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Abstract

Supramolecular electrochemistry, especially the cucurbit[n]uril-based (CBn, n = 5-8,
10) electrochemistry, has sparked extensive research interests for the combining advantages of
complexation-induced unique properties of guest molecules, outstanding features of rigid
macrocyclic CBn host as well as rich thermodynamic and Kkinetic information provided by
electrochemical techniques. CBn perform pronounced binding ability towards a wide range of
molecules, giving rise to substantial application potentials, such as reactivity modulation and
sensing. Quantitative analysis of binding behaviours between CBn and guest molecules can
effectively offer instructive guidance to design the host-guest systems better catering for the
ending applications, thus being of great interests and importance in supramolecular chemistry
area.

Herein, this research started from the investigation of the complexation events between
CB7/CB8 host and redox active resazurin (RZ). Interestingly, it has been discovered that the
electrochemical activity of RZ can be oppositely modulated upon the complexation with CB7
and CB8, manifesting the effect of the host-guest encapsulation tightness on the reaction
activity. In addition to the research regarding reactivity modulation caused by CBn
complexation, we also explored quantitative analysis for binding behaviours by proposing a
rapid and simple electrochemical approach for rapidly estimating binding constants of CB8-
methyl viologen (CB8-MV?*)-based ternary complexes by uncovering the correlation between
their electrochemical characteristics and binding constants. This electrochemical scheme has
overcome the shortcomings, such as long experimental period, complicated data analysis,
expensive instrument, limited applicability to sparsely soluble guests, etc, presented by
conventional supramolecular titration methodologies. Furthermore, it is notable that we
extended the binding constant estimation applicability boundary from simple buffer solution to
complex bio-media, ranging from synthetic urine (SU), human serum (HS), fetal bovine serum
(FBS) to animal blood of sheep blood (SB) and horse blood (HB), with the aid of simple CB8-
MV?* assay via electrochemical titration measurements. Other than quantitative analysis, the
application potentials for supramolecular-based electrochemical sensing have also been
explored. A dual-functional assay that can work as either associative binding assay (ABA) or
the indicator displacement assay (IDA) was established by employing CB8-MV?* molecular
platform, in which the redox active MV?* worked as a sensitive electrochemical reporter.
Moreover, included but not limited to simple biologically relevant buffer solution, CB8-MV?*
also presented sensing ability for biomolecules, which are of diverse binding affinities and
structural conformation in complex bio-media (e.g. SU, HS, FBS, SB and HB), with decent
sensing properties, i.e. down to 108 M of minimum detectable concentration (MDC) and linear
detection range located within physiologically relevant micromolar range. In a nutshell, this
research has explored the analytical and sensing applications of CBn-based electrochemistry,
which is readily to be extended for other applications based on different supramolecular
systems.
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Impact statement

The modulation of reaction activity upon complexation appeared to be highly attractive
in catalysis, analytical chemistry, and synthetic chemistry recently. This research has studied
the modulation effect of CB7 and CB8 towards the reaction activity of redox-active resazurin
(denoted as [RZ-H] at pH 7) by electrochemistry. It is novel to note that CB7 and CB8
demonstrated opposite modulation effect on the electrochemical reactivity of [RZ-H] in its
irreversible reduction process. The opposite modulation of CB7 and CB8 could be presumably
due to the different ease of water molecules approaching the reaction centre on RZ resulted
from different encapsulation tightness. The observed converse modulation effect of CBn is
expected to extend to study other redox processes where photo transfer steps are coupled with
electron transfer steps, widening the range of investigation on supramolecular modulation.

