptions. Sindelar et al.100 first reported a CB[7]-based

rotaxane, which is soluble in acetonitrile and dimethyl sulfoxide. Monhaphol et al.101

have reported a CB[8] interlocked assembly partially soluble in a non-aqueous solvent,

i.e. a viologen unit linked to two tris(2,2’-bipyridine)ruthenium substitutes in acetonitrile.

In most studies, CB[n] complexes are investigated in aqueous solutions.102,103
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Figure 1.17: Examples of different guest molecules for CB[n]s. Adapted from reference.93

CB[n]s exhibit remarkable guest binding properties attributed to their hydrophobic in-

ner cavity and polar carbonyl portals.92 The main driving forces of CB[n] complexation

include hydrophobic effect as well as ion-dipole and dipole-dipole interactions stemming

from the electronegative carbonyl portals.104–106 This host-guest complexation has also

been studied from the energy point of view, which counts for the release of ’high-energy’

water molecules upon the inclusion of nonpolar organic guests.107 More specifically, the

guest molecule entering the CB[n] cavity leads to a energy loss from the reconstruction of

hydrogen bonding network, which is due to the occupation of the guest and the release

of trapped water molecules inside the cavity.107 The differences in cavity and portal sizes

of CB[n]s lead to different molecular recognition properties, as shown in Figure 1.17.93

CB[5], the smallest member in the CB[n] family, only binds to protons, alkali metal ions

and ammonium ions or encapsulates gas molecules (e.g. Ar, O2, N2, N2O, CO2, CH4) and

some solvent molecules (e.g. acetonitrile and methanol).108 CB[6] is able to form stable

complexes with protonated diaminoalkanes (+NH3(CH2)nNH+
3 , n=4-7) and protonated

aromatic amines, e.g. p-methylbenzylamine, etc.93 It is also able to encapsulate neutral

molecules such as benzene and tetrahydrofuran in aqueous solution.93 CB[7] can bind

larger guest molecules that cannot fit into CB[6]. For example, CB[7] forms 1:1 com-

plexes with protonated adamantane amine (ADA) and methyl viologen dication (N,N’-

dimethyl-4,4’-bipyridinium, MV2+), and can easily encapsulate neutral molecules such
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as carborane and ferrocene.93 CB[8], with a much larger cavity volume (479 Å3), displays

an unique ability to bind two guests at the same time.92,109,110 It is able to encapsulate two

2,6-bis(4,5-dihydro-1H-imidazol-2-yl) naphthalene molecules to form a 1:2 complex, or

two complementary guest molecules (a charge transfer complex) such as MV2+ and 2,6-

dihydroxynaphthalene to form a 1:1:1 ternary complex.93 The electron-deficient MV2+

allows for the encapsulation of a second guest inside the CB[8] hydrophobic cavity and

has been investigated mostly as the first guest for CB[8].92 The formation of the stable

1:1:1 ternary complex is reversible and the complex can be dissociated under certain cir-

cumstances. For example, the addition of a competitive guest ADA can expel both first

and second guests from the CB[8] cavity (Figure 1.18).111

Figure 1.18: Schematic illustration of (a) CB[8] binding with MV2+ and naphthol, (b) dis-
assembly of the ternary complex upon addition of ADA. Adapted from ref-
erence.111

Moreover, the electronegative carbonyl portals of CB[n]s show strong binding affinity

towards metal surfaces. The direct interaction of CB[n]’s portal with the Au surface was

firstly reported by An and co-workers (Figure 1.19).112 CB[n]s acted as direct molecu-

lar junctions between adjacent Au NPs, resulting in the formation of coagulates.112 The

CB[n] molecules were oriented perpendicular to the Au surface, and the NPs were separ-

ated by CB[n] molecules at a precise distance of 0.9 nm, as shown in Figure 1.19b and c.112

The strong and irreversible binding between CB[n]s and the Au surface is attributed to

the electrostatic interactions between their electronegative carbonyl portals and the metal

surface, as well as the chelation.112
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Figure 1.19: (a) CB[n]s act as direct molecular junctions in between Au NPs, forming NP
coagulates; (b) NPs are separated by CB[n] molecules at a precise distance
of 0.9 nm; (c) CB[n] binds to the Au surface through its carbonyl portals ,
orienting perpendicular to the surface. Adapted from references.112,113

1.2.2 CB[n]-engineered nanostructures

CB[n]s have been widely applied in aqueous supramolecular polymers,102 polymeric net-

works103 and nanoscience.111,114–116 CB[n]-engineered nanostructures can be arbitrarily

classified into two categories according to their fundamental interactions: (1) CB[n]s as

molecular junctions for metallic NPs, based on electrostatic interactions between the elec-

tronegative portals of CB[n]s and the metallic surface; (2) CB[n]-mediated supramolecu-

lar decoration and assembly of NPs/interfaces, based on supramolecular host-guest in-

teractions between CB[n]s’ cavity and guest molecules.

1.2.2.1 CB[n]s as molecular junctions for metallic NPs

Taking advantage of the strong binding affinity between CB[n]’s portal and metallic sur-

faces, CB[n]s have been shown to be useful in the synthesis of metallic NPs, mainly as

"capping agents".52,114,117–120 For example, the Scherman group have reported the form-

ation of dynamic Au NP aggregates using CB[5] in the presence of a reducing agent

sodium borohydride, where CB[5] acted as a capping agent.52,114 The size of the result-

21



Chapter 1 Introduction

ant aggregates could be controlled by changing the ratio between CB[5] and the gold

precursor, forming aggregates consisting of singly and doubly capped CB[5], as shown

in Figure 1.20.114 The use of CB[5], CB[7], and the less water-soluble homologues, CB[6]

and CB[8], as capping agents for metastable Au NPs and Ag NPs have also been repor-

ted.118,119,121

Figure 1.20: Schematic illustration of the formation of of Au NP aggregates mediated by
CB[5] in solution. Inset showing CB[5] doubly (a) and singly (b) capped by
Au NPs. Adapted from reference.114

CB[n]s can also mediate the self-assembly of metallic NPs when using sophisticated

strategies.54,122–124 For example, as shown in Figure 1.21, well-defined growth of one-

dimensional (1D) Au NP chains with fixed and rigid CB[n] nanojuctions of 0.9 nm was

achieved by using a nanoporous polycarbonated membrane. The process was accom-

plished electrokinetically by controlling the applied voltage, time, temperature, and the

NP/CB[n] concentration ratio. Nano-assembly through plasmon-induced laser thread-

ing of Au NP strings has also been reported, producing conducting threads of 12 ± 2 nm

width using CB[7].123 The high field intensities in the gap junctions between NPs drew

the surface atoms into the gaps through optical forces, leading to nonthermal melting,

thereby forming solid metal threads among the NPs.113,123 The highly enhanced fields in

the crevices of the threads allow for applications of these metamaterials in photovoltaics

and the construction of sensing probes.123 Besides self-assembly of spherical NPs, the

end-to-end assembly of Au nanorods mediated by CB[n] has also been reported, where
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Au nanorods were separated and assembled by CB[5] and CB[7].54 Centrifugation of

CTAB-coated Au nanorod solutions preferentially destabilised the CTAB bilayer at the

curved 111 end facets of the nanorods. Therefore, CB[5] could only interact with the

nanorod ends, forming nanorod chain-like morphorlogies.54,113

Figure 1.21: Schematic illustration of the formation of 1D Au NP chains using an eletro-
phoresis cell, where a nanoporous polycarbonate membrane separates two
compartments containing Au NPs and CB[7], respectively. The application
of a small potential differenc triggers the formation of chain-type objects in
the Au NP compartment. Adapted from reference.122

CB[n] molecules on flat metallic surface have also attracted research interests on ac-

count of their ability to simply manipulate and separate molecules from detection me-

dia.112,125,126 One of such work employed a monolayer of CB[7] deposited onto a Au flat

surface, complexing with ferrocenemethylammonium (FA), a molecule which can spe-

cifically bind to thrombin.125 This FA@CB[7] on Au surface platform can be used as an

aptasensor chip for the detection of thrombin.125

Although it has not been investigated widely, CB[n]’s capability to interact with metal

oxide NP surfaces (e.g. copper oxide, iron oxide) has also been reported.127–130 The Tra-
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bolsi group reported the efficient coating of γ-Fe2O3 NPs with CB[7] by microwave heat-

ing and its application for drug delivery and magnetic resonance imaging.128 They later

reported nano-catalysts using CB[7] coated γ-Fe2O3 NPs further loaded with palladium,

as shown in Figure 1.22.130 They demonstrated catalysed Suzuki-Miyaura, Sonogashira,

and Mizoroki-Keck cross-coupling reactions with uniformly high yields and turnover

frequencies.130

Figure 1.22: Schematic illustration of the loading of PdII onto CB[7] coated γ-Fe2O3 NPs
(top) and their catalytic activity studies (bottom). Adapted from reference.130

1.2.2.2 CB[n]-mediated supramolecular decoration and assembly of NPs and

interfaces

The host-guest interactions of CB[n]s and guest molecules provide a versatile tool for the

organisation of molecular systems into functional structures.131 CB[n]-mediated supra-

molecular decoration of NP surfaces has been extensively studied.111,113,116,131 Generally,

the surface of the NPs are first functionalised with a bifunctional guest molecule, which is

then complexed with CB[n] and allows further decoration of the NP surface.111,116,131 For

example, Lan et al. reported the preparation of photoresponsive hybrid raspberry-like

colloids (HRCs, Figure 1.23), where MV-functionalised polymeric NPs were anchored

onto a azo-benzene functionalised silica core by CB[8].116 This assembly could be revers-
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ibly disassembled upon light irradiation.116

Figure 1.23: HRCs obtained by the formation of (MV/trans-Azo)@CB[8] ternary com-
plexes. Adapted from reference.116

End-to-end Au nanorod alignments can also be formed through host-guest interac-

tions.132 As illustrated in Figure 1.24, viologen end-functionalised Au nanorods were

prepared, which were capable of binding with CB[8], forming 1 : 1 : 1 ternary com-

plexes with synthesised ditopic linker molecules bearing second guest moieties.132 Dif-

ferent from the previously discussed native CB[n] linkers, this host-guest system allows

for various length and rigidity of the nanorod alignments by adjusting the telechelic

linker.132 In addition, the alignment was reversible. Upon adding a competing guest

ADA, the nanorod filaments could be disassembled.132 Flat surfaces functionalised with

CB[n]s through host-guest interactions have also been reported.133–135 For example, CB[8]

was first complexed with a first guest molecule, bis-aminoethyl viologen, followed by the

immobilisation of the inclusion complexes onto the Au surface to form a CB[8]-based ro-

taxane structure on Au surface.133
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Figure 1.24: (a) Formation of a ternary complex between methyl viologen (MV), 2-
napthol and CB[8]; (b) functionalisation of Au nanorods with MV moieties
to produce MV2+-Au nanorods; (c) addition of either ditopic naphthol linker
(3a or 3b) (i) with CB[7], (ii) with CB[8], or (iii) with CB[8] in the presence of
ADA. Adapted from reference.132
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1.2.3 CB[n]-engineered nanostructures in SERS sensing applications

In SERS measurements, analytes need to be in close contact with the substrate surface

to achieve high sensitivities.1–6 Therefore, most of the SERS applications are restricted

to molecular analytes with chemical affinity towards the metallic substrates (e.g. thi-

olated or aminated molecules).1,4,5,8,45,46 However, for analytes without a clear metal

binding group, exploiting SERS becomes difficult on account of weak signals.1–6 CB[n]

molecules can bind to metallic NPs via their portals, functioning as a rigid spacer between

NPs.28,51–55 The symmetrical geometry of CB[n] ensures that the NPs are held apart at a

precise distance of 0.9 nm, providing significantly high and reproducible local field en-

hancements in the gap junctions.28,51–55,136,137 Meanwhile, CB[n] retains its molecular re-

cognition properties when it binds towards metallic surfaces, thus can bind guests from

the bulk solution to the metal-liquid interface by acting as a "receptor".113

Figure 1.25: (a) Raman spectra of CB[n = 5-8] in the "fingerprint" region. (b) Peaks shift
systematically with an increase in n. The variation of the marked peaks is
shown in the inset. Adapted from reference.51

The first detailed study of the Raman and SERS signatures of CB[n] was reported

in 2010 (Figure 1.25).51 Clearly identifiable peaks of CB[n] were observed for both the

Raman spectra and SERS spectra (utilizing both the nanostructured surface and CB[n]-

aggregated NP substrates), showing the same signals and a similar trend. The two in-

tense characteristic peaks at approximately 450 and 830 cm−1 were assigned to the ring

scissor and ring deformation modes of the CB[n] molecules. These two peaks showed
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slight upfield and downfield shifts respectively, with the increase of the ring size (n) in

different CB[n] homologues.

CB[n]-engineered nanostructures applied for SERS sensing are generally carried out

uisng CB[n]-aggregated NPs46,52,53,138–140 and the "nanoparticle on mirror geometry" (NPoM).28,141

The SERS sensing of a dye molecule Rhodamine 6G exploiting the CB[5]-aggregated Au

NPs was first demonstrated by the Scherman group in 2011.52 It was concluded that

the surface modification of Au NPs by CB[5] produces partially controllable and highly

consistent fractal coagulates, following the well-known reaction kinetics as a function of

CB[5] concentration.52 Importantly, the aggregates maintain interparticle distance, which

is defined by the height of CB[5] (0.9 nm), regardless of the concentration of CB[5].52 This

allows for the consistent formation of distinct plasmon resonances, producing strong and

reproducible SERS signals.52 Besides acting as a "glue" to create plasmonic junctions,

CB[n] can also position the guest analytes (Rhodamine 6G) precisely in the hot-spots, en-

abling ultrasensitive detection. The authors later reported a SERS-nanoreactor concept

exploiting CB[n]-aggregated Au NPs.138 As illustrated in Figure 1.26, CB[n]s functioned

simultaneously as nanoscale reaction vessels, sequestering and templating a photoreac-

tion whitin, and also as "glues" to bridge Au NPs with subnanometre distances for en-

hanced electromagentic fields.138 Selective photoisomerism or photodimerisation could

be monitored in situ within the Au NP-CB[n] nanogap by choosing the appropriate CB[n]

nanoreactor.138 The CB[n]-aggregated metal NPs have demonstrated efficient and quant-

itative detection of analytes at clinical levels and hence holds great promise for use in

medical applications and drug screening.46,53,139,140
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Figure 1.26: (a) Au NPs self-assemble into dendritic nanoclusters with the sub-nm CB[n]
linker; (b) upon UV irradiation in solution, trans-DAS predominantly under-
goes photoisomerisation into cis-DAS, and into syn-TCB with photodimer-
isation in a minor pathway; (c) when complexed within CB[8], the photore-
action of DAS is templated to yield almost exclusively syn-TCB, which can
be measured in situ by SERS; (d) when complexed within CB[7], the photore-
action of DAS is templated to produce cis-DAS. Adapted from reference.138

Another widely investigated CB[n]-engineered nanostructure is the NPoM system,

where a metal NP is placed above a flat metal surface by a single layer of molecules.141

The resulting plasmonic gap of only a few nanometres contributes to a strong field con-

finement.142–144 Since the metal NP induces image charges within the metal surface,

plasmonic coupling similar to a NP dimer is created.141–144 This self-assembled system

thus provides a robust and reproducible SERS sensing platform with ultrahigh sensitiv-

ities. CB[n] adsorbs spontaneously on Au surfaces with the perpendicular orientation.112

Therefore, an NPoM system using CB[n] as the single molecular layer to separate the Au

NP and Au surface with a fixed gap distance of 0.9 nm can be readily obtained.141 In

addition, guest molecules complexed within CB[n] can be detected with high sensitiv-

ities since they are sequestered in the highest field enhancement region.141 Figure 1.27

shows an example of NPoM system exploiting CB[7] as the spacer and detecting guest
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molecules on a few-to-single-molecule level.141 CB[n]-based NPoM system has further

been exploited to catalyse chemical reactions or induce redox processes in molecules

located within the plasmonic hot-spots.145 The hot-electron-induced chemical reduction

processes in various aromatic molecules can be tracked in situ by SERS.145

Figure 1.27: (a) Nanoparticle on mirror (NPoM) assembly, where the Au NP is spaced
from a Au surface by CB[7]; (b) the plasmonically enhanced field in NPoM
is confined to only a few nm3; (c) complexation between CB[7] and a guest
molecule; (d) guest molecules investigated. Adapted from reference.141

1.3 Objectives

Cucurbit[n]urils (CB[n]s) are able to self-assemble sodium citrate-capped metallic NPs

into chains or fractal-like aggregates, forming a powerful SERS substrate to detect a

wide variety of molecules with low chemical affinity towards the metallic surface.28,51–56

However, when left uninhibited, CB[n] will continue to aggregate the metallic structures,

leading to the colloidal instability of the system.28,51–55,122,140 In addition, in situ measure-

ments may involve environments that affect such self-assembly processes. For example,

the possible displacement of analytes in the nanogap by non-analyte moieties may give

rise to fluctuating backgrounds.53,55,140 Therefore, there is great demand to design SERS

substrates which can provide the same levels of detection and functionality but eliminate

the need for aggregation. The objective of this thesis is to investigate CB[n]-engineered

nanostructures for molecular sensing avoiding the aggregation of metallic NPs, thereby

improving the colloidal stability of the SERS substrate, meanwhile increasing high SERS
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enhancement factor and detection sensitivities.

Chapter 2 investigates the preparation of surface-bound CB[8] catenanes on magnetic

silica nanoparticles, where CB[8] is tethered by a first guest molecule axle (disilane func-

tionalised methyl viologen) onto the surface of a magnetic silica nanoparticle. This CB[8]

catenane system exhibits specific molecular recognition towards certain aromatic mo-

lecules, providing an efficient and recyclable nanoplatform for peptide separation.

Chapter 3 describes the follow-up work to these CB[8] catenanes on silica nanoparticles:

the preparation of CB[8] catenanes on spiky γ-Fe2O3@Au NPs as a powerful SERS sub-

strate is investigated. Instead of using CB[8] to aggregate metal NPs, CB[8] is mechanically-

locked onto the spiky NP surface by a dithiol functionalised methyl viologen molecule.

This catenane nanostructure exhibits excellent colloidal stability and the spiky shape

gives rise to a high SERS enhancement (enhancement factor of 2.3 x 108), allowing SERS

detection of target analytes with high sensitivities.

In the fourth chapter, a new type of CB[n]/Au NP SERS nanoplatform is investigated,

exploiting a stable nanoraspberry NPs with CB[n]s densely immobilised on the NP sur-

face via their portals. On account of the high curvature of the nanoraspberry surface and

good colloidal stability, this nanoraspberry NPs can act as a free-standing SERS substrate

with enhancement factor on the order of 1010. By functionalising the nanoraspberry us-

ing CB[n]s in the perpendicular orientation, a wide variety of molecules could be detected

with high sensitivities.

In the fifth chapter, a facile fabrication method of CB[7]-based microreactors is de-

scribed, where metallic nanoparticles are immobilised in microchannels via supramolecu-

lar inclusion complexes methyl viologen-silane@CB[7]. This microreactor exhibits re-

markable catalytic activity on account of the substantially high surface area-to-volume

ratio of the microchannels and metallic nanoparticles. This type of construct is also ap-

plicable as a CB[n]-based microchannel-sensor, promising to detect analytes of extremely

low concentrations on account of the accumulation effect of microchannels.

Finally, a concluding chapter summarises the work presented in this thesis, whilst also

giving some perspectives on the future of the work.
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Chapter 2

Cucurbit[8]uril Catenanes on Silica

Nanoparticles Exhibiting Molecular

Recognition

We demonstrate the preparation of surface-bound cucurbit[8]uril (CB[8]) catenanes on silica nan-

oparticles (NPs), where CB[8] is employed as a tethered supramolecular "handcuff" to selectively

capture target guest molecules. CB[8] is threaded onto a methyl viologen (MV2+) axle and immob-

ilised onto silica NPs with a surface density of 0.56 nm−2. This CB[8] catenane system exhibits

specific molecular recognition towards certain aromatic molecules such as perylene bis(diimide),

naphthol and aromatic amino acids, therefore, can act as a nanoscale molecular receptor for target

guests. Furthermore, its use as an efficient and recyclable nanoplatform for peptide separation

has also been demonstrated. By embedding magnetic NPs inside silica NPs, separation could be

achieved by simply applying an external magnetic field. Moreover, the peptides captured by the

catenanes could be released by reversible single-electron reduction of MV2+. The entire process

demonstrates high recoverability.

This work has been published in the following peer-reviewed journal articles:

• Ren, X.‡; Wu, Y.‡; Clarke, D. E.; Liu, J.; Wu G.; Scherman, O. A.*; “Surface-bound

cucurbit[8]uril catenanes on magnetic nanoparticles exhibiting molecular recogni-

tion”, Chem. Asian J., 2016, 11, 2382.

‡These authors contributed equally to this work
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2.1 Introduction

A catenane (Figure 2.1) is a mechanically-interlocked molecular architecture consisting of

two or more interlocked macrocycles, which cannot be separated without breaking their

covalent bonds.146,147 Catenanes have attracted great attention in the past few decades on

account of their special mechanically-interlocked structure.146,147 The relative positions

of their components can be controllably changed without breaking the interlocked struc-

ture, allowing catenanes to be readily used as molecular machines,148,149 switches,150–152

sensors153,154 and rotors.148,155

Figure 2.1: An illustration of catenane structure: crystal structure of a catenane with a
cyclobis(paraquat-p-phenylene) macrocycle. Adapted from reference.156

Macrocyclic host molecules such as crown ethers and cyclodextrins (CDs) are of in-

terest in the preparation of catenanes, on account of their intrinsic cyclic structure and

host-guest complexation capability.133,146,147 Catenanes based on crown ethers were ex-

tensively investigated, mainly prepared by template-directed synthesis.146,157 CD was

also studied in the preparation of catenanes on account of its improved binding beha-

viour.147,158–161 However, crown ether and CD host complexation are both limited to rel-

atively low affinity towards certain guest molecules (Ka ≤ 105 M−1).92,162 Cucurbit[n]urils

(CB[n]s), a family of symmetric barrel-shaped host molecules, which exhibit stronger and

selective encapsulation of small guest molecules, emerged as more promising hosts for

supramolecular applications (Ka up to 1015 M−1).77,92,116,163–165 Cucurbit[8]uril (CB[8]), a

larger member of the CB family possessing a larger cavity volume of 479 Å
3
, can sim-

ultaneously encapsulate two guest molecules to form a dynamic yet stable heterotern-
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ary complex.77,87,103 Owing to its excellent host-guest properties, CB[8] has been utilized

as a versatile receptor and building block for various supramolecular architectures and

systems.92,116,133,163–165 Catenanes containing CB[n] were explored by Kim166,167 and oth-

ers,168 but research has mainly focused on CB[6]-based catenanes. Few investigations

have been conducted on CB[8]-based catenanes despite its unique host-guest properties

to simultaneously bind two guests in its cavity.133,169

Catenanes have been mainly studied in solution, however, to fully develop their po-

tential practical applications, they must be interfaced with the macroscopic world.147,170

In recent years, effort has been made to attach catenanes on solid surfaces such as gold

and glass to achieve this objective.150,171,172 Previously, the preparation of CB[8]-based

interlocked structures immobilised on gold surfaces have been reported.133 Little atten-

tion, however, has been paid to the attachment of catenanes on nanoparticles (NPs)151,160

in spite of their superb properties of large surface area and highly tunable physical and

chemical characteristics.147,173

Figure 2.2: (a) Complexation between CB[8] and a first guest molecule MV-disilane;
(b) surface-bound CB[8] catenanes on silica NPs (CBC-NPs) obtained by im-
mobilising MV-disilane@CB[8] inclusion complexes onto silica NPs; (c) cap-
ture and release of a target guest by CBC-NPs.

Herein, for the first time, we demonstrate the preparation of surface-bound CB[8]
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catenanes on silica NPs (CBC-NPs), where CB[8] is employed as a supramolecular “hand-

cuff" to selectively capture target guests, as shown in Figure 2.2. This CB[8] catenane

system can act as a nanoscale molecular receptor for target guests on account of the spe-

cific molecular recognition of the MV2+@CB[8] inclusion complex on silica NPs towards

various second guest molecules, including perylene bis(diimide), naphthol and aromatic

amino acids, such as tryptophan,110,174,175 phenylalanine110,176 and tyrosine,110 with the

Ka of 103 – 105 M−1.110 As a result, this supramolecular system can also act as a highly ef-

fective and recyclable nanoplatform for the separation and purification of peptides. The

silica NPs can be endowed with magnetism by incorporating superparamagnetic iron

oxide NPs into their cores, providing an easy and straightforward magnetic separation

method.

2.2 Results and Discussion

2.2.1 Synthesis and complexation study of MV-disilane guest molecule

Figure 2.3: Reaction scheme of the synthesis of 1,1’-bis[3-(trimethoxysilyl)propyl]-4,4’-
bipyridine (MV-disilane).

1,1’-bis[3-(trimethoxysilyl)propyl]-4,4’-bipyridine (MV-disilane) was synthesised by the

reaction between (3-iodopropyl)trimethoxysilane and 4, 4’-bipyridine, as shown in Fig-

ure 2.3. The complexation of the MV-disilane guest molecule and CB[8] was investigated

by 1H NMR and isothermal titration calorimetry (ITC). Figure 2.4 shows the 1H NMR

spectra of MV-disilane alone (b) and its complexation with CB[8] (a), where CB[8] peaks

at 4.2, 5.5 and 5.8 ppm can be observed. In addition, a shift of the MV2+ proton peaks

from 9.17 and 8.63 ppm to 8.83 and 7.59 ppm, respectively, is also observed. These results

indicate the complexation of the MV-disilane guest molecule with CB[8].

To further confirm the complexation, ITC was carried out and the result is shown in

Figure 2.5. The measurements were repeated three times and the results indicate good
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Figure 2.4: 1H NMR spectra of (a) MV-disilane@CB[8] complex; (b) MV-disilane.

reproducibility, suggesting 1:1 complexation of MV-disilane and CB[8] . The average

association constant Ka is 3.25 x 105 M−1. The high association constant of the MV-

disilane and CB[8] confirms strong complexation. It lays the foundation for the post-

functionalisation of MV-disilane@CB[8] complexes onto silica nanoparticles.
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Figure 2.5: ITC results of the complexation between MV-disilane and CB[8]. 1 mM MV-
disilane was injected into 0.05 mM CB[8] in buffer solution at 25 ◦C. 50 mM
sodium acetate buffer, pH=4.6, was used.
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2.2.2 Preparation of surface-bound CB[8] catenanes on silica NPs

The surface-bound CB[8] catenanes on silica NPs (hereafter referred to as “CBC-NPs")

were prepared by immobilising MV-disilane@CB[8] inclusion complexes onto silica NPs.

The reaction was conducted in a mixture of water and ethanol (3:2 v/v) at 60 ◦C for 1 h. In

the meantime, control NPs were prepared using the same reaction conditions, in absence

of CB[8].

The average hydrodynamic diameter (Dh) and zeta potential of the silica NPs, CBC-

NPs and control NPs obtained from dynamic light scattering (DLS) are listed in Table 2.1

and Figure 2.6a. The average diameter of the CBC-NPs increases to 337 nm compared

to the bare silica NPs, which is 286 nm. The moderate rise of the diameter indicates that

crosslinks between the silica NPs by MV-disilane molecules do not exist, which would

happen if the end groups of the MV-disilane molecule reacted with two different silica

NPs. Zeta potential is the potential difference between the dispersion medium and the

stationary fluid layer sticked to the dispersed particles.177 The negative zeta potential of

silica NPs is attributed to the hydroxyl groups on the surface of the NPs. The zeta po-

tential of the CBC-NPs turns to be positive, 35.5 mV, which suggests that the positively

charged MV-disilane molecules have been functionalised onto the silica NPs. In compar-

ison, the control NPs show similar size and zeta potential with CBC-NPs. TEM images

(Figure 2.6b-d) show that all the NPs have homogeneous sizes and can be well dispersed

in water.

Table 2.1: DLS data of the bare silica NPs, CBC-NPs and control NPs.

Average diameter (nm) PDI zeta Potential (mV)

Silica NPs 286 0.07 -44.2

CBC-NPs 337 0.24 35.5

Control NPs 343 0.22 37.5

Note: The positive zeta potential of CBC-NPs suggests that the positively charged MV-disilane molecules
have been successfully functionalised onto the silica NPs.
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Figure 2.6: (a) Hydrodynamic diameter distribution of silica NPs, CBC-NPs and control
NPs in water. TEM images of the silica NPs (b), CBC-NPs (c) and control
NPs (d).

2.2.3 UV-vis titration study

To confirm the formation of catenanes on silica NPs and quantify the amount of CB[8] in-

corporated into the CBC-NPs, UV-vis titration of substituted perylene bis(diimide) (PDi)

was conducted. PDi was employed on account of its good binding affinity towards

the MV2+@CB[8] complex.178,179 A UV-vis calibration of PDi/CB[8] solution is shown

in Figure 2.7. The absorption of a PDi/CB[8] solution was measured because sole PDi

molecules tend to form π-π stacks in water, which would cause a decline in the UV-vis

absorption. Upon addition of excess CB[8], PDi stacks disassemble and form strong host-

guest inclusion complexes with CB[8], giving the maximum absorption.

The basic idea of the UV-vis titration is briefly illustrated in Figure 2.8a. The addition
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Figure 2.7: UV-vis calibration plot of PDi/CB[8] solution. (a) UV-vis absorption spectra;
(b) calibration line.

of CBC-NPs into PDi solution induced the formation of CB[8]/PDi/MV-disilane ternary

complexes on the silica NPs, leaving the uncomplexed PDi molecules in the solution,

which were then separated and quantified. The same procedure was repeated for the

control NPs, whereas no PDi molecule was complexed. As shown in Figure 2.8b, the

absorption of PDi solution showed little change after mixing with the control NPs. In

comparison, its absorption decreased linearly with an increasing amount of CBC-NPs

added, from 0.165 to 0.074, which confirms the formation of the catenane structures on

the silica NPs. The mass fraction of CB[8] was calculated to be 11.65 µg/mg and the

density of CB[8] on the silica NPs surface was 0.56 nm−2 (more details are shown in the

Experimental Appendix).
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Figure 2.8: (a) Schematic illustration of the UV-vis titration experiment between PDi and
CBC-NPs. The addition of CBC-NPs into PDi solution induced the forma-
tion of CB[8]/PDi/MV-disilane ternary complexes on the silica NPs. After
centrifuging and removing the sediments, the uncoordinated PDi molecules
were left in the solution and quantified. Upon addition of excess CB[8], PDi
stacks disassembled and formed complexes with CB[8], giving the maximum
absorption. The same procedure was repeated for the control NPs, whereas
no PDi molecule was bound. (b) PDi UV-vis absorption (501 nm) after mixing
with different NPs with various mass. 0, 1, 3, 5 mg NPs solid were added to 3
mL 16 µM PDi solutions. The absorption decreased linearly with the amount
of CBC-NPs added, whereas remained unchanged after mixing with control
NPs.
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2.2.4 Lithography characterisation

Lithography was further examined to confirm the formation of CB[8] catenane structures

on the NP surface. The principle of lithography is shown in Figure 2.9a, where microscale

patterns of a second guest molecule (naphthol-silane) were prepared on a glass surface.

The silane groups in naphthol-silane molecules bind covalently to the glass surface and

the naphthol groups could bind with MV-disilane@CB[8] complex. The patterned sur-

faces were immersed in aqueous suspensions of fluorescent rhodamine B (RhB)-labelled

CBC-NPs and control NPs, respectively. After extensive washing, patterned surfaces

were observed under a fluorescence microscope. As shown in Figures 2.9b and c, the

fluorescent CBC-NPs aligned in a patterned manner on account of the complexation

between the CB[8] catenane on the CBC-NP surface and naphthol-silane on the glass

substrate. In comparison, the fluorescent control NPs could not be observed as they were

all washed away (Figure 2.9d).

Figure 2.9: (a) Schematic illustration of the lithography characterisation of CBC-NPs.
Fluorescence microscope images of RhB-labelled CBC-NPs on the patterned
glass, (b) bright field, (c) dark field. In the control experiment (d) using RhB-
labelled control NPs, patterned structure can be barely observed as they were
all washed away.
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2.2.5 Preparation of CB[8] catenanes on magnetic silica nanoparticles

To endow magnetic responsiveness to the CBC-NPs so that it can be easily separated

and recycled, the silica core of CBC-NPs was incorporated with superparamagnetic iron

oxide NPs. The magnetic silica NPs (MNPs) were prepared by the reaction of iron oxide

NP ferrofluids and tetraethyl orthosilicate in a 2-propanol/water mixture. Surface-bound

CB[8] catenanes on magnetic silica NPs (CBC-MNPs) were prepared by a similar method

as CBC-NPs. The TEM images clearly show the incorporation of iron oxide NPs into the

silica NPs (Figure 2.10a and b). The CBC-MNPs exhibit strong magnetic responsiveness.

As shown in Figure 2.10c, the cloudy solution turned clear within 20 min with almost all

CBC-MNPs attracted and accumulated in the corner by a magnet.

Figure 2.10: TEM images of magnetic silica NPs (MNPs, a) and CB[8] catenanes on mag-
netic silica NPs (CBC-MNPs, b); (c) picture of CBC-MNPs suspensions be-
fore (2) and after (1) separation by a magnet. After separating by a magnet
for 20 min, the cloudy suspension of CBC-MNPs turned clear, with most of
CBC-MNPs attracted and settled by the magnet.

2.2.6 Peptide separation using CBC-MNPs

The molecular recognition capability of the MV2+@CB[8] inclusion complexes within

the CB[8] catenane system makes it promising to act as a nanoscale molecular receptor

for various target guest molecules. Also, as MV2+@CB[8] inclusion complexes exhibit

strong binding towards some aromatic amino acids such as tryptophan (Trp),110,174,175

phenylalanine (Phe)110,176 and tyrosine,110 the selective capture and separation of target

peptides containing such residues from peptide mixtures with our CB[8] catenane sys-
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tem was investigated. The schematic illustration of the peptide separation and recycling

cycle is shown in Figure 2.11.
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Figure 2.11: Schematic illustration of the peptide separation using CBC-MNPs and mo-
lecular structures of peptides G, F and W. After the addition of CBC-MNPs
into a peptide mixture, peptides with recognisable residues such as Phe and
Trp (i.e. F and W) would complex with CBC-MNPs and sediment upon an
external magnetic field. Peptides without recognisable residues such as G,
would remain in the solution and be separated. The complexed peptides F
and W can be released upon one-electron reduction of MV2+ using Na2S2O4
and CBC-MNPs can be reused after the oxidation of MV·+.

To investigate the efficiency of peptide separation using CBC-MNPs, model peptide

sequences KKKGGGF (F), KKKGGGW (W) and KKKGGG (G) (molecular structures are

shown in Figure 2.11) were synthesised and explored, as illustrated in Figure 2.11. Pep-

tide F and W contain Phe and Trp residues, respectively, and can be recognised by CBC-

MNPs. Peptides G was prepared as a control peptide. The UV absorptions of peptide

solutions before and after mixing with CBC-MNPs were measured by high-performance

liquid chromatography (HPLC). After mixing with CBC-MNPs, the absorption of F and

W solutions at both 20 and 40 µM decreased significantly, while remaining unchanged
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for G solutions, indicating efficient peptide separation by CBC-MNPs (Table 2.2 and Fig-

ure 2.12). The concentration decreased 60% and 30% for 20 and 40 µM solutions, re-

spectivelly, as caculated. The decrease of concentration for both solutions of F and W

at both 20 and 40 µM were similar, around 12 µM as calculated, which indicates good

reproducibility (Table 2.2). The peptide separation efficiency, which is the absorption

of peptides per gram CBC-MNPs, was estimated to be 12.5 and 12.2 µmol/g for F and

W, respectively. In addition, the peptides complexed with MV2+@CB[8] on CBC-MNPs

can be easily released upon one-electron reduction of MV2+ to its radical cation (MV·+)

by sodium dithionite (Na2S2O4) under nitrogen,133 exhibiting high release efficiency (up

to 11.6 µg/mol). Moreover, CBC-MNPs can be recovered by the oxidation of MV·+ to

MV2+, simply by purging the solution with oxygen for 1 min. A subsequent separation

cycle showed almost no loss in the separation efficiency, up to 11.1 µmol/g, suggesting

good recoverability (Table 2.2 and Figure 2.12).

Table 2.2: Peptide separation using CBC-MNPs and recovery of CBC-MNPs

c(pep)
[µM]

4c with CBC-
MNPs [µ M]

c(released
pep) [µ M]

4c with recovered
CBC-MNPs [µ M]

separation
efficiency
[µmol/g]

F
20 12.6 11.3 8.7

12.5 ± 0.1
40 12.4 11.6 8.8

W
20 12.3 9.7 10.2

12.2 ± 0.2
40 12.0 9.9 11.1

note:c stands for concentration of peptides,4c stands for change of peptide concentration .
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Figure 2.12: HPLC UV absorption of solutions of (a) F and (b) W at 20 µM and 40 µM
before and after mixing with CBC-MNPs. 1.5 mL peptide solutions in acidic
mobile phase (95 vol% water, 4.9 vol% acetonitrile and 0.1 vol% trifluoroacetic
acid) were mixed with 1.5 mg CBC-MNPs. The decrease of concentration
for both solutions of F and W at 20 and 40 µM were similar, around 12 µM
according to calculation. While remaining unchanged for solutions of G (c).
In addition, after recycling of the CBC-MNPs, a subsequent separation cycle
showed almost no loss in the separation efficiency (a, b), suggesting good
recoverability.

46



Chapter 2 Cucurbit[8]uril Catenanes on Silica Nanoparticles Exhibiting Molecular Recognition

2.3 Conclusion and Outlook

In conclusion, a novel and facile method for the preparation of surface-bound CB[8]

catenanes on silica NPs was developed. The formation of catenanes on silica NPs was

confirmed by UV-vis titration experiments and lithography characterisation. The CB[8]

catenane system acts as a nanoscale molecular receptor for certain aromatic molecules

such as PDi, naphthol and aromatic amino acids. We further demonstrated a simple and

efficient peptide separation approach using surface-bound CB[8] catenanes on magnetic

NPs, whereby the target peptides could be selectively captured and separated from a

peptide mixture and released by the single-electron reduction of MV2+. Moreover, the

CB[8] catenane NPs could be readily recycled after use. The introduction of CB[8] caten-

ane structures onto NPs allows for single molecule recognition on a micromolar scale,

providing potential opportunities in biological sensing and separation.

2.4 Experimental Appendix

2.4.1 Materials and general methods

All the starting materials were purchased from Alfa Aesar and Sigma Aldrich and used as

received unless stated otherwise. CB[8] was prepared according to literature protocols.77

1H NMR (400 MHz) spectra were recorded using a Bruker Avance QNP 400. FTIR spec-

tra was recorded using a Perkin-Elmer Spectrum 100 series FTIR spectrometer, which is

equipped with a universal ATR sampling accessory. DLS and zeta potential measure-

ments were performed on a Malvern Zeta-sizer NS90. UV-vis spectra were obtained on a

Varian Cary 4000 UV-vis spectrophotometer. TEM images were obtained on a FEI Philips

Tecnai 20 TEM under an accelerating voltage of 80 kV. Samples were prepared by apply-

ing one drop of the sample solutions onto a Holey R carbon coated copper TEM grid (400

mesh), followed by drying overnight at room temperature. Fluorescence images were

obtained using an Olympus IX81 inverted optical microscope coupled with a camera of

Andor Technology EMCCD iXonEM + DU 897. Titration experiments were carried out on

a MicrocalTM ITC200. Peptides were synthesised using LibertyBlue peptide synthesiser,

47



Chapter 2 Cucurbit[8]uril Catenanes on Silica Nanoparticles Exhibiting Molecular Recognition

purified and analysed by high-performance Liquid Chromatography (HPLC) performed

on a Varian 940-LC system. The semi-preparative and analytical columns used were Agi-

lent ZORBAX 300SB C18 5 µm 9.4 x 250 mm column and Agilent Eclipse Plus C18 5 µm

4.6 x 150 mm column. The gradient applied was from 95:5 water (0.1% trifluoroacetic

acid): acetonitrile to 100% acetonitrile. Electrospray ionisation mass spectrometry (ESI-

MS) was performed on a Thermo Scientific LTQ Orbitrap Velos mass spectrometer with

an electrospray ion source in the positive ion mode.