Binding constants are considered as an important quantitative indicator to offer insights
into the molecular interactions between host and guest molecules in supramolecular chemistry.
Current methodologies in the estimation of the binding constants of host-guest complexes
suffer from a range of inherent limitations such as the expensive instrument, certain solubility
of host/guest molecules, long experimental period and complicated data analysis process, and
moreover, it is still highly challenging to achieve measurements in biologically most relevant
media like serum and blood. This research has first-time proposed a rapid and simple
electrochemical scheme for the estimation of binding constants by uncovering a linear
correlation between the reduction potential shifts and the isothermal calorimetry (ITC)-
measured binding constants of CB8-MV?*-based ternary complexes, allowing for the
estimation of binding constants with one-point electrochemical measurement in high-
throughput fashion. More surprisingly, this research has enabled binding constant estimation
in complex bio-media with the aid of CB8-MV?* assay via electrochemical titration procedures,
offering insights into the host-guest interactions in bio-media for in-situ biological research
based on supramolecular systems.

Detection for small biologically relevant molecules has attracted and continuously
attracted widespread attention. An electrochemical dual-functional sensing assay has been
designed based on the self-assembly of CB8 and commercially available MV?* at a low
synthetic effort. Particularly, CB8-MV?* can work in two formats, e.g. (1) associative binding
assay (ABA) and (2) indicator displacement assay (IDA), by taking advantage of
environmental sensitive and redox active MV?* and spacious CB8. Gratifying to see that down
to 10® M minimum detectable concentration together with linear detection range in
physiologically relevant micromolar range have been achieved by CB8-MV?* assay in diverse
complex bio-media (e.g. SU, HS, FBS, SB and HB), which is of promising meanings for
sensing real samples in practical applications.
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Chapter 1. Introduction and literature review

This Chapter firstly described the motivations of the research and introduced the
fundamental working principles of typical electrochemical techniques. Additionally, this
Chapter also reviewed the history and current development of a series relevant areas. In the
latter part, research objectives and the structure of the thesis were demonstrated.

1.1 Supramolecular hosts

Host molecules with confined cavities have capability of accommodating small guest
molecules upon interacting with them via strong covalent bonding or weak non-covalent
interactions, such as electrostatic interactions, intermolecular forces and hydrogen bonding.
Among a wide range of reported host molecules, supramolecular hosts are macrocyclic hosts,
which mainly interact with the guest molecules by non-covalent intermolecular forces. The
most popular supramolecular hosts include crown ethers (CEs), calixarenes (CXs),
cyclodextrins (CDs) and cucurbit[n]urils (CBs).
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Fig. 1.1 (a) Structures of 12-crown-4, 15-crown-5 and 18-crown-6 [, Copyright 1978 Nature
Publishing Group. (b) Structure of cup-shaped calix[4]arene [4. Copyright 2000 Royal Society
of Chemistry.