2.4.2 Synthesis and characterisation of MV-disilane guest molecule

4, 4’-bipyridine (2 g, 13 mmol) was dissolved in 200 mL dry acetonitrile under nitrogen,

after which (3-iodopropyl)trimethoxysilane (8 mL, 41 mmol) was added. The mixture

was then refluxed at 80 ◦C for 3 days under nitrogen. The resultant product was filtered

and washed with copious amount of acetonitrile and diethyl ether. The product obtained

was a redish-orange powder (5.19 g, yield of 55%). 1H NMR (400 MHz, D2O), 9.17 (d,

4H), 8.63 (d, 4H), 3.63 (s, 15H), 3.38 (s, 2H), 2.24 (t, 4H), 0.9 (t, 4H). 13C NMR (400 MHz,

D2O), δ = 145.4, 126.9, 63.9, 48.8, 24.7, 8.2 ppm. Mass Spectra, m/z=482.2243 g/mol. FTIR

spectrum (Figure 2.13) shows characteristic peaks around 3056 and in the range of 1450

to 1640 cm−1, corresponding to the aromatic rings; and the peak in 1077 cm−1, indicating

the C-N stretches attached to the nitrogen cations. In addition, peaks around 1270 and

760 cm−1 are attributed to the methoxysilane segments.

2.4.3 Preparation of silica nanoparticles

The silica nanoparticles were prepared using Stöber’ s method.180 A mixture containing

NH4OH (3 mL), H2O (20 mL), and ethanol (70 mL) was prepared in a 150 mL round-

bottomed flask. Tetraethyl orthosilicate (TEOS, 2.08 g, 10 mmol) was dissolved in 10 mL

ethanol and added into the mixture, stirring vigorously for 2.5 h. The resultant silica NPs

were washed by ethanol several times and dried in air.
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Figure 2.13: FTIR spectrum of MV-disilane.

2.4.4 Preparation of CB[8] catenanes on silica nanoparticles

MV-disilane (36.8 mg, 0.05 mmol) and CB[8] (85 mg, 0.05 mmol) were mixed and dis-

solved in 330 mL water in a 1 L round-bottomed flask to form a homogenous solution,

after which 130 mL ethanol was added. Silica NPs (100 mg) were dispersed evenly in 10

mL water and then added to the mixture. Subsequently, the mixture was reacted at 60 ◦C

for 1 h. The resultant colloids were washed with copious amount of water before being

redispersed in water, with addition of excess adamantane amine (11.3 mg, 0.75 mmol),

followed by dialysis for 3 days and lyophilization. Similarly, control NPs were prepared

by the same procedure, without the addition of CB[8]. The resultant NPs were washed

with copious amount of water and then lyophilized.

2.4.5 UV-vis titration

1 mg, 3 mg, and 5 mg NPs solids (CBC-NPs and control NPs) were dispersed in 3 mL

80 µM PDi solutions and ultrasonicated for 5-10 min. After that, the suspensions were

centrifuged at 13000 rpm for 10 min, and the top clear solutions (600 µL) were taken out

and diluted to 3 mL PDi solutions (16 µM). Excess CB[8] was added to the solutions,
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followed by ultrasonication for 5-10 min. The UV-vis absorption was then measured.

2.4.6 Lithography characterisation

2.4.6.1 Preparation of naphthol-silane guest molecule

Figure 2.14: Reaction scheme of the synthesis of naphthol-silane guest molecule.

(a) 2-naphthol (11.2 g, 0.08 mol) was added to a solution of 2-[2-(2-chloroethoxy)ethoxy]-

ethanol (10.1 g, 0.06 mol) with potassium iodide (5 g, 0.03 mol) and potassium carbonate

(8.3 g, 0.06 mol). The resulting solution was heated and refluxed for 36 h under nitrogen,

after which KI and K2CO3 was filtered and the solvent was removed by rotary evapor-

ation. The resultant product was purified by column chromatography using 1:3 hexane

and ethyl acetate as the eluent. Dark red 2-(2-(2-(naphthalene-2-eyloxy)ethoxy)ethoxy)ethanol

was obtained after the removal of the solvent.

(b) 2-(2-(2-(naphthalene-2-eyloxy)ethoxy)ethoxy)ethanol (3.1 g, 3.7 mmol), 3-(triethoxyl)-

silane propyl isocyanate (1.39 g, 5.6 mmol) and a catalytic amount of dibutyltin dilaurate

(TDL) were added to a 100 mL dry round-bottomed flask. 30 mL of dry acetonitrile was

then added. The reaction mixture was left to stir for 48 h at room temperature.

2.4.6.2 Preparation of fluorescent nanoparticles

Rhodamine B isothiocyanate (26.8 mg, 0.05 mmol) was mixed with (3-aminopropyl) trieh-

hoxysilane (11.7 µL, 0.05 mmol) in 100 mL absolute ethanol, stirred in the dark for 24 h at

42 ◦C. The solvent was then removed by rotary evaporation to obtain the RhB-silane pre-

cursor (around 6 mL). Next, TEOS (3 g, 14 mmol), ethanol (11.4 mL) and RhB-silane per-

cursor (3 mL) were mixed and added to the mixture of NH4OH (4.3 mL), water (28.8 mL)
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and ethanol (103.8 mL), and left to react for 2 h. The resultant product was centrifuged

and washed with copious amount of ethanol.

2.4.6.3 Preparation of pattern on glass plates

First, glass plates were washed with a successive of water, ethanol and acetone, before

being oxidised in a plasma oxidiser. The previously synthesised naphthol-silane guest

molecule was dissolved in ethanol to obtain a final concentration of 10 mM. This solution

was then used to transfer the naphthol-silane guest molecule to the PDMS stamp by

swapping the patterned side using cotton for 15 s and drying under steam of nitrogen.

Subsequently, the PDMS stamp was then brought into contact with the glass plates for

20 s and separated carefully to prevent any dragging, generating the desired pattern.

Following the patterning procedure, the glass plates were washed first with water and

ethanol, before being exposed to a fluorescent CBC-NPs suspension (0.75 mg/ml) for 15

min. After that, the glass plates were washed again with a series of water, ethanol and

acetone.

2.4.7 Preparation of magnetic silica nanoparticles

Water (12 mL) and 2-propanol (60 mL) were mixed and stirred in a 150 mL round-

bottomed flask. 1 mL 1 g/L ferrofluid (7.5 nm iron oxide NPs dispersed in water) was

added to the mixture, followed by the addition of 1.2 mL NH4OH and TEOS (0.4 g, 2

mmol). The mixture was left to react for 3 h at room temperature. The resultant nan-

oparticles were centrifuged and washed by copious amount of water and 2-propanol,

before being redispersed in 50 mL water.

2.4.8 Preparation of CB[8] catenanes on magnetic silica nanoparticles

MV-disilane (12.3 mg, 0.02 mmol) and CB[8] (28 mg, 0.02 mmol) were mixed and dis-

solved in 110 mL water to form a homogenous solution, after which 45 mL ethanol was

added. A previously prepared magnetic silica nanoparticles solution (40 mL) was then

added and the mixture was left to react at 60 ◦C for 1 h. The resultant colloids were
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washed with copious amount of water and then redispersed in water, with addition of

excess adamantane amine (3.8 mg, 0.25 mmol), followed by dialysis for 3 days and lyo-

philized.

2.4.9 Preparation of peptides

All peptide sequences were synthesised on a 0.25 mmol scale using a standard solid

phase Fmoc/tBu strategy and NovaPEG Rink amide resin, performed by a LibertyBlue

peptide synthesiser. After synthesis and cleavage from the resin, the products were

precipitated in cold diethyl ether, centrifuged, washed with an excess of diethyl ether

three times, re-centrifuged and dried under vacuum overnight. The product was then

re-dissolved in distilled water and lyophilized. Molecular weight and purity of the pep-

tide sequences were determined by HPLC and mass spectrometry. ESI-MS: G: (M+H)+

573.84 g/mol; F: (M+H)+ 721.09 g/mol; W: (M+H)+ 760.09 g/mol.

2.4.10 Peptide separation using CBC-MNPs and recovery of CBC-MNPs

The characterisation using HPLC was carried out using an analytical column C18 with a

flow rate of 1.0 mL/min. Take the investigation of the peptide F as an example. 20 µM

and 40 µM F solutions in acidic mobile phase were prepared and analysed using HPLC.

1.5 mg CBC-MNPs solid was mixed with 1.5 mL the above solutions respectively, ultra-

sonicated for 5 min, separated by a magnet for 20 min, and then the top supernatant

solution 600 µL was taken out and analysed by HPLC. The differences of the spectra

before and after mixing with catenanes were compared.

1 mM sodium dithionite solution in a solvent mixture of 95 vol% water and 5 vol%

acetonitrile was prepared under nitrogen. The sedimented CBC-MNPs together with

the complexed peptides (F) were washed by water and redispersed in 1.44 mL solvent

mixture, after which 60 µL sodium dithionite solution was added and stirred for 3 min

under nitrogen. The suspension was then separated by a magnet and the supernatant

solution was taken out and analysed by HPLC.

The sendimented nanoparticles in the above procedure were washed by water and
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mixed with 1.5 mL 20 µM and 40 µM F solutions in acidic mobile phase respectively, pur-

ging oxgyen for 1 min. Then the suspensions were ultrasonicated for 1 min and separated

by a magnet. The measurement of the supernatant solution by HPLC was repeated.

The procedures were repeated for G and W. The UV-vis trace was followed at 220 and

254 nm for G and F, 220 and 280 nm for W.

2.4.11 Quantification of the CB[8] on the silica nanoparticle surface

The calculation shown in this section is based on the UV-vis titration experiment results

of the CBC-NPs prepared at 60 ◦C for 1 h. The first step is to calculate the mass fraction

of CB[8] in the CBC-NPs, shown in Table 2.3.

Table 2.3: Calculation of the mass fraction of CB[8] in the CBC-NPs

Aomount
of CB[8]
added
to PDi
solution

4Abs.(PDi) 4c(PDi)
[µM]

n(CB[8])
[nmol]

Average
n(CB[8])
[nmol/mg]

m(CB[8])/mg
CBC-NPs
[µg/mg]

1 mg 0.119 3.78 11.34
6.85 ± 3.9 11.65 ± 63 mg 0.164 5.21 15.63

5 mg 0.21 6.67 20.01

Take the calculation of 1 mg CBC-NPs added to 3 mL 16 µM PDi solution as an ex-

ample.

The absorption of PDi solution whithout any addition of NPs is 0.284, 0.165 after

adding CBC-NPs. The change of PDi absorption:

4Ab.(PDi) = 0.284− 0.165 = 0.119

According to the UV-vis calibration plot of PDi/CB[8] solution, the calibration equa-

tion is:

y = 0.0315x+ 0.0055
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so the change of concentration of PDi solution is:

4c(PDi) = 4Ab.(PDi)
0.0315

=
0.119

0.0315
= 3.78µM

The change of mole of PDi:

4n(PDi) = 4c(PDi)× V oulme = 3.78µM × 3mL = 11.34nmol

which is equal to the mole of CB[8] in the 1 mg CBC-NPs added. The moles of CB[8] in

the 3 mg and 5 mg CBC-NPs are calculated in the same way.

The average mole of CB[8] per mg CBC-NPs can then be calculated and the mass frac-

tion of CB[8] in the CBC-NPs is:

m(CB[8]) = n(CB[8])×Mw(CB[8]) = 6.85nmol/mg × 1700g/mol = 11.65µg/mg

The total volume of NPs in 1 mg CBC-NPs is:

Vtotal =
m

ρ
=

1mg

2.4g/cm3
= 0.417× 10−3cm3 = 4.17× 1017nm3

where ρ is the density of silica nanoparticles, 2.4 g/cm3.

The volume of a single CBC-NPs nanoparticle is:

Vsingle =
4

3
πr3 =

4

3
× π × (

337nm

2
)3 = 2.004× 107nm3

where r is the radius of the CBC-NPs nanoparticle, which is equal to 337 nm/2 = 168.5

nm, according to DLS results.

The total number of the CBC-NPs nanoparticle in 1 mg CBC-NPs is:

N =
Vtotal
Vsingle

=
4.17× 1017nm3

2.004× 107nm3
= 2.08× 1010
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The total surface area of the CBC-NPsnanoparticle in 1 mg CBC-NPs is:

S = 4πr2N = 4× π × 168.52nm2 × 2.08× 1010 = 7.42× 1015nm2

The average number of CB[8] in 1 mg CBC-NPs is:

N(CB[8]) = n(CB[8])NA = 4.13× 1015

The density of CB[8] on the silica NP is:

N(CB[8])

S
=

4.13× 1015

7.42× 1015nm2
= 0.56nm−2

2.4.12 Peptide separation using CBC-MNPs

The calibration plots of KKKGGG (G), KKKGGGF (F) and KKKGGGW (W) of a range of

concentrations in acidic mobile phase (95 vol% water, 4.9 vol% acetonitrile and 0.1 vol%

TFA) are shown in Figure 2.15 to 2.17.

Figure 2.15: HPLC UV calibration plot (220 nm wavelength) of G solution . The solvent
was acidic mobile phase (95 vol% water, 4.9 vol% acetonitrile and 0.1 vol%
TFA). (a) UV absorption spectra; (b) calibration line.
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Figure 2.16: HPLC UV calibration plot (220 nm wavelength) of F solution. The solvent
was acidic mobile phase (95 vol% water, 4.9 vol% acetonitrile and 0.1 vol%
TFA). (a) UV absorption spectra; (b) calibration line.

Figure 2.17: HPLC UV calibration plot (220 nm wavelength) of W solution. The solvent
was acidic mobile phase (95 vol% water, 4.9 vol% acetonitrile and 0.1 vol%
TFA). (a) UV absorption spectra; (b) calibration line.
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Figure 2.18: Target peptides F at 20 µM (a) and 40µM (b), W at 20 µM (c) and 40 µM (d),
as well as control peptide G at 40 µM (e) before and after mixing with CBC-
MNPs. 1.5 mL peptide solutions in acidic mobile phase were mixed with
1.5 mg CBC-MNPs. The decreases of concentration for solutions of F and
W at both 20 and 40 µM were similar, around 12 µM according to calcula-
tion. While remained unchanged for solutions of G. After recycling of the
CBC-MNPs, a subsequent separation cycle showed almost no loss in the sep-
aration efficiency, suggesting good recoverability (a-d).

The absorption of the mixture solutions of W and G, F and G, cannot be analysed by

HPLC, as the absorption of the solutions of W and F are 10 – 50 times larger than that of
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G. After the reduction of MV2+ to MV·+ by sodium dithionite, the UV absorptions of the

recovered peptides were measured by HPLC. The separation efficiency of the recovered

CBC-MNPs showed small decrease, which might be due to the weight loss during the

washing of CBC-MNPs.

2.4.13 Quantification of the peptide separation using CBC-MNPs

The calculation results are shown in Table 2.4.

Table 2.4: Calculation of the peptide separation using CBC-MNPs

c(pep) [µM] 4Abs. [mAU] 4c(pep) [µM] 4n(pep) [nmol] Av. 4n(pep) [µmol/g]

F
20 13.4 12.6 18.9

12.5 ± 0.1
40 13.3 12.4 18.6

W
20 87.9 12.3 18.5

12.2 ± 0.2
40 85.5 12.0 18.0

note:c stands for concentration, “pep” stands for peptides, “Av.’stands for average.

The calculation is similar to the section 2.4.11. Take the calculation of 1.5 mg catenanes

added to 1.5 mL 20 µM F solution as an example.

4Ab.(F) = 44.4mAU − 30.9mAU = 13.5mAU

According to the HPLC UV-vis calibration plot of F solution, the calibration equation

is:

y = 1.069x+ 26.41

so the change of concentration of F solution is:

4c(F) = 4Ab.(F)
1.069

=
13.5

1.069
= 12.6µM

The change of mole of F:

4n(F) = 4c(F)× V oulme = 12.6µM × 1.5mL = 18.9nmol
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The 4n(F) measured in 20 µM and 40 µM are averaged to 18.75 nmol. So the average

decrease of n(F) by adding per mg catenane is:

4n(F) = 18.75nmol

1.5mg
= 12.5nmol/mg

Calculation procedures are similar as for W, instead of using calibration equation of W:

y = 7.137x+ 278.15
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Chapter 3

Advanced Molecular Sensing Exploiting

Catenane-Engineered Nanostructures

Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful and versatile finger-printing

method for ultrasensitive detection of chemicals and biomolecules. The sensitivity arises from

highly localised plasmonic field enhancements or hot-spots generated in metallic nanostructures

with sharp features or narrow gaps. In this work, we report a highly stable free-standing molecular

sensor that exploits a self-assembly of catenane-engineered nanostructure. CB[8] is tethered onto a

spiky γ-Fe2O3@Au nanoparticle (NP) surface to collect target analytes from aqueous media. These

target analytes can be detected with a high sensitivity (down to low micromolar concentrations),

on account of the high SERS enhancement (on the order of 108) of the spiky NPs. Additionally,

through the incorporation of magnetic cores, the spiky NPs can be separated from aqueous phase by

simple magnetic separation. This molecular nanosensor provides a powerful SERS substrate that

shows great promise in the detection of a variety of chemicals, biomolecules, controlled substances

and auxiliary diagnostics of various diseases.

This work has been submitted in the following peer-reviewed journal articles:

• Ren, X.; Clarke, D. E.; Kamp, M.; Wu, Y.; Chikkaraddy, R.; Nijs, B. D.; Liu, J.;

Barrow, S. J.; Yu, Z.; Baumberg, J. J.*; Scherman, O. A.*, "Advanced molecular sensor

exploiting catenane-engineered nanostructures", submitted.
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3.1 Introduction

Ultrasensitive detection of target analytes with high specificity and sensitivity is of fun-

damental importance in a broad range of scientific and technological fields, ranging

from analytical chemistry,9 biomolecular diagnostics,12 pharmaceutical drugs13 to en-

vironmental monitoring.1 Among various techniques, surface-enhanced Raman scatter-

ing (SERS) spectroscopy shows the greatest promise in the detection of trace amounts of

molecules as sensing capabilities can reach analyte concentrations down to the few or

even single molecule regime.1,4,7,8 To reach such high sensitivity SERS signals, metallic

substrates are typically designed with sharp features, a high surface roughness or small

nanogaps to obtain highly localised intense plasmonic hot-spots providing the required

field enhancements.1,4,5,8,22,45,46,181 Top-down methods for such metallic nanostructures

are generally too expensive, as substrates are difficult to be reused, or lack the ability to

reproducibly generate a large number of precise nanoscale features required for quantit-

ative SERS measurements.1,4,5,8,45,46 As a result, most common SERS substrate designs re-

ported in literature exploit a form of bottom-up approach for growing the desired metal-

lic nanostructures.1,5,22,45,46,181 Most of the successful quantitative approaches rely on col-

loidal nanoparticle synthesis combined with a self-assembly step to generate precisely

controlled plasmonic hot-spots.53,139,140,182,183 Such SERS-based sensing techniques have

demonstrated efficient and quantitative detection of analytes at clinical levels and hence

hold great promise for use in medical applications.53,139,140

However, challenges still remain in this research field, namely, the limited scope of de-

tectable molecule species and also the potential barrier generated by the charge-stabilised

colloids used for self-assembled substrates.1,4,5,45,46,53,139,140,182,183 Analytes must be able

to adsorb efficiently on the SERS substrate and be positioned in or near the plasmonic

hot-spots. Consequently, SERS substrates are often characterised using a relatively dense

layer of thiolated or aminated molecules which can adsorb chemically or by electrostatic

interactions to the metal surface, i.e. silver (Ag) and gold (Au) surfaces.1,4,5,8,45,46 For

analytes without a clear metal binding group (here referred to as "inert"), SERS signals

become weaker as a result of fewer molecules binding to the substrate.1,4,5,8,45,46 A range
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Figure 3.1: Schematic of host–guest SERS analysis using ternary complexation: CB[8] ag-
gregates Au NPs and localises the analyte (G2) in the hot-spots for SERS ana-
lysis. (Note: The Au NPs are not drawn to scale with the analytes.) Adapted
from reference.53

of solutions have been presented to trap "inert" analytes in the plasmonic hot-spots, in-

cluding dense partition layers,57 antibody receptors,50 and macromoleculer cages con-

sisting of cyclodextrins71,74 or cucurbit[n]urils (CB[n]s: where n = 5, 6, 7 or 8).28,51–56 The

latter, CB[n], is of particular interest here as it not only exhibits strong and selective en-

capsulation of various guest molecules into its barrel-shaped cavity, but also functions as

a precise rigid spacer between nanoparticles (NPs).53,76–78 The larger homologue CB[8]

can simultaneously sequester two guest molecules to form ternary complexes, allowing

for tailoring of the chemical environment of its cavity to trap specific analytes.53,76–78,113

When combined with citrate-capped metallic NPs, CB[n]s readily self-assemble the

NPs into chains and fractal-like aggregates on account of the strong binding affinity

of their carbonyl-fringed portals to the metallic surface, forming a powerful SERS sub-

strate to detect a wide variety of "inert" molecules (as shown in Figure 3.1.)28,51–56 How-

ever, when left uninhibited, as with most self-assembly processes, CB[n] will continue

to aggregate the metallic structures leading to colloidal instabilities.28,51–55,122,140 As a
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consequence, measurements have to be taken within 60 minutes of the substrate’s pre-

paration.53,140 In addition, in situ measurements may involve environments that affect

such self-assembly processes. For example, the possible displacement of analytes in the

nanogap by non-analyte moieties can give rise to fluctuating backgrounds and hence

the need for advanced data interpretation techniques, e.g. Principle Component Ana-

lysis.53,55,140 Therefore, it is of great benefit to design SERS substrates that can provide

the same levels of detection and functionality but eliminate the need for aggregation.

Herein, we present catenane-functionalised magnetic spiky NPs (CBCat) as an altern-

ative of self-assembled colloids for advanced molecular sensing. A viologen derivat-

ive, 1,1’-bis(4-mercaptobutyl)-4,4’-bipyridine (HS-MV-SH or G1), was used to thread and

immobilise CB[8] host onto metallic SERS substrate (as illustrated in Figure 3.2). The

remaining hydrophobic cavity of CB[8] scavenges and sequesters target analytes from

aqueous media, binding them near the metallic surface for SERS detection. It is well re-

cognized that the morphology of NPs plays an important role in the magnitude of SERS

enhancement.1,4,6,8,9 The overall SERS enhancement factor increases with shape as fol-

lows: nanospheres < nanorods < nanocubes < nanogap (dimers,aggregates) <= nanostars,

attributed to the number of intrinsic hot-spots per NP.1,5,6,27–29 The reliable fabrication of

dimers in solution is challenging and requires careful placement of the analyte into the

ultra-small hot-spots with right position and orientation.28,29 Spiky NPs, on the other

hand, can provide a large number of hot-spots within a single structure.184–188 Our mo-

lecular sensor was deliberately designed to have a spiky architecture, resulting in high

SERS enhancements (on the order of 108). We demonstrate the detection of various tar-

get analytes, in particular, a commonly illegal stimulant molecule (1,5-pentamethylene-

1H-tetrazole), using the developed catenane molecular sensor. All the analytes can be

detected with high sensitivities.
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Figure 3.2: (a) Complexation between CB[8] and HS-MV-SH; (b) surface-bound CB[8]
catenane on spiky γ-Fe2O3@Au NP (CBCat) prepared by immobilising HS-
MV-SH@CB[8] inclusion complexes onto spiky NPs. (c) capture of target mo-
lecules from aqueous media into CB[8] cavity for SERS detection.

3.2 Results and Discussion

3.2.1 Trials of CB[8] catenanes on spherical Au NPs

To start with, CB[8] catenanes on spherical magnetic Au NPs were investigated. The

spherical γ-Fe2O3@Au NP cores were synthesised according to the Lyon’s iterative hy-

droxylamine seeding method (149 ± 28 nm).189 Both the TEM images (obtained after the

magnetic attraction and separation, Figure 3.3b) and STEM-EDX elemental analysis by

line-scan (Figure 3.3c) across the central NP confirm the incorporation of the γ-Fe2O3

NPs inside Au. However, CB[8] catenanes prepared on spherical γ-Fe2O3@Au NP cores

could not obtain clear SERS signals, due to the low field enhancements, as shown in Fig-

ure 3.4. Therefore, magnetic Au NP cores of a spiky shape was facilitated to obtain highly
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localised intense plasmonic hot-spots providing the required field enhancements.

Figure 3.3: (a) TEM image of γ-Fe2O3 NPs (7± 2 nm, zeta potential of -68.8 mV measured
by DLS at pH=12); (b) TEM image of spherical γ-Fe2O3@Au NPs (149± 28 nm,
zeta potential of -50.4 mV at pH=12); (c) STEM-EDX elemental analysis by
line-scan across the central NP, where the counts of Au element are much
higher than Fe since it covers outside.

Figure 3.4: SERS spectrum of the CB[8] catenanes on spherical γ-Fe2O3@Au NP cores ir-
ritated at 785 nm, where no clear signal could be obtained.
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3.2.2 Synthesis and characterisation of spiky γ-Fe2O3@Au NP core

The spiky Au NP was grown around γ-Fe2O3 NPs no larger than 10 nm (to retain super-

paramagnetism of the maghemite), adding magnetic properties to the CBCat which al-

low for in situ manipulation and retrieval of the SERS substrates. The spiky γ-Fe2O3@Au

NP core was synthesised by a modified Lyon’s iterative hydroxylamine seeding method.189

TEM images clearly show the spiky shape of the γ-Fe2O3@Au NP (130 ± 20 nm, Fig-

ure 3.5a). UV-vis absorption spectrum of the spiky γ-Fe2O3@Au NPs show a new ab-

sorption peak around 530 nm, indicating the coating of Au (Figure 3.5b).

Figure 3.5: (a) TEM image of the spiky γ-Fe2O3@Au NPs (130 ± 20 nm, zeta potential of
-42.6 mV measured by DLS at pH=12); (b) UV-vis absorption spectra of the γ-
Fe2O3 NP solution (i) and spiky γ-Fe2O3@Au NP solution (ii). The shoulder at
530 nm in (ii) is due to the absorption of Au, indicating the successful coating
of Au.

The incorporation of γ-Fe2O3 NPs inside Au was further confirmed by STEM-EDX

element analysis (Figure 3.6). The counts of Au element in STEM-EDX line-scan over

the central spiky NP is around ten times higher than that of Fe, indicating Au covers the

outside region (Figure 3.6a). In addition, as shown in Figure 3.7, after attraction by a

magnet, most of the spiky NPs were collected to the corner with dramatic decline of the

SERS signals .

66



Chapter 3 Advanced Molecular Sensing Exploiting Catenane-Engineered Nanostructures

Figure 3.6: (a) STEM-EDX elemental analysis by line-scan across the central spiky NP,
where the counts of Au element are much higher than Fe, suggesting that γ-
Fe2O3 NPs are covered by Au; (b) HAADF-STEM (High-Angle Annular Dark-
Field Scanning Transmission Electron Microscopy) image and corresponding
EDX mapping data of the spiky γ-Fe2O3@Au NPs : (c) for Au element, (d) for
Fe and (e) for background control (Cr).

Figure 3.7: SERS spectra and pictures of spiky NP dispersions before and after applying
a magnetic field for 15 min.
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3.2.3 Preparation of CB[8] catenanes on spiky magnetic Au NPs (CBCat)

The surface-bound CB[8] catenanes on spiky γ-Fe2O3@Au NPs (CBCat) were prepared

by immobilising HS-MV-SH (G1)@CB[8] inclusion complexes onto the spiky NPs via a

gold-sulfur conjugation, as illustrated in Figure 3.8. G1 was chosen as the first guest to

tether CB[8], on account of its strong binding affinity towards CB[8] (association con-

stant Ka of 3.3 x 105 M−1, Figure 3.9).113 The zeta potential of spiky NPs switched from

-42.6 mV to +34.9 mV after the functionalisation with G1@CB[8] complexes, suggesting

the immobilisation of positively charged MV2+ onto NP surface. The surface density of

immobilised CB[8] was 0.9 ± 0.2 nm−2, quantified by ITC and UV-vis titration (see the

Experimental Appendix for details).

Figure 3.8: (a) Complexation between CB[8] and HS-MV-SH (G1); (b) capture of target
molecules from aqueous media into CB[8] cavity on the NP surface for SERS
detection; (c) schematic illustration of the preparation of spiky cores and CB-
Cat, as well as corresponding TEM images and SERS spectra. The SERS signa-
ture peaks of CB[8] and G1 can be clearly observed after the immobilisation of
G1@CB[8] inclusion complexes onto the NP surface (highlighted with aster-
isks, black for CB[8] and red for G1). (Note: spectra are normalised and offset
for clarity.)
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Figure 3.9: ITC titration result shows a strong complexation between HS-MV-SH and
CB[8]. 1 mM HS-MV-SH was injected into 0.05 mM CB[8] in phosphate buffer
solution (50 mM, pH=6.8) at 25 ◦C.

Significant Raman signal enhancement occurs on hot-spots, usually located on the

sharp corners and edges of noble metal nanostructures, or nanoscale junctions between

two adjacent noble metal NPs.1,4,5,8,45,46 Therefore, the high anisotropy and relatively

large number of intrinsic hot-spots per NP of the CBCat make it an ideal SERS substrate,

with substantially high electriomagnetic field enhancements. As shown in Figure 3.10,

CBCat shows intense SERS signals, with signature peaks of both CB[8] and G1. The sig-

nals at 436 and 835 cm−1 have been assigned to the ring scissor and ring deformation
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modes of CB[8] respectively.51 The peaks at 652, 1175, 1322, and 1642 cm−1 are signa-

ture peaks of G1
53,190 (see the Experimental Appendix for powder Raman spectra of G1

and surfactant sodium citrate). In particular, the peak at 652 cm−1 corresponding to

the stretching vibration mode of the carbon-sulphur bond, which is too weak to be ob-

served from powder non-SERS Raman spectrum but it can be clearly observed in CBCat,

corroborating the immobolisation of G1@CB[8] on the NP suface.190 The SERS enhance-

ment factor (EF) calculated from the experimental data is (2.3 ± 0.1) x 108 (Experimental

Appendix 3.4.10). Theoretical modelling with three dimensional Finite Difference Time

Domain (3D-FDTD) was also applied to simulate the local electromagnetic field distri-

bution irradiated with monochromatic light at 785 nm (Figure 3.11a). The simulation

results show that the strongest localised field occurs at the gap between spikes (EF of

108) , spreading from the central highest to the spikes (104). The modelled SERS EF is on

the order of 108 and is consistent with the experimental results obtained. In addition, the

modelled SERS EF of CBCat is 4-5 orders of magnitude higher than that of spherical γ-

Fe2O3@Au NPs (Figure 3.11b). This is in agreement with our experimental observation of

catenane structures on spherical γ-Fe2O3@Au NPs, where no SERS signal was observed

(Figure 3.4).

Figure 3.10: SERS spectrum of CBCat at the excitation wavelength of 785 nm, where the
red and yellow stars highlight the signature peaks of CB[8] and HS-MV-
SH (G1) respectively. Other peaks correspond to the surfactant sodium cit-
rate.
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Figure 3.11: (a) The 3D-FDTD modelled local electric field enhancement of CBCat at
the XY plane, irradiated from the top at 785 nm. The modelled field en-
hancement factor (EF) is up to 108, which is in good agreement with the
experimental obtained EF; (b) the 3D-FDTD modelled EF of spherical γ-
Fe2O3@Au NPs, which is approximately 105 lower than CBCat.

The CBCat is very stable in aqueous solution and no obvious change of the CBCat

SERS spectrum has been observed over 90 days (Figure 3.12), suggesting no irreversible

aggregation of the NPs has occurred over the extended period.

Figure 3.12: SERS spectra of CBCat over 90 days, where few changes were observed,
suggesting good colloidal stability of the CBCat.
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3.2.4 Detection of target analytes

The electron deficient nature of G1 facilitates the subsequent inclusion of electron rich

aromatic molecules in CB[8], forming ternary complexes of [G2·G1]@CB[8].53 Therefore,

G1@CB[8] complexes immobilised on the CBCat surface can serve as "receptors" to col-

lect analytes, from aqueous media into hot-spots to perform SERS detection. A vari-

ety of aromatic compounds were investigated (G2), including dopamine (i), 2-naphthol

(ii), phloroglucinol (iii), 4-(phenylazo)-phenol (iv), tetrathiafulvalene (v) and indole (vi) .

SERS signals from the analytes can be clearly identified in all SERS assays (Figure 3.13).

Taking the detection of dopamine (Figure 3.13 (i)) as an example, CBCat (48 mg L−1)

was added to a dopamine solution (30 µM) and irradiated at 785 nm. Signature peaks

of dopamine are clearly observed, with peaks at 580, 983 and 1643 cm−1 mainly attrib-

uted to the aromatic ring deformation and O-H scissoring, a peak at 1107 cm−1 mainly

attributed to the C-C-H bending and N-H twisting, a peak at 1463 cm−1 attributed to

the aromatic C=C stretching and C-H scissoring, and a peak at 1294 cm−1 mainly at-

tributed to the phenolic C-O stretching.191 Analogous to the detection of other aromatic

compounds, where signature SERS peaks are all observed and highlighted in Figure 3.13

(ii)-(vi) (see the Experimental Appendix for powder Raman Spectra of G2s and binding

constants of ternary complexes [G2·G1]@CB[8]). In comparison, SERS detection assays

were also carried out on a CB[7] catenanes on spiky γ-Fe2O3@Au NPs (CB7Cat), using

which none of the analytes could be detected (Figure 3.14). Unlike CB[8], CB[7] can only

accommodate one guest molecule in its cavity, thus the tethered CB[7] was occupied by

G1 and there was no extra space for analytes to go inside. The analytes did not possess

metal binding groups and could not adsorb on the spiky NP surface, thus could not be

detected.
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Figure 3.13: SERS spectra of the detection of target guest molecules (G2, 30 µM) using
CBCat (48 mg L−1). Spectra are stacked with the SERS spectrum of solely
CBCat (black) for comparison. Signature peaks of all guest molecules can be
clearly observed and are highlighted with asterisks in the figures. Chemical
structures of electron-rich aromatic second guests (G2) are listed in the fig-
ures: dopamine (i), 2-naphthol (ii), phloroglucinol (iii), 4-(phenylazo)-phenol
(iv), tetrathiafulvalene (v) and indole (vi).
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Figure 3.14: SERS spectra of CB7Cat with target guest molecules (30 µM), where nearly
no difference of the SERS spectra before and after mixing with the targets
were observed. Spectra are stacked with the SERS spectrum of solely CB7Cat
(black) for comparison. CB[7] can only encapsulate one guest molecule in its
cavity, therefore, there was no extra space in CB[7]’s cavity for target mo-
lecules to accommodate in CB7Cat.
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3.2.5 Detection of controlled substances

CBCat is promising for the detection of various biomolecules and chemicals, including

some controlled substances (e.g. illegal stimulant). The abuse of illegal stimulant is of in-

creasing concern in many countries and a rapidly growing problem particularly in mod-

ern competative sports. Methods for dope analyses typically involves colourimetry,192

electrochemistry,193 fluorescence assays,194 gaschromatographic mass spectrometry (GC-

MS) and high-performance liquid chromatography (HPLC).195 However, such methods

are limited by complicated preparation and high cost.196 In this regard, there is a grow-

ing demand for a simple, fast, sensitive and cheap analysis method to detect stimulants

in competative sports.196 CB[n] derivatives are capable of selectively sequestering vari-

ous aromatic dope molecules; therefore, the CBCat, which combines the selectivity of

supramolecular chemistry and the sensitivity of SERS, is promising for the detection of

dopes. Here, we demonstrate that 1,5-pentamethylene-1H-tetrazole, a commonly abused

dope, can be detected by the CBCat with a high sensitivity (down to 100 ng/mL, Fig-

ure 3.15 (ii)). In addition, the use of different aqueous media (phosphate buffer solution

at pH 7.4, urine control) shows little influence on the detection capability of the CBCat

system, as shown in Figure 3.15 (iii-iv).
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Figure 3.15: SERS spectra of controlled substance (1,5-pentamethylene-1H-tetrazole) de-
tection using CBCat in different media: water (ii), phosphate buffer solution
pH=7.4 (iii) and ClinChek c© urine control lyophil (iv). The signature peaks
of the stimulant molecule could be observed clearly in all solutions, showing
few differences.
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3.3 Conclusion and Outlook

In conclusion, we have demonstrated an advanced molecular sensor exploiting a catenane-

engineered nanostructure, by tethering CB[8] onto the surface of spiky γ-Fe2O3@Au NPs.

The deliberately designed spiky shapes contribute to a high SERS enhancement factor

(in the magnitude of 108) and enable target analytes to be detected with high level of

sensitivity (down to 30 µM). The incorporation and immobilisation of macrocyclic host

molecule CB[8] on the molecular sensor allows for a greater variety of analyte molecules

to be detected via SERS techniques. Moreover, this molecular sensor shows improved

colloidal stability, acting as a free-standing sensor in water, aqueous buffer or biological

system. The embedding of magnetic cores is promising for the easy magnetic separation

of the substrate from aqueous phase. We envisage that this stable and sensitive molecu-

lar sensor will provide a useful platform for the detection of controlled substances and

auxiliary diagnostics of various diseases.

3.4 Experimental Appendix

3.4.1 Materials and general methods

All the starting materials were purchased from Alfa Aesar and Sigma Aldrich and used

as received unless stated otherwise. CB[7] and CB[8] were prepared according to literat-

ure.77

1H NMR (400 MHz) spectra were recorded using a Bruker Advance QNP 400. DLS and

zeta potential measurements were performed on a Malvern Zeta-sizer NS90. UV-vis spec-

tra were obtained on a Varian Cary 4000 UV-vis spectrometre. Titration experiments were

carried out on a MicrocalTM ITC200 (isothermal titration calorimetry). TEM and STEM-

EDX images were obtained on a FEI Philips Tecnai20 TEM (Specifications: accelerating

voltage 100 keV, double tilt specimen holder, SIS imaging software and CCD camera).

Samples were prepared by applying one drop of the metallic NP solutions onto a Holey

R carbon coated copper TEM grid (400 mesh), followed by drying overnight at room tem-

perature. Extinction measurements for the nanoparticles were monitored with an Ocean
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Optics 650-USB Red Tide spectrometre and SERS spectra were recorded on a Renishaw

inVia Raman microscope (Specifications: 137 mW, 785 nm, 120 µm focal spot diameter

and a dark noise level of less than 80 rms at 9 ms, per scan.)

3.4.2 Synthesis and characterisation of HS-MV-SH

Figure 3.16: Reaction scheme of the synthesis of 1,1’-bis(4-mercaptobutyl)-4,4’-bipyridine
(HS-MV-SH.)

(a) A solution of S-(4-bromobutyl) ethanethioate (4.66 g, 14.2 mmol) and 4, 4’-bipyridine

(0.44 g, 2.85 mmol) in acetonitrile (15 mL) was refluxed at 80 ◦C for 36 h, whereupon

it became orange with abundant yellow precipitate. The mixture was then cooled to

room temperature, sonicated and filtered. The precipitate was washed with cold ethanol

(2x10 mL), cold dichloromethane (DCM, 2x10 mL) and cold diethyl ether (DEE, 2x10 mL).

The crude product was purified by recrystallisation from boiling ethanol and dried in va-

cuum oven overnight. The product obtained (A) was a yellow powder (1.12 g, yield of

68%). 1H NMR (400 MHz, D2O), 9.03 (d, 4H), 8.88 (d, 4H), 4.98 (t, 4H), 3.12 (t, 4H), 2.28

(s, 6H), 2.01 (m, 4H), 1.87 (m, 4H). Mass Spectra, m/z = 418.65 g/mol.

(b) Hydrochloride acid (1.25 M. 4 mL) in methanol was added to the solution of A

(12 mM in 16 mL methanol). The mixture was heated to reflux at 65 ◦C for 5 h, and then

cooled to room temperature, drying by rotary evaporation. The product obtained (B) was

a yellow solid (0.4 mg, yield of 83%), which was then stored under nitrogen. 1H NMR

(400 MHz, D2O), 9.03 (d, 4H), 8.86 (d, 4H), 4.97 (t, 4H), 2.53 (t, 4H), 2.01 (m, 4H), 1.79 (m,

4H), 1.42 (s, 2H). Mass Spectra, m/z = 334.2 g/mol.

78



Chapter 3 Advanced Molecular Sensing Exploiting Catenane-Engineered Nanostructures

Figure 3.17: Powder Raman spectrum of solid HS-MV-SH, where the signature peaks at
638, 752, 1011, 1283, 1524 and 1639 cm−1 were observed.

3.4.3 Preparation of spiky γ-Fe2O3@Au NPs

The spiky γ-Fe2O3@Au NPs were synthesised by a modified Lyon’s iterative hydroxylam-

ine seeding method.189,197

Firstly, γ-Fe2O3 NPs were synthesised by the oxidation of freshly prepared Fe3O4 NPs

using 0.01 M HNO3 under heating at 90-100◦C for 30 min and dispersed in TMAOH

(tetramethylammonium hydroxide pentahydrate, 250 mL, 0.1 M) after washing with co-

pious water.189 The γ-Fe2O3 NPs (7.0 mL, 1.1 mM) were then mixed with sodium citrate

solution (7.0 mL, 0.1 M) for 10 min to exchange adsorbed OH– with citrate anions, fol-

lowed by dilution using deionised water to 140 mL. Subsequently, NH2OH·HCl solution

(0.7 mL, 80.0 M) and HAuCl4 (7.0 mL, 1.0 mg mL−1) were added dropwise under stirring

for total 50 min, respectively. The addition of NH2OH·HCl and HAuCl4 was repeated for

another 2 times, with at least 10 min between additions. The clear yellow solution became

blue at first addition and further changed to garnet after three iterative additions. After

5 h stirring, the solution was washed with copious amounts of water via centrifugation
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at 10000 rcf.

3.4.4 Preparation of CB[8] catenanes on spiky γ-Fe2O3@Au NPs (CBCat)

CBCat was prepared by the immobilisation of HS-MV-SH@CB[8] inclusion complexes

onto the surface of spiky γ-Fe2O3@Au NPs. Firstly, CB[8] (5.1 mg, 3 µmol) and HS-

MV-SH (2.5 mg, 5 µmol) were dissolved in 5 mL deionised water and sonicated for

5-10 min. After that, the complex solution was mixed with 5 mL prepared spiky γ-

Fe2O3@Au NP solution (96 mg/L), followed by 10 min sonication (concentrations were

obtained by UV-vis titration). The mixture solution was then dialysed in 10 mM ADA

(1-adamantylamine) solution for 3-5 days to eliminate unfixed CB[8]. The CB[7] catenane

control NP (CB7Cat) was prepared by the same method using CB[7] instead.

3.4.5 Molecular detection using CBCat by SERS

To confirm the formation of CB[8] catenane structure on spiky NPs, SERS measurements

of solely HS-MV-SH functionalised spiky NPs, CB[8] catenanes on spiky NPs (CBCat),

and CB[7] catenanes on spiky NPs (CB7Cat) followed by a series of guests detection were

carried out. None of the guests could be detected using CB7Cat since CB[7] can only

encapsulate one guest molecule in its cavity (in this case HS-MV-SH) and there was no

extra space for another guest. On the contrary, the target guests could be clearly detected

by CBCat on account of CB[8]’s capability to encapsulate two guests in its cavity in the

meantime, confirming the formation of CB[8] catenane structures on spiky NPs. Note:

sufficient dialysis using ADA was performed to eliminate unfixed CB[8] in the last step

of catenane preparation.
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Figure 3.18: SERS spectra of spiky γ-Fe2O3@Au NPs (black, sodium citrate as surfactant)
and HS-MV-SH functionalised spiky γ-Fe2O3@Au NPs (red), where the sig-
nature peaks of HS-MV-SH were clearly observed and marked with yellow
asterisks (*). In particular, as shown in the black spectrum, signature peaks
of sodium citrate at 1019 (stretching of CCO), 1072 (symmetric stretching of
CC), 1226 (stretching of CCO), 1292 (stretching of CO and deformation of
OH), 1425 (stretching of CO and deformation of OH), and 1609 cm−1 (asym-
metric stretching of CO –

2 ) were observed.198–200 After functionalisation us-
ing HS-MV-SH (red spectrum), new peaks at 657 (stretching of C-S near gold
surface), 1012 (stretching of N-R and deformation of C-H), 1176 (stretching
of N-R and deformation of C-H), and 1641 cm−1 (vibration of MV ring part)
were observed,190,198,199 confirming the immobilisation of HS-MV-SH on the
NP surface. (See Figure 3.17, 3.24 and 3.23 for powder Raman spectra of
HS-MV-SH, sodium citrate and MVCl2.)
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Figure 3.19: SERS spectrum of CB[7] catenanes on spiky γ-Fe2O3@Au NPs (CB7Cat), al-
most the same with CBCat (Figure 3.10).

3.4.6 Powder Raman spectra of investigated molecules

Figure 3.20: Raman spectrum of solid CB[7].
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Figure 3.21: Raman spectrum of solid CB[8].

Figure 3.22: Raman spectrum of pure HS(CH2)3SH.
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Figure 3.23: Raman spectrum of solid MVCl2.

Figure 3.24: Raman spectrum of solid sodium citrate.
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Figure 3.25: Raman spectrum of solid cetyl trimethylammonium bromide (CTAB).

Figure 3.26: Raman spectrum of solid dopamine.
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Figure 3.27: Raman spectrum of solid phloroglucinol.

Figure 3.28: Raman spectrum of solid 2-naphthol.
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Figure 3.29: Raman spectrum of solid indole.

Figure 3.30: Raman spectrum of solid tetrathiafulvalene.

87



Chapter 3 Advanced Molecular Sensing Exploiting Catenane-Engineered Nanostructures

Figure 3.31: Raman spectrum of solid 4-(phenylazo)phenol.

Figure 3.32: Raman spectrum of solid 1,5-pentamethylene-1H-tetrazole.
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Figure 3.33: Raman spectrum of solid ADA.

3.4.7 Binding constants of ternary complexes

Binding constants of ternary complexes [G2·G1]@CB[8] reported in literature and meas-

ured by ITC are listed in Table 3.1. 20 µM G2 was injected into 0.2 mM HS-MV-SH@CB[8]

in buffer solution at 25 ◦C. 50 mM sodium acetate buffer, pH=4.6, was used.

Table 3.1: Binding constants (Ka) of ternary complexes

G2 Ka (M−1)
dopamine 104-105 53,140

phloroglucinol (5.1 ± 0.3) x 102 201

2-naphthol (8.9 ± 0.6) x 105 201

indole (6.1 ± 4.4) x 104

tetrathiafulvalene (1.07 ± 0.04) x 105

4-(phenylazo)phenol (4.9 ± 0.3) x 105 202

1,5-pentamethylene-1H-tetrazole (4.1 ± 0.9) x 104
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Figure 3.34: ITC result of the complexation between indole and HS-MV-SH@CB[8].
200 µM indole was injected into 20 µM HS-MV-SH@CB[8] in buffer solution
at 25 ◦C. 50 mM sodium acetate buffer, pH=4.6, was used.
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Figure 3.35: ITC result of the complexation between 1,5-pentamethylene-1H-tetrazole
and HS-MV-SH@CB[8]. 200 µM 1,5-pentamethylene-1H-tetrazole was injec-
ted into 20 µM HS-MV-SH@CB[8] in buffer solution at 25 ◦C. 50 mM sodium
acetate buffer, pH=4.6, was used.
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Figure 3.36: ITC result of the complexation between tetrathiafulvalene and HS-MV-
SH@CB[8]. 200 µM tetrathiafulvalene was injected into 20 µmM HS-MV-
SH@CB[8] in buffer solution at 25 ◦C. 50 mM sodium acetate buffer, pH=4.6,
was used.
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3.4.8 UV-vis study of spherical Au NPs aggregation

UV-vis spectroscopy and zeta potential studies proved that spherical Au NPs would

only aggregate with CB[8], but remained stable when mixed with HS-MV-SH or HS-

MV-SH@CB[8] complex solutions, suggesting that HS-MV-SH bond only with single Au

NP at the investigated concentrations.

Figure 3.37: The UV-vis absorption spectra of Au NP solution, HS-MV-SH solution, HS-
MV-SH@CB[8] complex solution, and Au NP with CB[8], HS-MV-SH and
HS-MV-SH@CB[8] complex solutions, respectively. Au NP solution was pur-
chased from BBITM (60 nm, 56.8 mg/L, spherical) and the concentrations of
HS-MV-SH and CB[8] were 1 mM and 0.6 mM respectively in each solution.
Together with the zeta potential results (Table 3.2), it can be concluded that at
the investigated concentrations, Au NPs would only aggregate when mixed
with CB[8], but remained stable when mixed with HS-MV-SH or HS-MV-
SH@CB[8] complex.
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Table 3.2: Results of zeta potential study

zeta potential [mV] state of aggregation
Au NP solution -29.4 stable
Au NP with CB[8] solution +0.42 aggregated
Au NP with HS-MV-SH solution +33.9 stable
Au NP with HS-MV-SH@CB[8] solution +34.9 stable

3.4.9 Quantification of CB[8] surface density on spiky γ-Fe2O3@Au NP

The surface density of CB[8] on spiky γ-Fe2O3@Au NPs in CBCat was quantified using

the same method as CB[8] catenanes on silica NPs,203 by ITC and UV-vis titration experi-

ments. Briefly, CBCat was mixed with a guest molecule solution (concentration A), after

sonication and centrifugation, CBCat was separated and the concentration of the super-

natant solution (B) was measured by UV-vis and/or ITC. The surface density of CB[8]

can then be deducted from a series of titration experiments based on the concentration

decrease of the guest molecule solution (A - B). The calculation procedures are shown as

follows.

For 1400 µL CBCat solution (48 mg/L), second guest molecule (dopamine, 1.5 mL)

showed concentration decrease of 290 ± 50 nM.

The mass of CBCat NP added:

m(CBCat) = 48mg/L× 1400µL = 67.2µg

The change of mole of dopamine in 1.5 mL:

4n(dopamine) = 4c(dopamine)× V olume = 590± 50nM × 1.5mL = 0.435± 0.068nmol

which is equal to the mole of CB[8] in 67.2 µg CBCat added.

The total volume of NPs in 67.2 µg CBCat:

Vtotal =
m

ρ
=

67.2µg

11.37g/cm3
= 5.91× 10−12m3

where ρ is the average density of spiky γ-Fe2O3@Au NP , 11.37 g/cm3.
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The volume of a single CBCat NP is:

Vsingle =
4

3
πr3 =

4

3
× π × (

133nm

2
)3 = 1.23× 106nm3

where r is the radius of the CBCat NP, which is equal to 133 nm/2 =66.5 nm, according

to DLS and TEM image results. Note: the calculation of spiky NPs was simplified as

spherical NPs in this calculation procedure.

The total number of the CBCat NP in 67.2 µg CBCat is:

N =
Vtotal
Vsingle

=
5.91× 1015nm3

1.23× 106nm3
= 4.80× 109

The total surface area of the CBCat nanoparticle in 67.2 µg CBCat is:

S = 4πr2N = 4× π × 1332nm2 × 4.80× 109 = 2.66× 1014nm2

The average number of CB[8] in 67.2 µg CBCat is:

N(CB[8]) = n(CB[8])NA = n(dopamine)NA = (2.62± 0.41)× 1014

So the surface density of CB[8] on the spiky NP in CBCat is:

N(CB[8])

S
=

2.62± 0.41× 1014

2.66× 1014nm2
= 0.9± 0.2nm−2

3.4.10 Calculation of SERS enhancement factor

SERS enhancement factor (EF) was calculated by two methods: 3D-FDTD simulation

(108, Figure 3.11) and experimental measurements. The calculation of EF based on exper-

imental measurements are shown as follows.

The most widely used definition equation for the average SERS EF is:

EF =
ISERS/NSurf

IRS/NV ol
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where NV ol = cRSV is the average number of molecules in the scattering volume (V )

for the Raman (non-SERS) measurement, and NSurf is the average number of adsorbed

molecules in the scattering volume for the SERS experiments.204 The methyl viologen

peak at around 1280 cm−1 was chosen to calculate the SERS EF in this case. For the

CBCat (48 mg/L, 330 µL, 30 s exposure time), 30000 ± 500 counts was obtained. For

HS-MV-SH non-SERS Raman measurement (1 M, 330 µL, 120 s), 1700 ± 100 counts was

obtained using the same laser power at 138 mW.

ISERS =
30000± 500counts

30s
= 1000± 17cps

IRS =
1700± 100counts

120s
= 14.17± 0.83cps

NV ol = 1M × 330µL×NA = 1.98× 1020

NSurf =
N(CB[8])× 330µL

1400µL
=

2.62± 0.4114 × 330µL

1400µL
= (6.2± 1.0)× 1013

where N(CB[8]) is the number of CB[8] in 1400 µL CBCat (calculated in the previous

section).

Therefore,

EF =
1000± 17cps/6.2± 1.0× 1013

14.17± 0.83cps/1.98× 1020
= (2.25± 0.20)× 108
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Chapter 4

γ-Fe2O3@Au Nanoraspberry Particles for

High-performance SERS

Preparation of composite material structures for high-performance surface-enhanced Raman scat-

tering (SERS) spectroscopy is of great interest for sensing applications. Various nanostructures

have been developed to improve SERS signals, among which nanoraspberry particles have at-

tracted great attention on account of their high curvature surface and precisely localised plas-

monic interactions. Conventional preparation of nanoraspberry particles is generally based on a

template-assisted method, attaching smaller nanoparticles onto the core particles with connecting

ligands. These methods, however, suffer from various limitations, for example, low yields, inhomo-

geneity and instability. We demonstrate a facile preparation of a monodispersed γ-Fe2O3@Au

magnetic nanoraspberry particles using a one-pot seeded growth method. The obtained nanor-

aspberry particles show excellent colloidal stability and high enhancement factors (on the order

of 1010). By immobilising a dense layer of macrocyclic cucurbit[n]urils onto the nanoraspberry

surface, it could act as a molecular sensor to detect analytes in solution with high sensitivities.

This nanoraspberry-based molecular sensor provides a powerful platform for SERS detection in

various fields, such as chemical and biomolecule analysis, and pre-clinical/clinical diagnosis.

This work has been submitted in the following peer-reviewed journal articles:

• Ren, X.; Wu, Y.; Kamp, M.; Liu, J.; Chikkaraddy, R.; Nijs, B. D.; Yu, Z.; Baum-

berg, J. J.*; Scherman, O. A.* “ γ-Fe2O3@Au core-shell magnetic nanoraspberry

particles for high-performance SERS”, submitted.
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4.1 Introduction

Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful analytical tech-

nique widely used in various fields, including surface science,10,11 biomolecule analysis205

and material characterisation.5,206 Vibrational fingerprint information of analytes can be

obtained with high sensitivity and specificity, even down to single-molecule level.5,207

One of the main challenges in realising efficient SERS detection is the preparation of com-

posite material architectures exhibiting precisely localised plasmonic interactions.5,206,208

Hence, great efforts have been devoted to the preparation and optimisation of SERS

substrates for high field enhancements, greater ease of use and high colloidal stabil-

ity.5,53,205,206 The required plasmonic SERS-active nanostructures are generally fabricated

using coinage-metal (e.g. Au, Ag, or Cu) on account of their ability to support surface

plasmons, the collective oscillating modes of the conduction electrons at metal/dielectric

interfaces.5,14 Controlled assembly of metallic nanoparticles (NPs) into dimers,209,210 tri-

mers,211 and tailoring the NP shape into nanotriangle,212 nanostar,213 nanoraspberry

(or core-satellite nanoassemblies)11,214,215 have been developed to improve SERS signals.

Among these nanostructures, nanoraspberry particles hold great potential as SERS sub-

strate of ultrahigh sensitivity, on account of their highly enhanced electromagnetic fields

in the gaps between the NP building blocks, which allow for great penetration of the

electromagnetic field into the dielectric environment.5,214

The predominant approach to fabricate nanoraspberry structures in solution is template-

assisted method using organic (peptides,214,217 viruses,218 polystyrene215,219) or inorganic

particles (silica,220,221 metals208,210,222,223) as cores and attaching smaller inorganic NPs

(Au, Ag NPs) with linkers such as DNAs210,216,224 and multithiols.11,225 Figure 4.1 shows

an example of nanoraspberry structures prepared by DNA conjugates. The DNA-linked

nanoraspberry particles provide easier control over the interparticle distance, but the

intra-assembly gap distance reaches tens of nanometres since the DNA linkers require a

certain minimal length to ensure proper base pairing.11,208,226 In addition, the distance

between core and satellites is difficult to specify due to the non-specific adsorption of

nitrogenous bases of DNA onto Au NPs; therefore, the nanoraspberry particles obtained
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Figure 4.1: A schematic representation of the hierarchical self-assembly procedure for the
fabrication of core-satellite plasmonic nanostructures: (1) APTES functional-
isation of a glass substrate; (2) electrostatic immobilisation of 30 nm AuNP-
DNA conjugates onto the APTES-modified substrate surface; (3) neutralisa-
tion of surface-confined amino groups by the formation of covalent amide
bonds with sulfo-SMCC; (4) hybridisation of 20 nm AuNP-DNA conjugates
onto the 30 nm AuNPs, forming the core-satellite nanoparticle assemblies;
and (5) removal of the surface-confined molecules through UV-ozone clean-
ing, yielding pristine gold surfaces. Adapted from reference.216

from this method are usually not suitable as high-performance SERS substrates.11,208,226,227

Other methods using small molecules as linkers (e.g. multithiols) shorten the intra-assembly

gaps. However, these methods suffer from various limitations, for example, colloidal in-

stability, low yields, assemblies with unlinked NPs mixtures and harsh post separation

conditions (e.g. high salt concentrations, nonpolar organic solvents, and high viscosity

reagents).11,208,215,228–230

Herein, we report a facile one-pot synthesis of γ-Fe2O3@Au magnetic nanoraspberry

particles (NRSP) with high stability and homogeneity, as illustrated in Figure 4.2. The

rough surface contributes to a significantly high SERS enhancement factor (on the or-

der of 1010), allowing this nanostructure for the applications in high-performance SERS

detection. Embedding supraparamagnetic γ-Fe2O3 NPs provides facile magnetic separ-

ation of the NRSP from the detection media. Moreover, by complexing a dense layer

of the macrocyclic host cucurbit[n]uril (CB[n]) onto the NRSP surface, it can further act
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as a molecular sensor to detect analytes in solution with high sensitivities. We demon-

strate the effective SERS detection of various electron rich and electron deficient analytes

using CB[7] and CB[8]-functionalised NRSP. In particular, the detection of a controlled

substance (ephedrine) with the sensitivity down to 350 µg·L−1 has been demonstrated,

reaching the standard of real-life ephedrine urine detection.

Figure 4.2: A schematic representation of the γ-Fe2O3@Au magnetic nanoraspberry
particles (NRSP) and its application in SERS sensing after complexation with
a dense layer of CB[n]s.

4.2 Results and Discussion

4.2.1 Synthesis and characterisation of γ-Fe2O3@Au nanoraspberry

particles

The γ-Fe2O3@Au nanoraspberry particles (NRSP) were synthesised by a one-pot seeded

growth method, using γ-Fe2O3 NPs of 7 ± 2 nm as the seeds, growing in a growth solu-

tion containing chloroauric acid (HAuCl4), ascorbic acid as the reducing agent, silver ni-

trate as the catalyst and cetyltrimethylammonium bromide (CTAB) as the stabiliser (see

the Experimental Appendix for details). After heating at 100 ◦C for 45 min, NRSP of

great homogeneity was obtained, as shown in the TEM images Figure 4.3. NRSP of vari-

ous sizes ranging from 30 to 150 nm can be obtained by adjusting the volume fraction of

seed NPs (Figure 4.3).
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Figure 4.3: TEM images of different overall sizes NRSP: 123± 5 nm (a, d), 59± 7 nm (b, e)
and 31 ± 3 nm (c, f), where the overall size was adjusted by controlling the
amount of seed NPs (2 mg, 3 mg and 4 mg added respectively).

Figure 4.4: HRTEM images of the NRSP (123 ± 5 nm), where γ-Fe2O3 lattices (311), (222)
and (400) are observed in the core region (JCPDS card No. 39-1346). Au lattices
(111) and (220) are also observed (JCPDS card No. 04-0784). The knobs of the
NRSP are of the similar size (5-10 nm).

High resolution TEM (HRTEM) and scanning transmission electron microscopy (STEM)

with energy dispersive X-ray (EDX) were performed to further investigate the composi-

tion and growth mechanism of the NRSP. As shown in the HRTEM images (Figure 4.4),
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γ-Fe2O3 lattices (311), (222) and (400) are mainly observed in the central region and Au

lattices (111) and (220) are observed across the NRSP. STEM-EDX map and line scans (Fig-

ure 4.5) also suggest the dispersion of γ-Fe2O3 in the central region and Au on the outside.

In addition, both of the TEM and HRTEM images show that the knobs of different sized

NRSP are of similar size (5-10 nm), which is also testified by the STEM 3D tomography

reconstruction images (Figure 4.6) and UV-vis-NIR spectra (Figure 4.7). NRSP of differ-

ent sizes show similar UV-vis-NIR absorption peaks around 530 nm, the same as a 7 nm

Au NP solution, suggesting that the absorption is attributed to the knobs on the NRSP

surface.231

Figure 4.5: (a) STEM image of the NRSP; (b, c) Au and Fe STEM maps of the NRSP;
(d) STEM line scan of the NRSP, where Cr was recorded as the background
control. Au shows higher counts than Fe since it covers outside.
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Figure 4.6: 3D tomography reconstruction image of the NRSP obtained from HAADF-
STEM (high-angle annular dark-field scanning transmission electron micro-
scopy).

Figure 4.7: UV-vis-NIR absorption spectra of different overall sizes NRSP and 7 nm
Au NP solution at the same concentration, showing similar absorption peak
around 530 nm.

The hypothesised growth mechanism, a modified Turkevich mechanism,232,233 is pro-

posed in Figure 4.8. In addition, the NRSP shows excellent colloidal stability and mag-
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netic responsiveness. SERS spectra of the NRSP stored over 80 days were recorded to

investigate the colloidal stability of the NRSP (Figure 4.9). No obvious change of the

SERS peaks (stemming from surface ligands) was observed, suggesting no irreversible

aggregation and great colloidal stability of the NRSP. Figure 4.10 shows the SERS spec-

tra and photographs of the NRSP before and after applying a magnetic field, where the

NRSP was collected in a corner by a magnet and SERS peaks dramatically decayed.

Figure 4.8: (a) Schematic illustration of the hypothesised growth mechanism. Step 1 cor-
responds to a growth due to coalescence whereby a fast reduction occurs im-
mediately after mixing the γ-Fe2O3 NPs and HAuCl4 solutions. The first step
can also be described as a nucleation process with subsequent growth due
to aggregation. Step 2 is interpreted as a growth by diffusion, whereby gold
ions adhere to the electronic double layer (EDL), reduced and grown onto the
existing particles. In the step 3, the reduction rate increases tremendously,
leading to a fast reduction of the remaining gold salt and the reduced gold
grows epitaxially onto the existing particles.232,233 (b-i) TEM images of the
NRSP formation progress, with a interval time of 15 min.
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Figure 4.9: SERS spectra of the NRSP stored over 80 days, where few differences were
observed, suggesting good stability of the nanoraspberry structure.

Figure 4.10: SERS spectra and photographs of the NRSP before (a) and after (b) applying
a magnetic field, where the NRSP was collected in a corner using a magnet
and SERS peaks disappeared.
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Theoretical modelling with three dimensional finite difference time domain (3D-FDTD)

was used to simulate the local electromagnetic field distribution under monochromatic

light at 785 nm. The simulation result (Figure 4.11a) shows that the strongest localised

electromagnetic field occurs at the crevices between knobs. High field enhancement of

the NRSP, on the order of 1010, was obtained, consistent with the experimental results.

In addition, the simulated SERS enhancement factor (EF) of NRSP is a factor of 106-107

higher than that of spherical γ-Fe2O3@Au NPs (Figure 4.11b), confirming the superiority

of the NRSP architecture over spherical shape NPs as SERS substrate.

Figure 4.11: (a) The 3D-FDTD simulated local electromagnetic field enhancement of the
NRSP at the XY plane, irradiated from the top at 785 nm. The simulated SERS
EF is on the order of 1010, which is in good consistent with the experiment
obtained EF; (b) the 3D-FDTD simulated EF of spherical γ-Fe2O3@Au NP,
which is approximately 107 lower than the NRSP.

4.2.2 Detection of target analytes using CB[7]-functionalised NRSP

By immobolising a dense layer of cucurbit[n]urils (CB[n]s) onto the NRSP surface, it can

act as a high-performance SERS substrate for the detection of a variety of molecules,

as illustrated in Figures 4.12. CB[n] is a family of barrel-shaped macrocyclic receptors

exhibiting strong and selective encapsulation of various guest molecules into its cavity

(Ka up to 1015).53,76–78,113 In addition, CB[n] portal can bind strongly towards metallic

surfaces.53,77,113 While the smaller homologoues CB[5], CB[6] and CB[7] can encapsu-

late one guest molecule,53,76–78,113 CB[8] with a larger cavity volume can simultaneously

accommodate two guest molecules.53,76–78,113 This work investigates CB[7] and CB[8]-
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functionalised NRSP (CB[7]-NRSP, CB[8]-NRSP): CB[7]-NRSP could detect electron-deficient

molecules (e.g. methyl viologen, indole); CB[8]-NRSP could also detect electron-rich mo-

lecules (e.g. dopamine, 2-naphthol, phloroglucinol, azobenzene) when complexed with

a first guest molecule methyl viologen dichloride (MVCl2). CB[n]-functionalised NRSP

demonstrates high detection sensitivity (down to a few micromolar), meanwhile over-

coming the limitation of most conventional SERS substrates which can only be applied

to thiolated or aminated molecules.5,45

Figure 4.12: Schematic illustration of CB[n]-functionalised nanoraspberry particles
(CB[n]-NRSP), electron-deficient molecules detection with CB[7]/CB[8]-
functionalised NRSP and electron-rich molecules detection with CB[8]-
functionalised NRSP.

As shown in Figure 4.13 (i) and (ii), both NRSP and CB[n]-NRSP show intense SERS

signals. After functionalising NRSP with CB[7], the signature peaks of CB[7] at 443, 620

and 775 cm−1 were clearly observed.51 Meanwhile, sodium citrate peaks at 598, 763, 801,

839, 951 and 1097 cm−1 decreased greatly, which may be due to the partial displacement

of sodium citrate by CB[7] (see the Experimental Appendix 3.4.6 for powder Raman spec-

tra of CB[7] and surfactant sodium citrate). Aromatic compounds MVCl2 and indole were

investigated for SERS detection assays. CB[7]-NRSP (68 mg·L−1) was added to MVCl2
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and indole solutions respectively (1:1 by volume), followed by the irradiation at 785 nm.

Signature peaks of both analytes can be clearly identified (marked with asterisks in Fig-

ure 4.12 (iii) and (iv), see the Experimental Appendix 3.4.6 for powder Raman spectra of

MVCl2 and indole).53,190 Control experiments using NRSP alone without the immobilisa-

tion of CB[7] were also carried out, where none of above analytes could be detected since

they were not able to reach the hot-spots uncombined with CB[7] (Figure 4.14).

Figure 4.13: (i) SERS spectra of sodium citrate stabilised NRSP, irritated at 785 nm;
(ii) SERS spectra of CB[7]-NRSP (NRSP with 1 mM CB[7] 1:50 by volume,
optimised condition obtained by titration); (iii) and (iv) detection of analytes
(10 µM) using CB[7]-NRSP (68 mg·L−1). Signature peaks of both analytes can
be clearly observed and are highlighted with asterisks in the figures. (Note:
spectra are stacked and offset for clarity.)
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Figure 4.14: SERS spectra of NRSP with target analytes without the functionalisation
of CB[7], where none of the analytes could be detected. This proves that
target analytes could not attach to the NRSP surface for SERS measurements
without the assistance of CB[n]. (Note: spectra are stacked and offset for
clarity.)

4.2.3 Detection of target analytes using CB[8]-functionalised NRSP

We also investigated the detection of a variety of electron-rich analytes using CB[8]-NRSP

(e.g. phloroglucinol, 2-naphthol, 4-(phenylazo)phenol, tetrathiafulvalene and dopam-

ine), as listed in Figure 4.15. CB[8] was complexed with a first guest molecule MVCl2 and

then immobilised on the NRSP surface to form MVCl2@CB[8]-NRSP. The MVCl2@CB[8]

complexes on the NRSP surface act as receptors for the electron-rich analytes and bring

them into the hot-spots for detection. Analytes were detected with high sensitivities and

signature peaks of all tested analytes were clearly identified (Figure 4.15 and the Exper-

imental Appendix 3.4.6 for powder Raman spectra). Control experiments using NRSP

alone and CB[8]-NRSP uncombined with MVCl2 to detect electron-rich analytes were

examined, where no signature peaks of any analytes could be observed in both cases

(Figure 4.16 and 4.17). These suggest that the electron-rich analytes cannot go into the

CB[8]’s cavity without the assistance of the electron-deficient molecule MVCl2.53,76–78,113
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Figure 4.15: SERS spectra of (i) CB[8]-functionalised NRSP (CB[8]-NRSP, NRSP with
0.2 mM CB[8] 1:3 by volume); (ii) CB[8]-NRSP detected MVCl2 (10 µM), (iii-
vii) MVCl2@CB[8]-NRSP detected electron-rich molecules phloroglucinol, 2-
naphthol, 4-(phenylazo)phenol, dopamine and tetrathiafulvalene (10 µM),
respectively. Signature peaks of the target analytes were clearly observed
and marked with asterisks (*).110
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Figure 4.16: SERS spectra of NRSP with target analytes, where none of the analyte could
be detected. This proves that target analytes could not attach to the NRSP
surface for SERS measurement without the assistance of CB[n].

Figure 4.17: SERS spectra of CB[8]-NRSP with electron rich target analytes without
MVCl2, where none of the analyte could be detected. This suggests that elec-
tron rich target analytes could not go into CB[8]’s cavity without the exist-
ence of the electron deficient MVCl2.
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4.2.4 Detection of ephedrine

CB[n]-NRSP can be applied to the detection of controlled substances and various bio-

molecules as it shows significant field enhancements with high detection sensitivity and

stability. As a showcase, we investigated the detection of ephedrine using our CB[7]-

NRSP. Ephedrine is an energising-stimulating substance which can excite the central

nervous system of human beings.234–236 For this reason, ephedrine is in the banned list

of the International Olympic Committee. Conventional detection methods of ephedrine

include high-performance liquid chromatography (HPLC),235 capillary electrophoresis

(CE),234 and gas chromatography-mass spectrometry (GC-MS).236 However, these meth-

ods require qualified technicians and are time-consuming and expensive.234–236 CB[n]-

NRSP, in this case, provides a simple, rapid and effective method to detect the presence

of ephedrine in aqueous media. As shown in Figure 4.18 (ii), ephedrine could be clearly

detected down to 350 µg·L−1, which reaches the standard of real-life detection (typically,

abusers or poisoned patients possess 300-3000 µg·L−1 in blood, plasma or urine).234–236

Different aqueous media (e.g. phosphate buffer solution at pH 7.4, urine control) did not

interfere the detection ability of the CB[n]-NRSP system (Figure 4.18), allowing for its

potential application in real-life athletes urine test.
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Figure 4.18: SERS spectra of ephedrine (350 µg·L−1) detection using CB[7]-NRSP in dif-
ferent media (water, phosphate buffer solution pH=7.4, ClinChek c© urine
control lyophil). The signature peaks of ephedrine could be observed clearly
in all solutions and marked with asterisks, showing few differences.

4.3 Conclusion and Outlook

In conclusion, we have demonstrated a facile one-pot synthesis of γ-Fe2O3@Au nano-

raspberry particles. The obtained nanoraspberry particles are monodispersed, highly

stable, and of good magnetic responsiveness on account of the incorporation of the mag-

netic cores. The curvature surface contributes to a high SERS enhancement factor (on

the order of 1010), making it advantageous for a high-performance SERS substrate. By

immobilising a dense layer of macrocyclic host molecule CB[n]s onto the surface of nan-

oraspberry particles, they could act as a stable free-standing molecular sensor for a vari-

ety of electron-deficient and electron-rich molecules. The CB[n]s immobilised on the

nanoraspberry surface act as molecular receptors and bring the target analytes into the

hot-spots. As a result, analytes could be detected with high sensitivity and specificity.

113



Chapter 4 γ-Fe2O3@Au Nanoraspberry Particles for High-performance SERS

We envisage that this stable and monodispersed nanoraspberry will provide a powerful

high-performance substrate for SERS detection of various biomolecules, chemicals and

illegal drugs.

4.4 Experimental Appendix

4.4.1 Materials and general methods

All the starting materials were purchased from Alfa Aesar and Sigma Aldrich and used as

received unless stated otherwise. CB[7] and CB[8] were prepared according to literature

protocols.77

1H NMR (400 MHz) spectra were recorded using a Bruker Advance QNP 400. DLS

and zeta potential measurements were performed on a Malvern Zeta-sizer Nano-S90.

UV-vis-NIR spectra were obtained on a Agilent Cary 7000 UV-vis-NIR spectrometre. Ti-

tration experiments were carried out on a MicrocalTM ITC200 (isothermal titration calor-

imetry). TEM and high resolution TEM images were obtained by a FEI Philips Tecnai20

transmission electron microscope (specifications: accelerating voltage 100 keV, double

tilt specimen holder, SIS imaging software and CCD camera). Samples were prepared

by applying one drop of the metallic NP solutions onto a Holey R carbon coated copper

TEM grid (400 mesh), followed by drying overnight at room temperature. STEM-EDX

and 3D tomography images were carried out on a VG HB501 scanning transmission elec-

tron microscopy with EELS (electron energy loss spectrum). Extinction measurements for

the nanoparticles were monitored with an Ocean Optics 650-USB Red Tide spectrometre

and SERS spectra were recorded on a Renishaw inVia Raman microscope (Specifications:

138 mW, 785 nm, 120 µm focal spot diameter and a dark noise level of less than 80 rms at

9 ms, per scan.)

4.4.2 Synthesis of γ-Fe2O3 nanoparticles

The γ-Fe2O3 NPs were synthesised by a modified Massart’s method.237,238 FeCl3·6 H2O

(0.32 mol) and FeCl2·4 H2O (0.16 mol) in 3.5 L deionised water were mixed with 300 mL
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ammonium hydroxide solution (8.6 M) at room temperature, resulting in the mixture

turning black immediately. The nanoparticles were collected with a permanent neody-

mium magnet and the supernatant was discarded after 15 min. The nanoparticles were

then suspended in 400 mL nitric acid solution (2 M) under stirring for 15 min. After col-

lection of the nanoparticles and removal of the supernatant, 600 mL ferric nitrate solution

(0.33 M) was added and stirred at 90 ◦C for 30 min. After that, they were peptised with

400 mL nitric acid (2 M) for 15 min at room temperature, rinsed with acetone (200 mL)

for 5 times and dispersed in 500 mL deionised water. The pH value of the final γ-Fe2O3

NP suspension was tuned to be 4.0, and a concentration of 61.5 g·L−1 was confirmed by

titration. The average particle size obtained from TEM images was 7 ± 2 nm amd zeta

potential of -68.8 mV.

4.4.3 Synthesis of γ-Fe2O3@Au nanoraspberry particles

γ-Fe2O3@Au nanoraspberry particles were synthesised by a one-pot seeded growth method.

The seed solution was prepared by dispersing 2 mg of the above γ-Fe2O3 NPs in 500 µL

sodium citrate solution (2.5 mM), followed by sonication for 20 min. The growth solu-

tion was prepared as follows: 300 µL AgNO3 (2 mM) was added in 5 mL cetyltrimethyl

ammonium bromide (CTAB) clear solution (0.2 M), sonicated for 30 min and then mixed

with 5 mL HAuCl4 (7 mM) under a vortex mixer for 15 s. After that, 300 µL ascorbic acid

(80 mM) was added to the mixture, agitated by a vortex mixer and kept still for 15 min.

Finally, 250 µL of the seed solution was added to the growth mixture and mixing briefly

by hand, remaining still without turbulence at room temperature for 30 min. The mix-

ture was heated at 100 ◦C for 45 min to obtain the magnetic γ-Fe2O3@Au nanoraspberry

(68 mg·L−1). The surfactant was exchanged by repetitive washing with 0.2 M sodium

citrate.

115



Chapter 4 γ-Fe2O3@Au Nanoraspberry Particles for High-performance SERS

4.4.4 Modification of growth conditions

A series of experiments were carried out to investigate the optimum synthesis condition

and the growth mechanism.

Figure 4.19: (a) Lower HAuCl4 concentration in the growth solution (6.2 mM) resulted
in the leaking of free γ-Fe2O3 NPs; (b) extended time in the growth solution
preparation procedures led to the existence of free Au NPs; (c) 0.1 M NaOH
was added 15 min after the mixing of seed and growth solutions, leading to
inhomogeneous nanoraspberries; (d) 0.2 M sodium citrate was used as the
stabiliser during the growth process, resulting in NPs of irregular shapes;
(e, f) growth solutions without the addition of seeds after 7 d and 14 d, where
the formation of nanoraspberry was not observed; (g) NaBH4 was used as
the reducing agent, where Au NPs were formed before the addition of seed
solution, leading to the mixture of γ-Fe2O3 and Au NPs. (h) AgNO3 was not
added in the growth solution, leading to slightly irregular shape of the nan-
oparticles; (i, j) modification of ascorbic acid concentration (150 mM, 50 mM)
to assist the shape control; (k) Au NPs (around 7 nm) was used as the seed
NPs, where spherical NPs were formed in the end.
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4.4.5 Surfactant exchange

Figure 4.20: (a) SERS spectra of the NRSP stabilised with CTAB (blue) and after exchan-
ging CTAB using sodium citrate (red). TEM images of the NRSP stabilized
with sodium citrate (b) and CTAB (c). The precipitation of CTAB could be
observed from the TEM image (c).

4.4.6 Detection of target analytes using CB[7]-functionalised NRSP

CB[7]-functionalised nanoraspberry particles (CB[7]-NRSP) are capable of detecting elec-

tron deficient molecules (e.g.MVCl2) with high sensitivity. The addition sequence of the

analyte and CB[7] was also investigated, where no difference of adding MVCl2 to CB[7]-

NRSP and adding MVCl2@CB[7] complex to NRSP was observed at the same concentra-

tion.
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Figure 4.21: SERS spectra of (i) CB[7]-functionalised nanoraspberry (CB[7]-NRSP, NRSP
with 1 mM CB[7] 1:50 by volume, condition optimised by titration);
(ii) 200 µM MVCl2 added to CB[7]-NRSP solution (1:10 by volume); (iii) 20
µM MVCl2@ 1 mM CB[7] complex added to NRSP solution (50:1 by volume).
The signature peaks were marked with asterisks (*). No obvious difference
of (ii) and (iii) was observed.

4.4.7 Guest displacement

Guest displacement study using adamantane amine (ADA) to displace MVCl2 in the cav-

ity of CB[7] on CB[7]-NRSP, which further confirms that the analytes were encapsulated

in the CB[7] cavity for detection instead of sitting in the crevice of the surface knobs.
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Figure 4.22: SERS spectra of (i) CB[7]-NRSP with MVCl2 (30 µM); (ii) CB[7]-NRSP with
ADA (30 µM); (iii) guest displacement using ADA (300 µM) to displace
MVCl2 in the cavity of CB[7] on CB[7]-NRSP.

4.4.8 Powder Raman spectra of investigated molecules

Powder Raman spectra of CB[7], CB[8], sodium citrate, CTAB, MVCl2, indole, dopam-

ine, phloroglucinol, 2-naphthol, tetrathiafulvalene, 4-(phenylazo)phenol and ADA can

be found in the Experimental Appendix 3.4.6.
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Figure 4.23: Raman spectrum of solid ephedrine.

4.4.9 Binding constants of complexes

Binding constants of G1@CB[7] complex reported in literature and measured by ITC are

listed as follows. Binding constants of dopamine, phloroglucinol, 2-naphthol, indole,

tetrathiafulvalene and 4-(phenylazo)phenol towards MVCl2@CB[8] can be found in the

Table 3.1.

Table 4.1: Binding constants (Ka) of tested analytes with CB[7]

G1 with CB[7] Ka (M−1)
MVCl2 1.2 x 105 - 1.3 x 107 113

indole (6.7 ± 0.5) x 105 201

ephedrine (4.7 ± 1.0) x 105 201
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Figure 4.24: ITC result of the complexation between ephedrine and CB[7]. 500 µM
ephedrine was injected into 50 µM CB[7] in buffer solution at 25 ◦C. 50 mM
sodium acetate buffer, pH=4.6, was used.
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Figure 4.25: ITC result of the complexation between tetrathiafulvalene and
MVCl2@CB[8]. 200 µM tetrathiafulvalene was injected into 20 µM
MVCl2@CB[8] in buffer solution at 25 ◦C. 50 mM sodium acetate buf-
fer, pH=4.6, was used.
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Figure 4.26: ITC result of the complexation between indole and MVCl2@CB[8]. 200 µM
indole was injected into 20 µM MVCl2@CB[8] in buffer solution at 25 ◦C.
50 mM sodium acetate buffer, pH=4.6, was used.
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4.4.10 Calculation of SERS enhancement factor

SERS enhancement factor (EF) was calculated by two methods: 3D-FDTD simulation

(1010, Figure 4.11) and experimental measurements. The calculation of EF based on ex-

perimental measurements are shown as follows.

The most widely used definition equation for the average SERS EF is:

EF =
ISERS/NSurf

IRS/NV ol

where NV ol = cRSV is the average number of molecules in the scattering volume (V )

for the Raman (non-SERS) measurement, and NSurf is the average number of adsorbed

molecules in the scattering volume for the SERS experiments.204 Methyl viologen peak

at around 1280 cm−1 was chosen to calculate the SERS EF in this case. For the CB[7]-

functionalised nanoraspberry (68 mg/L, 306 µL, 15 s exposure time), 60000± 2500 counts

was obtained. For MVCl2 non-SERS Raman measurement (1 M, 330 µL, 120 s), 1700± 100 counts

was obtained using the same laser power 138 mW.

ISERS =
60000± 2500counts

15s
= 4000± 167cps

IRS =
1700± 100counts

120s
= 14.17± 0.83cps

NV ol = 1M × 330µL×NA = 1.98× 1020

NSurf was calculated from ITC titration experiments. Briefly, CB[7]-NRSP (NRSP:

1mM CB[7] 1: 50 by volume) was centrifuged and the concentration of the remaining

CB[7] in the supernatant solution was titrated by ITC. The surface density of CB[7] can

then be deducted from a series of titration experiments based on the concentration de-

crease of CB[7]. The calculation procedures are shown as follows.

15 mL NRSP was freeze dried, re-dispersed in 50 µL of sodium citrate (2.5 M) solution

and mixed with 2.5 mL of CB[7] (1 mM) solution. After sonication (5 min) and centrifu-
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gation (13000 rpm, 20 min), the concentration of the remaining CB[7] in the supernatant

solution was titrated by ITC (993.15 ± 0.85 µM). Therefore, the concentration decrease of

CB[7] in 2550 µL CB[7]-NRSP was 6.85 ± 0.15 µM.

The total number of CB[7] adhered to the NRSP surface in 2550 µL examined solution

was:

N(CB[7])2550 = n(CB[7])NA = (6.85±0.15)×10−6M×2550×10−6L×6.02×1023 = (1.05±0.23)×1016

In the SERS detection measurement, 6 µL of NRSP was used. Therefore, the number of

CB[7] in the CB[7]-NRSP was:

N(CB[7])6 =
N(CB[7])2550 × 6

2550× 300
= (4.21± 0.09)× 1012

So:

NSurf = (4.21± 0.09)× 1012

Therefore, SERS enhancement factor for CB[7]-NRSP is:

EFCB[7]−NRSP =
4000± 167cps/(4.21± 0.09)× 1014

14.17± 0.83cps/1.98× 1020
= (1.33± 0.15)× 1010

Similar for the calculation of SERS enhancement for CB[8]-NRSP, where NSurf was

calculated to be (6.8 ± 1.7)x1011 based on the ITC titration experiment.

ISERS =
18000± 1300counts

15s
= 1200± 87cps

Therefore, SERS enhancement factor for CB[8]-NRSP is:

EFCB[8]−NRSP =
1200± 87cps/(6.8± 1.7)× 1011

14.17± 0.83cps/1.98× 1020
= (2.47± 0.75)× 1010
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Chapter 5

Cucurbit[7]uril-based High-performance

Catalytic Microreactors

Catalytic microreactors manufactured using microfluidic devices have received significant re-

search interest in recent years. However, little attention has been paid to immobilising metallic

nanoparticles (NPs) on microchannel walls for high efficiency catalytic reactions. We demonstrate

a facile preparation of cucurbit[n]uril-based catalytic microreactors, where metallic NPs are im-

mobilised onto microchannels via supramolecular complexation with methyl viologen@cucurbit[7]uril

(CB[7]). This microreactor exhibits remarkable catalytic activity owing to substantially high sur-

face area to volume ratio of the microchannels and metallic NPs. Superior to most conventional

heterogeneous catalytic reactions, separation post reaction and complicated recycling steps of the

catalysts are not required. Moreover, CB[7] can complex a variety of metallic NPs to its portal,

providing a multifunctional high-performance in situ catalytic platform.

This work has been published in the following peer-reviewed journal articles:

• Ren, X.; Yu, Z.; Wu. Y.; Liu, J.; Abell, C.; Scherman, O.A.*, "Cucurbit[7]uril-based

high-performance catalytic microreactor", Nanoscale, in press.
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5.1 Introduction

Microfluidics have received much attention over the past few decades in a broad range of

fields,239–242 including chemistry,243,244 biology,245,246 pharmaceutics,247 physics248 and

materials science.249 In particular, flow chemistry using microfluidic devices have attrac-

ted great interests, on account of a variety of distinct advantages.247,250,251 For instance,

significant surface area to volume ratio in a microreactor (10,000 to 50,000 m−1) can dra-

matically enhance the mass transport efficiency of reactants and products.250 In addition,

a small channel diameter (10-1000 µm) results in largely improved heat transfer for iso-

thermic catalytic reactions, allowing high selectivity towards desired products.247,250,252

Catalytic microreactors are one of the most popular topics in flow chemistry.250,253 Vari-

ous approaches to fabricate catalytic microreactors have been reported,253–259 among

which the most advantageous has been functionalisation of the microchannel surface

using catalysts.206,260 This surface functionalisation approach could substantially min-

imise the mass transfer resistance, avoiding adverse pressure drops or blockages of the

microchannels, problems commonly observed in other approaches.247,250 However, in-

vestigation on surface functionalised catalytic microreactors has mainly focused until

now on the immobilisation of organocatalysts261,262 and organometallic catalysts.263,264

Less effort has been devoted to immobilising metallic nanoparticles (NPs) onto micro-

channel surfaces.247,264,265 The state-of-the-art approaches to prepare such microreactors

suffer from shortcomings of high temperature and harsh conditions,247,250,264,266 as well

as inevitable leacking of the metallic NPs due to fragile attachment.206,247,265

Herein, we demonstrate a facile fabrication route to multifunctional catalytic micro-

reactors based on cucurbit[n]uril (CB[n]) host-guest chemistry (illustrated in Figure 5.1).

CB[n]s are a family of symmetric barrel-shaped host molecules, which are capable of se-

lectively encapsulating small guest molecules in their cavity (Ka up to 1015 M−1).78,267,268

Moreover, the portal of CB[n] exhibits strong binding affinity towards various metallic

NPs (e.g. gold, palladium, platinum, copper and silver).119,165 By functionalising the

microchannel with methyl viologen (MV)-silane@CB[n] complexes, a variety of metallic

NPs could be readily loaded and immobilised onto the microchannel wall. This CB[n]-
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based catalytic microreactors exhibit higher catalytic activity than most single-site het-

erogeneous NP catalysts supported by mesoporous silica,269–271 carbon,270–272 polymer

networks,270,271,273,274 and other substrates,270,271,275,276 while avoiding the inconvenience

of post-reaction catalyst separation as well as leaching.269–276

Figure 5.1: Schematic illustration of cucurbit[7]uril-based high-performance catalytic
microreactor.

5.2 Results and Discussion

5.2.1 Fabrication of the catalytic microreactor

The microfluidic devices were prepared through well-established soft lithography using

polydimethylsiloxane (PDMS).242 The CB[n]-based in situ catalytic microreactors were

fabricated in two steps. First, after activation of the microchannel by oxygen plasma,

an aqueous solution of MV-silane@CB[7] inclusion complex was injected into the micro-

channel at a flow rate of 300 µL·h−1 for 2 h. The methyl viologen groups formed strong

1:1 inclusion complexes with CB[7], with an association constant Ka of 3.3×105 M−1 (Fig-

ure 5.2). Meanwhile, the silane moieties on the MV-silane covalently attached and be-

128



Chapter 5 Cucurbit[7]uril-based High-performance Catalytic Microreactors

came immobilised onto the activated microchannels. The second step was the flow of the

metallic NP solution into the microchannel at a flow rate of 200 µL·h−1 for 1 h. The PDMS

microchannel can be made with different geometries or length depending on the require-

ment for the particular catalytic reaction (Figure 5.3). Au (6.8 ± 2.1 nm, Figure 5.4a) and

Pd NPs (3.7 ± 0.8 nm, Figure 5.4b) were chosen as example metallic NPs to immobilise

inside the microchannels on account of their excellent catalytic activity.277,278

Figure 5.2: ITC result of the complexation between MV-silane and CB[7]. 1 mM MV-
silane was injected into 0.05 mM CB[7] in buffer solution at 25 ◦C. 50 mM
sodium acetate buffer, pH=4.6, was used.
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Figure 5.3: (a) and (b) Pictures of example PDMS microchannels with various channel
shapes and length. In this work, Au/Pd microreactors utilized the PDMS
microchannels (a) with 40 µm diameter and 3 cm length.

Figure 5.4: TEM images of (a) Au NPs (6.8 ± 2.1 nm) and (b) Pd NPs (3.7± 0.8 nm)

5.2.2 Characterisation of the catalytic microreactor

Figure 5.5b and c show SEM images of the internal channel of the CB[7]-based Au NP

catalytic microreactor. The loaded Au NPs can be clearly observed suggesting their im-

mobilisation. AFM images of the Au NP microreactor are shown in Figure 5.5d-f. Ac-

cording to the 3D view and topography images, Au NPs formed a monolayer inside the

microreactor. The height of Au NPs in the AFM profile (Figure 5.5f) is consistent with the

size of the Au NPs obtained from TEM (6.8 ± 2.1 nm, Figure 5.4a).

In addition, control channels (blank microchannel, channel A, B and C) were also ex-

amined to confirm the importance of MV-silane@CB[7] inclusion complex. Control chan-
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Figure 5.5: (a) Illustration of the internal structure of the microreators; (b) and (c) SEM
images of the internal surface of CB[7]-based Au NP catalytic microreactor,
where the immobilisation of Au NPs was clearly observed; (d) AFM 3D view
of the Au NP microreactor internal surface; (e) AFM topography image of
the Au NP microreactor internal surface; (f) profile of the dashed line in (e),
where the height of Au NPs are consistent with the size of Au NPs obtained
from TEM (6.8 ± 2.1 nm).

nels A and B were prepared by solely injecting MV-silane or CB[7] solutions in the first

step, followed by the injection of metallic NPs. Control channel C was prepared by just

injecting metallic NPs without the injection of MV-silane@CB[7] inclusion complex solu-

tions. As seen in Figure 5.6c and 5.8, control A shows severe agglomeration of metallic

particles on a scale of micrometres. Control B (Figure 5.6d and 5.9) and C (Figure 5.6e)

resemble the blank channel (Figure 5.6b and 5.7) , since all the NPs were flushed out of

the microchannels.
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Figure 5.6: SEM images of (a) CB[7]-based Au NP catalytic microreactor, (b) blank PDMS
microchannel, (c) control channel A, (d) control channel B, (e) control chan-
nel C. Note: Control channels A and B were prepared by solely injecting MV-
silane or CB[7] solutions, followed by metallic NP solutions. Control channel
C was prepared by just injecting metallic NPs.

Figure 5.7: AFM images of blank PDMS microchannels (roughness = 0.06 nm).
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Figure 5.8: AFM images of Au NP control channel (A, just injecting MV-silane and then
metallic NP solutions, but without CB[7] solutions), where serious agglomer-
ation of Au particles was observed. Roughness = 0.12 µm.

Figure 5.9: AFM images of Au NP control channel (B, prepared by just injecting CB[7]
and then metallic NP solutions, but without the injection of MV-silane solu-
tions), where no Au NPs were observed.
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Moreover, it was observed that by increasing the concentration of injected Au NP solu-

tions (e.g. from 1 wt% to 5 wt%), the density of the immobilised Au NPs increased (from

0.11 ± 0.06 to 0.20 ± 0.05 nm−2, Figure 5.10).

Figure 5.10: AFM 3D view images (a, b) and topography images (c, d) of Au NP catalytic
microreactors prepared using 1 wt% and 5 wt% Au NP solutions, respect-
ively. (e, f) show the profiles of the dashed lines indicated in (c, d) respect-
ively. An increase of the loading NP density using increased concentration
was observed.

The immobilisation of Pd NPs in a CB[7]-based catalytic microreactor was also con-

firmed by SEM (Figure 5.11) and AFM (Figure 5.12), with the immobilised Pd NP density

of 0.15 ± 0.07 nm−2 deposited from a 1 wt% solution.
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Figure 5.11: SEM images of (a) blank PDMS microchannel, (b) CB[7]-based Pd NP cata-
lytic microreactor, (c) zoom in image of (b), (d) control channel C, (e) control
channel B, (f) control channel A, where agglomerates in micrometre scale (no
catalytic activity) were observed.

Figure 5.12: AFM images of Pd NP catalytic microreactor, where good immobilisation of
Pd NPs was observed. (a) AFM topography images (trace); (b) AFM topo-
graphy image (retrace); (c) AFM amplitude image; (d) AFM 3D view image;
(e) profile of the dashed lines indicated in (a).

135



Chapter 5 Cucurbit[7]uril-based High-performance Catalytic Microreactors

Figure 5.13: Topography and 3D view AFM images of Pd control channels. (a, b) were
prepared by only injecting Pd NPs, where no NP was observed in the mi-
crochannel. (c, d) were prepared by only injecting MV-silane and Pd NP
solutions, without CB[7] solutions. The agglomerates up to micrometre scale
were observed, however, showing no catalytic activity.

5.2.3 Catalytic activity investigation

The catalytic activity of the Au NP microreactor with a density of 0.11 ± 0.06 nm−2 was

examined with three reactions: reduction of nitrobenzene and 4-nitrophenol, as well as

the catalytic oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB), as illustrated in Table 5.1

and Figure 5.14. To investigate the importance of the MV-silane@CB[7] complexes im-

mobilised on the wall of the microreactor, control experiments were carried out using:

(i) blank PDMS microchannel, (ii) control channel (prepared without the injection of

CB[7] solution) and (iii) the reaction carried out using "bench" conditions.
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Table 5.1: Summary of representative reactions catalysed by CB[7]-based Au NPs or Pd
NPs catalytic microreactors.

Entry Reaction Mode Yield TOFa

(%) (s −1)
microreactor 99b (1.7 ± 0.1) × 102

control channelc 0d 0
bench e 50 (4.2 ± 0.2) × 10−3

microreactor 99 (1.8 ± 0.1) × 102

control channel 0f 0
bench 60 (5.0 ± 0.3) × 10−3

microreactor 99 (2.5 ± 0.1) × 102

control channel 0 0
bench 0 0
microreactor 99g (1.3 ± 0.1) × 104

control channel 0 0
bench 40 (1.0 ± 0.1) × 103

microreactor 99 (1.3 ± 0.1) × 104

control channel 0 0
bench 50 (1.3 ± 0.1) × 103

microreactor 85 (7.2 ± 0.1) × 102

control channel 0 0
bench 10 (7.1 ± 0.1) × 10−4

a Turnover frequency (TOF) suggests remarkable catalytic activity of the microreactors, which is much
above most relavant industrial reactions (TOF sit in between 10−2 to 102 s−1). 279 Moreover, the TOF of the
microreactors remained unchanged for more than 300 h at a flow rate of 200 µL h−1. b Au NP reactions in
microchannels were carried out at a flow rate of 200 µL·h−1. The yield was determined from UV-vis
absorption analysis. c Control channels were prepared by only injecting and flowing MV-silane and
metallic NP solutions through the microchannel sequentially, but without CB[7] solutions. d The first run
gave rise to 50% yield; however, this quickly decreased to 0% in the subsequent reaction cycles due to
severe leaking of the particles. e Bench reactions were carried out under approximately similar conditions,
using free metallic NPs as the catalyst instead. f The first run gave rise to 60% yield; however, later reaction
cycles quickly decreased to 0% yield. g Pd NP reactions in microchannels were carried out at a flow rate of
100 µL·h−1. The yield was determined from HPLC analysis.

The catalytic reduction of nitrobenzene by NaBH4 in the presence of Au NPs is a typ-

ical test reaction yielding aniline, which is an important chemical widely used in the fine

chemicals, agrochemical and pharmaceutical industries.280 As shown in Figure 5.14a and

Figure 5.16, the microreactor gave rise to 99% yield in 5 min, while 0% yield was ob-

served for the reaction in the blank microchannel and only 50% for the reaction carried

out on the bench with approximately similar conditions. Importantly, 50% yield was

137



Chapter 5 Cucurbit[7]uril-based High-performance Catalytic Microreactors

Figure 5.14: Summary of representative reactions catalysed by CB[7]-based Au/Pd NP
catalytic miroreactors. (a), (b) and (c) show the yield and turnover frequency
(TOF) of three typical reactions catalysed by the Au NP microreactor, con-
trol channel and reactions on bench. (d), (e) and (f) show the results for
Pd NP catalysed reactions, demonstrating the versatility of the microreact-
or. The microreactors led to high purity products with high yield (85% to
99%) in all reactions, while the bench reaction gave rise to comparably low
yield products (10% to 60%) with various byproducts. The control channel
showed almost no catalytic ability due to leaching of catalysed particles dur-
ing the reactions.

observed in the control channel on the first run; however, this quickly decreased to 0%

in the subsequent reaction cycles. This initial moderate level of catalytic activity might

be explained by the formation of Au agglomerates arising from electrostatic attraction

between the positively charged MV groups and the negatively charged Au NP surface

(Figure 5.6c and 5.8). Au agglomerates leaked out in the presence of salt during the re-

action, leading to deactivation of the control channel.281,282 In contrast, CB[7]-based Au

NP catalytic microreactors, where the Au NPs were immobilised with the CB[7] portals

did not leak out from the microchannel during the reaction,119,165 capable of maintaining

the same yield for more than 300 h at a flow rate of 200 µL·h−1. The catalytic reduction
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of 4-nitrophenol by NaBH4in the presence of Au NPs leading to 4-aminophenol, an im-

portant reactive intermediate for the photographic and pharmaceutical industries,283 led

to similar results as the previous reaction (Figure 5.14b and Figure 5.17). Oxidation of

the aromatic amine TMB in the presence of Au NPs by hydrogen peroxide, which is a

highly sensitive method for the detection of H2O2 in biological fluids was also tested.284

Figure 5.14c and Figure 5.18 show that Au NPs microreactors effeciently catalysed the

oxidation of TMB, giving rise to 99% yield in 5 min at a flow rate of 200 µL·h−1. A solu-

tion colour change from colourless in the inlet tube to blue in the outlet tube was clearly

observed. In contrast, both the control channel and bench reactions showed 0% conver-

sion. The turnover frequency (TOF) of the three reactions described above in the Au NP

microreactors were calculated to be 171 ± 2, 178 ± 4 and 256 ± 6 s−1, respectively, which

are 105 greater than the TOF for reactions on the bench (Table 5.1); moreover, these TOF

values are much higher than most single-site Au NP heterogenous catalysts,269,270,273,275

demonstrating excellent catalytic activity. Additionally, no detectable loss in the catalytic

activity (TOF) was observed upon continuous operation for 300 h.

Three typical Pd NP catalysed cross coupling reactions were examined for the CB[7]-

based Pd NP microreactor, as depicted Table 5.1, Figure 5.14d-e and Figure 5.19 to 5.21.

Interestingly, only the reactions in the microreactors led to pure products with high yield

(99% for both Suzuki reactions and 85% for the Heck reaction), while reactions in both

the blank microchannel and control channel did not yield any product. The bench re-

action showed comparably low yield (40-50% for the Suzuki reactions and 10% for the

Heck reaction), all with various by-products. The high catalytic activity of the microre-

actors are attributed to the significant surface area to volume ratio of the NPs and the

microchannel. The higher purity observed of the products may be due to the small chan-

nel diameter, which contributes to enhanced heat transfer, allowing high selectivity for

desired products.247,250,252 The Pd microreactor gives rise to higher TOF than most single-

site heterogeneous Pd catalysts (10-105 times).271,272,274,276 TOF for both of the Suzuki re-

actions in the microreactors were (1.3 ± 0.1) x 104 s−1, and the TOF for the Heck reaction

was 719 ± 2 s−1, at a flow rate of 100 µL h−1. Similarly, no loss in catalytic activity was
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observed upon continuous operation for 300 h.

5.3 Conclusion and Outlook

By taking advantage of the strong binding affinitity of the CB[7] portal towards metallic

NPs, as well as CB[7]’s ability to encapsulate small guest molecules such as viologen de-

rivatives in its cavity, we have successfully fabricated CB[7]-based metallic NP catalytic

microreactors. The metallic NPs were immobilised as a monolayer inside microchannels

via supramolecular inclusion complexes (MV-silane@CB[7]) and subsequent attachment

to the carbonyl portal of the sequestered CB[7]. This microreactor exhibits several ad-

vantages. For instance, no further separation or recycling of the catalysts are required.

More importantly, the substantially high surface area to volume ratio of both the micro-

channel and metallic NPs contribute to remarkable activity of the catalytic microreactor.

All catalytic reactions investigated with the Au NP and Pd NP microreactors exhibited

high yield with high TOF (up to 104 s−1), significantly higher than most single-site hetero-

geneous NP catalysts269–276 and are above the values of relevant industrial applications

(TOF values in the range of 10−2 to 102 s−1).279 This CB[7]-based attachment methodo-

logy provides a powerful multifunctional platform for high performance flow chemistry,

holding great promise in a variety of catalytic reactions.

5.4 Experimental Appendix

5.4.1 Materials and general methods

All the starting materials were purchased from Sigma Aldrich and used as received un-

less stated otherwise. CB[7] was prepared according to literature protocols.77

1H NMR (400 MHz) spectrum was recorded using a Bruker Advance QNP 400. The

binding constant of MV-silane and CB[7] was measured using MicrocalTM ITC200 (iso-

thermal titration calorimetry). TEM images were obtained by a FEI Philips Tecnai 20 TEM

under an accelerating voltage of 100 kV. Samples were prepared by applying one drop

of the metallic NP solutions onto a Holey R carbon coated copper TEM grid (400 mesh),
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followed by drying overnight at room temperature. SEM images were obtained by a TES-

CAN MIRA3 FEG-SEM using a beam voltage of 5 kV under in-beam SE detector. Samples

were prepared by cutting the microchannels from the middle, sticking onto SEM stubs

and coating with 5 nm Chronium under vacuum using Quorum Technologies Q150T ES

turbo-pumped sputter coater. AFM images were recorded using an Agilent Technologies

5500 AFM under AAC mode (acoustic intermittent contact mode). The AFM probes were

purchased from Bruker Nano Inc. (MSNL, back layer of the cantilevers coated by 45 ± 5

nm Au). F triangle probes, with a spring constant of 0.6 N/m, resonant frequency of 125

kHz, tip radius of 20 nm by average and 60 nm at the maximum, were used. The AFM

samples were prepared by carefully cutting the channels through the middle, then cut-

ting it into square pieces with a thickness of around 1 mm. UV-vis spectra were obtained

on a Varian Cary 4000 UV-vis spectrometre. High-performance Liquid Chromatography

(HPLC) was performed on a Varian 940-LC system. The Agilent Eclipse Plus C18 5 µm

4.6 x 150 mm column was used to analyse the resultant products. The gradient applied

was from 95 : 5 water (0.1% trifluoroacetic acid): acetonitrile to 100% acetonitrile.

5.4.2 Preparation of metallic catalyst nanoparticles

The metallic catalyst NPs were synthesised by rapid reduction of corresponding high

valence metallic acids/salts in the presence of sodium borohydride. The Au NPs were

synthesised by firstly mixing 1 wt% sodium citrate (2 mL) with 1 wt% chloroauric acid

(1 mL) in 100 mL water, stirring and cooling in an ice bath for 10 min. Then 0.1 M so-

dium borohydride (10 mL, pre-cooled) was added rapidly, stirring for 1 h. Similarly,

the Pd NPs were synthesised by the rapid addition of sodium borohyride (0.1 M, 4 mL,

pre-cooled) to the cooled mixtures of 1 wt% sodium citrate (2 mL) with 10 mM sodium

tetrachloropalladate (1 mL) in 100 mL water.
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5.4.3 Synthesis and characterisation of MV-silane

Figure 5.15: Reaction scheme of the synthesis of 1-(4,4-diethoxy-8-oxo-3,9-dioxa-7-aza-4-
silaundecan-11-yl)-1’-methyl-[4,4’-bipyridine]-1,1’-diium (MV-silane).

(a) 4, 4’-bipyridine (20 g, 128 mmol) was dissolved in 200 mL dichloromethane (DCM).

Methyl iodide (10 mL, 162 mmol) was well dispersed in 100 mL DCM, and then ad-

ded dropwise to the bipyridine solution, allowing reaction at room temperature (rt) for

24 h. The product 1-methyl-4-(4-pyridinyl)pyridinium iodide (A, MV+) was separated

and washed with copious DCM, and then air dried (34.3 g, yield 79 %).

(b) MV+ (A) (6.0 g, 20 mmol) was dissolved and refluxed in 300 mL acetonitrile (ACN).

2-bromoethanol (12.5 g, 100 mmol) was firstly dispersed in 15 mL ACN, and then added

in to the MV+ solution, refluxing for 24 h. The resultant products were separated and

washed with copious ACN, then dissolved in 15 mL water and were exchanged counter

ions with ammonium hexafluorophosphate (4.16 g, 25.5 mmol) to obtain C13H16N2O2+ · 2 PF6
−

(B).

(c) B (0.9 g, 1.8 mmol) and 3-(triethoxysilyl)propyl isocyanate (4.45 g, 18 mmol) were

dissolved in 20 mL dry ACN, with the addition of catalytic amount of dibutyltin dilaurate

(TDL), stirring for 48 h under nitrogen. After that, tetraethylammonium bromide (2.3g,

10.9 mmol, dissolved in 3 mL dry ACN) was added in the resultant solution, stirring

for 2 h. Then the product was separated and washed with ACN and copious diethyl

ether (C, 1.36 g, yield 60%). 1H NMR (400 MHz, DMSO), 9.17 (d, 4H, JAB=0.52Hz),

8.65 (d, 4H, JBA=0.52Hz), 7.03 (t,1H, JAB= 2.01Hz), 5.02 (t, 2H, JBC=0.52 Hz), 4.50 (t, 2H,

142



Chapter 5 Cucurbit[7]uril-based High-performance Catalytic Microreactors

JAC=1.26Hz), 4.45 (s, 3H), 3.78 (q, 6H), 2.89 (t, 2H, JAB=1.68Hz), 1.21 (t, 9H, JBC=0.31Hz),

0.9 (t, 2H, JAC=0.99Hz). 13C NMR (400 MHz, DMSO), δ = 158.73, 150.87, 145.43, 126.95,

63.93, 59.98, 58.43, 48.83, 29.76, 20.45, 18.32 ppm. Mass Spectra, m/z = 449.3423 g/mol.

5.4.4 Preparation of PDMS microfluidic devices

The microfluidic device was produced via standard soft lithography by pouring poly-

(dimethylsiloxane) (PDMS, 20 g) along with a crosslinker (Sylgard 184 elastomer kit, Dow

Corning, pre-polymer : crosslinker = 10 : 1 by weight) onto a silicon wafer patterned

with SU-8 photoresist.242,285,286 It was then placed in vacuum for half an hour to remove

dissolved gas. The PDMS was allowed to solidify at 90 ◦C for 12 h before being peeled

off, after which inlets and outlets were generated using a biopsy punch. The enclosed

microfluidic channels were formed by attaching the moulded PDMS replica onto a clean

glass slide after exposure to oxygen plasma for 10 s in a Femto plasma cleaner.

The microchannels could be fabricated to various shapes and length (Figure 5.3 as ex-

ample), to satisfy the requirement of certain catalytic reactions, such as various inlets or

gas protection. In this work, the PDMS microchannels with 40 µm diameter and 3 cm

length was utilised.

5.4.5 Preparation of CB[7]-based catalytic microreactors

The CB[7]-based Au NPs catalytic microreactors were prepared as follows:

(1) The blank PDMS microfluidic channels were activated by oxygen plasma for 10 s,

after which the MV-silane@CB[7] solution (2.5 mM MV-silane, 1 mM CB[7], in 50 : 50

water : ethanol solvent) was injected and flowed through the microchannel at a flow rate

of 300 µL h−1 for 2 h, followed by washing with water for 1 h at the same rate.

(2) The prepared Au NPs solution was injected and flowed through the microchannel

at a rate of 200 µL h−1 for 1 h, followed by washing with water for 1 h at the same rate.

The CB[7]-based Pd NPs catalytic microreactors were prepared in the same approach,

injecting the prepared Pd NPs solution in step (2) instead. Note that all the solutions

were filtered using 200 nm filter tips before being injected into the microchannels to avoid
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blockage of the microchannels.

Control channels (A and B) were prepared by solely injecting MV-silane or CB[7] solu-

tions in step (1). Control channel (C) was prepared by just conducting step (2), but

without the injection of MV-silane@CB[7] inclusion complex solutions.

5.4.6 Au NP catalytic microreactors reaction conditions

5.4.6.1 Reduction of nitrobenzene by NaBH4

6 mL deionised water, 0.5 mL 1 mM nitrobenzene and 2 mL 50 mM NaBH4 were mixed,

injected and flowed through the microreactor, control channel (A) and blank microchan-

nel, all at a flow rate of 200 µL h−1. The bench reaction was carried out at the same exper-

imental condition, using Au NP (6.8 ± 2.1 nm, 1 wt% 100 µL ) as the catalyst instead. The

resultant products were analysed using UV-vis spectroscopy. Yield was deduced from

the reactant absorption peak (nitrobenzene, 270nm). The microreactor can be operated

continuously for 300 h without detectable loss of the yield and TOF.

5.4.6.2 Reduction of nitrophenol by NaBH4

Similar to previous reaction, the products were analysed using UV-vis spectroscopy.

5.4.6.3 Oxidation of TMB by H2O2

The mixture of 3,3’,5,5’-tetramethylbenzidine (TMB, 1 mM, in 3 mL ethanol/water 1 : 1

solvent) and H2O2 (4 M in 3 mL water) was injected and flowed through the microreactor,

control channel (A) as well as blank microchannel, at a flow rate of 200 µL h−1. A solution

colour change from colourless in the inlet tube to blue in the outlet tube was clearly

observed in the catalytic microreactor. The resultant products were analysed using UV-

vis spectroscopy. Yield was deduced from the product absorption peak (oxidized TMB,

652 nm). The microreactor can be operated continuously for 300 h without detectable loss

of the yield and TOF.
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5.4.7 Pd NP catalytic microreactors reaction conditions

5.4.7.1 Suzuki reaction 1

4-iodophenol (100 mM) and potassium carbonate (200 mM) in 10 mL ethanol/water 1 :

1 solvent was preheated at 85 ◦C and mixed with 4-carboxyphenylboronic acid (150 mM

in 10 mL ethanol/water 1 : 1 solvent). The reaction mixture was injected and flowed

through the preheated microreactor and control channel (A) at a flow rate of 100 µL h−1,

heating and reacting at 85 ◦C for 30 min. The bench reaction was carried out using Pd NP

(3.7 ± 0.8 nm, 1 wt% 100 µL) to catalyse 2 mL reaction mixture at 85◦C for 30 min. The

resultant products were analysed using HPLC. The yield was deduced from HPLC calib-

ration line of the reactant (4-iodophenol). The microreactor can be operated continuously

for 300 h without detectable loss of the yield and TOF.

5.4.7.2 Suzuki reaction 2

Similar to previous reaction, the products were analysed using HPLC. The yield was

deduced from HPLC calibration line of the reactant (4-iodobenzoic acid).

5.4.7.3 Heck reaction

1-iodo-4-nitrobenzene (13.3 mM), styrene (16.6 mM), potassium carbonate (26.6 mM)

and tetrabutylammonium bromide (0.8 mM) were dissolved in 7.5 mL water/DMF 1 : 2

solvent and preheated at 60 ◦C. The reaction mixture was injected and flowed through the

preheated microreactor and control channel (A) at a flow rate of 100 µL h−1, heating and

reacting at 60 ◦C for 2 h. The bench reaction was carried out using Pd NP (3.7 ± 0.8 nm,

1 wt% 100 µL) to catalyse 2 mL reaction mixture at 60◦C for 4 h. The resultant products

were analysed using HPLC. The yield was deduced from HPLC calibration line of the re-

actant (1-iodo-4-nitrobenzene). The microreactor can be operated continuously for 300 h

without detectable loss of the yield and TOF.
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5.4.8 UV-vis and HPLC spectra for examined reactions

Figure 5.16: UV-vis spectra of (a) Au NP catalytic microreactor before and after reaction,
yielding 99% after 5 min. (b) Au NP control channel: the first run gave 50%
yield, then subsequent reaction cycles gave 0% yield. (c) The bench reaction
with Au NPs led to a yield of 50% after 5 min and 99% after 15 min. No
further increase of the product peak (ii) was observed after 15 min. The peak
at 530 nm was caused by the remaining Au NPs in the reaction solution.
The Au NPs used for the bench reaction were difficult to be separated and
recycled for further use.
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Figure 5.17: UV-vis spectra of (a) Au NP catalytic microreactor before and after reaction,
yielding product in 99% after 5 min. (b) Au NP control channel: the first run
gave 60% yield (the blue dashed line); however, the yield quickly decreased
to 0% in subsequent reaction cycles (the pink dashed line). (c) The bench
reaction with Au NPs led to a yield of 60% after 5 min and 99% till 20 min.
The Au NPs used for the bench reaction were difficult to be separated and
recycled for further use.
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Figure 5.18: UV-vis spectra of (a) Au NP catalytic microreactor before and after reac-
tion, yielding 99% after 5 min. (b) control channel did not produce any
product after 10 min. (c) The bench reaction with Au NPs did not produce
any product after 5 min and even 30 min. The wide peak around 400 nm
came from the ethanol solvent.
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Figure 5.19: HPLC spectra of (a) reactants (dashed lines) and after reaction in Pd NP
catalytic microreactor for 30 min, leading to 99% yield (solid line). (b) The Pd
NP control channel did not yield any product after 30 min. Only the peaks of
the reactants were observed. (c) The bench reaction with Pd NPs gave 40%
yield after 30 min, however, with various byproducts (peaks between 25 to
30 min). The Pd NPs used in the bench reaction were difficult to be separated
and recycled for further use.
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Figure 5.20: HPLC spectra of (a) reactants (dashed lines) and after reaction in Pd NP
catalytic microreactor for 30 min, leading to 99% yield (solid line). (b) The
Pd NP control channel did not produce any product after 30 min. Only the
peaks of the reactants were observed. (c) The bench reaction with Pd NPs
gave 50% yield after 30 min, however, with various byproducts (peaks at
17 and 27 min). The Pd NPs used in the bench reaction were difficult to be
separated and recycled for further use.
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Figure 5.21: HPLC spectra of (a) reactants (dashed lines) and after reaction in Pd NP
catalytic microreactor for 2 h, leading to 85% yield (solid line). (b) The Pd NP
control channel did not produce any product after 2 h. The peaks remained
the same with the reactants. (c) The bench reaction with Pd NPs gave 10%
yield after 4 h.
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Figure 5.22: HPLC calibration line of 4-iodophenol.

Figure 5.23: HPLC calibration line of 4-iodobenzoic acid.
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Figure 5.24: HPLC calibration line of 1-iodo-4-nitrobenzene.

5.4.9 Turnover frequency calculation

Turnover frequency (TOF) is the total number of moles transformed into the desired

product by one mole of active site per second. The larger the TOF, the more active the

catalyst.287

TOF =
Moles of product

Moles of catalyst × Reaction time

The TOF for Au NP catalytic microreactor catalysing the reduction of nitrobenzene was

calculated as follows:

Concentration of reactant =
1mM × 0.5mL

8.5mL
= 58.8 µM

Moles of reactant = 58.8µM × 200µL/h× 5min = 3.56× 10−10 mol

Moles of product = (99% ± 1%) x moles of reactant = (3.52 ± 0.04) x 10−10 mol

Number of catalyst in the microreactor with a diameter of 40 µm diameter and length

of 3 cm = πd x 3 cm x density of the immobilised NPs = 4.14 x 109
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Mole of catalyst = 4.14 x 109 ÷ NA = 6.89 x 10−15

So

TOF =
(3.52± 0.04)× 10−10mol

6.89× 10−15 × 300s
= 171 ± 2

TOF for other reactions were calculated by the same method.
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Conclusion and Outlook

Cucurbit[n]uril (CB[n])-engineered nanostructures have been applied in various areas,

ranging from SERS sensing, catalysis, drug delivery to pollutant detection. This thesis

mainly discussed highly stable and sensitive SERS substrates exploiting CB[n]-engineered

nanostructures, including CB[8] catenanes on spiky magnetic gold nanoparticles (Au

NPs) and CB[8] functionalised nanoraspberry particles. A few other applications of

CB[n]-engineered nanostructures such as peptide separation and catalysis have also been

discussed.

Chapter 2 introduced a novel and facile method for the preparation of surface-bound

CB[8] catenanes on silica NPs, which is the first reported work about CB[n]-related caten-

ane structures on NPs. CB[8] can simultaneously sequester two guest molecules in its

cavity. Immobilised on the NP surface, it can act as a nanoscale molecular receptor for

certain aromatic molecules such as perylene bis(diimide), naphthol and aromatic amino

acids. The simple and efficient peptide separation approach using this surface-bound

CB[8] catenane on magnetic NPs, whereby the target peptides could be selectively cap-

tured and separated from a peptide mixture and released by the single-electron reduc-

tion of MV2+, was also demonstrated. Moreover, the CB[8] catenane NPs can be read-

ily recycled after use on account of the incorporated magnetic cores. The introduction

of CB[8] catenane structures onto NPs allows for single molecule recognition on a mi-

cromolar scale, providing potential opportunities in biological sensing and separation,

as well as nanostructure tailoring. One of the promising research directions is utilising
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these CB[8] catenane NPs for the preparation of core-shell NPs, by interacting with a

polymer molecule (e.g. hydroxyethyl cellulose) possessing certain guest moieties (e.g.

naphthol). Another potential application is the complexation of CB[8] catenane NPs with

poly(N-isopropylacrylamide) or polystyrene micelles for the controlled releasing of drug

molecules activated by temperature or pH.

Following the same concept, chapter 3 demonstrated an advanced molecular sensor

exploiting a catenane-engineered nanostructure, by tethering CB[8] onto the surface of

spiky γ-Fe2O3@Au NPs. The deliberately designed spiky shapes contribute to a high

SERS enhancement factor (on the order of 108) and enable target analytes to be detected

with high sensitivities. The immobilisation of CB[8] on the molecular sensor allows for

a greater variety of analyte molecules to be detected via SERS techniques. Moreover,

this molecular sensor shows improved colloidal stability, acting as a free-standing sensor

in water, aqueous buffer or biological system. The detection of a drug molecule, 1,5-

pentamethylene-1H-tetrazole, was demonstrated. This stable and sensitive molecular

sensor provides a useful platform for the detection of controlled substances and auxiliary

diagnostics of various diseases. One of the potential applications is encapsulating the

spiky catenane NPs into microfluidic droplets to detect the cell release, followed by the

sorting of cells according to their released chemicals.

In chapter 4, a new type of CB[n]/Au SERS substrate was described. The emerging fa-

cile one-pot synthesis of γ-Fe2O3@Au magnetic nanoraspberry particles was introduced.

The obtained nanoraspberry particles were monodispersed, highly stable, and of good

magnetic responsiveness on account of the incorporation of the magnetic cores. Moreover,

the curvature surface contributes to a high SERS enhancement factor (on the order of 1010),

making it advantageous for a high-performance SERS substrate. By complexing a dense

layer of CB[n] onto the surface of nanoraspberry NPs via its portal, they could act as a

stable molecular sensor for a variety of electron-deficient and electron-rich molecules.

The detection of ephedrine with high sensitivities was demonstrated. This stable and

monodispersed nanoraspberry provides a powerful high-performance substrate for SERS

detection of various biomolecules, chemicals and illegal drugs. One of the promising
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applications is the nanoraspberry-on-mirror geometry, which might lead to extremely

highly enhanced fields in the gaps between the nanoraspberry particles and Au surface.

Chapter 5 introduced CB[7]-based metallic NP catalytic microreactors, where metallic

NPs were immobilised as a monolayer inside microchannels via supramolecular inclu-

sion complexes (MV-silane@CB[7]). The high surface area to volume ratio of both the

microchannel and metallic NPs contribute to remarkable activity of the catalytic microre-

actor. All catalytic reactions investigated with the Au NP and Pd NP microreactors exhib-

ited high yield with high turnover frequencies (TOF up to 104 s−1), significantly higher

than most single-site heterogeneous NP catalysts269–276 and above the values of relev-

ant industrial applications (TOF values in the range of 10−2 to 102 s−1).279 This CB[7]-

based attachment methodology provides a powerful multifunctional platform for high

performance flow chemistry, holding great promise in a variety of catalytic reactions,

as well as sensing applications. One promising research direction is the preparation of

a CB[n]-based microchannel sensor for trace amount molecule detection. A similar at-

tachment methodology was applied. The microchannel was first functionalised with (3-

mercaptopropyl)trimethoxysilane, followed by the injection of Au NPs (100 nm) which

were then immobilised by the thiol moieties onto the microchannel surface. CB[n] (n=7,8)

solutions were injected, after which Au NPs (60 nm) solutions were injected again to cre-

ate the plamonic junctions. This approach takes advantage of the microchannel to create

CB[n]-bridged metallic NP clusters under controlled conditions, thus avoiding the in-

stability of the substrates system. A detection sensitivity down to 1 nM was achieved,

however conditions still need to be modified to achieve even higher sensitivities.

In conclusion, the functionalising of CB[n] macromolecular structures onto nanoscale

substrates establishes an exceptional interface between the molecular engineering and

nanoscience. The host-guest complexation of CB[n] with guest molecules and the strong

binding affinity of CB[n]’s portal with metallic interfaces provide controlling of the nano-

constructs in the molecular level. CB[n]-engineered nano-construct has proven itself as

a versatile tool in various applications such as separation science, molecular sensing and

catalysis.
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