Crown ethers (CEs) are an early generation of cyclic hosts, whose discovery and
synthesis history can date back to 1967 [2l. CEs consist of repetitive ether units, and the term
of ‘crown’ describes the resembled structure of the complexes formed between CEs and cations.
Fig.1.1a [ displays the structures of several typical CEs. The first number in the names of CEs
refers to how many atoms located on the ring and the second number in their names specifically
refers to the number of oxygen atoms. CEs have capability of forming strong complexes with
certain cations by the formation of coordinate bond or hydrogen bond between the oxygen
atoms located at the interior of the ring and the cations situated in the inner cavity of CEs. The
formed complexes between CEs and cations are amphiphilic [, i.e. the inner section of the
complex is hydrophilic while the outer part is hydrophobic, allowing them to serve as catalysts
in phase-transfer chemical reactions 1. Although CEs can be applied for drug delivery after
reducing their inherent toxicity ©, further application in biological filed of CEs is still greatly
limited by their toxicity ["). Thus, other macrocyclic hosts candidates that are biological benign
present considerably attractive to be explored.
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Calixarenes (CXs) are cup-shaped macrocycle compounds that were discovered in the
early 1970s. CXs are composed of methylene-bridged phenols with -basic hydrophobic
cavities. Fig. 1.1b shows the structure and cup-shaped conformation of calix[4]arene, a typical
calixarene derivative, where the number ‘4’ refers to four repetitive units in its ring 8. Taking
advantage of the well-defined hydrophobic cavity, CXs are able to encapsulate a wide range of
small guest molecules as host-guest complexes via non-covalent interactions such as m-m and
CH-m stacking interactions 2. Additionally, it is novel to note that the cavity size of CXs is
adjustable and the upper and lower rims of CXs are ready to be functionalized by different
substituents. As a result, a massive range of CXs derivatives have been designed to form a
variety of supramolecular complexes ¥ for diverse application purposes including cation
recognition (% cancer chemotherapy 3, fluorescent sensing probes [12 etc. However,
although CXs are less toxic compared to CEs, one disadvantageous point of CXs needs to be
mentioned is that they are practically insoluble in water, making it unpopular in applications in
which biological relevant buffer environments are involved. Hence, there is still left space for
the discovery and synthesis of other supramolecular hosts with more desired characteristics.
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Fig. 1.2 (a) Chemical formula and (b) schematic structure of CDs. (c) Chemical structure and
dimensions of a« CD, f CD, and y CD. (d) Schematic representation of the host-guest
complexation process between CDs and guest molecules [*31. Copyright 2018 Springer Verlag.
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Cyclodextrins (CDs) are a family of synthetic cage supramolecules produced from the
enzymatic degradation of starch, one of the most crucial polysaccharides in the world, and it
has more than 100 years of history [*4]. The truncated-cone-shaped hydrophobic cavity of CDs
are composed of several covalently linked glucose units, i.e. a-(1,4) linked glucopyranose units,
and the cavity shape of CDs is maintained via the hydrogen bonding formed between the
hydroxyl groups of neighbouring unites located at the larger rim of the cavity [*%l. The cavity
of CDs is hydrophobic, with C-H bonds pointing towards the inner cavity. Meanwhile, the
outer part of CDs is hydrophilic with the presence of hydroxyl groups, rendering CDs certain
water solubilities. According to the number of glucose units included in CDs, they are classified
as aCD, BCD and yCD corresponding to six, seven and eight glucose units, respectively (Fig.
1.2). The cavity diameter and volume of aCD, SCD and yCD increases sequentially while the
cage height of them is identical [*51. Among three homologues of CDs, SCD is the one that has
been investigated most extensively due to its most outstanding capability of the formation of
inclusion complexes with a substantial range of guest molecules via host-guest interactions.
Upon host-guest complexation between CDs and guest molecules (Fig. 1.2d), the chemical and
physical properties of guest molecules can be modified and thus provide diverse application
possibilities. The cytotoxicity of CDs is negligible, attributing their applicability in biological
and pharmaceuticals fields. A great deal of research has been directed in the wide range of
applications of CDs, including drug delivery %1, molecular recognition 171, food industry (8],
environment protection 191, etc.

increasing cavity size

wu 60

Fig. 1.3 Molecular models of CBn (n = 5, 6, 7, 8) [?%. Copyright 2018 American Chemical
Society.

Cucurbiturils (CBs) are an emerging young generation of synthetic macrocyclic hosts
that are attracting particularly widespread attention in the field of supramolecular chemistry.
CBs are made up of glycoluril units bridged by methylene, which results in a well-defined,
rigid and highly symmetric hydrophobic cavity as well as two identical electronegative
carbonyl-lined portals. According to the number of glycoluril units, CBs are named as
cucurbit[n]uril (CBn), where n = 5, 6, 7, 8, and 10. Like CDs, the cavity diameter of CBs
increases sequentially as the number of glycoluril member while the height keeps unchanged
as 0.9 nm (Fig. 1.3) [2%], CBs stands out among classic macrocyclic hosts of CEs, CXs and CDs
by taking advantages of the unique properties of biological benign nature, ability to form host-
guest complexes with stronger binding affinities, higher selectivity as well as specificity
towards the shape and charge of guest molecules 2%, Detail discusssion about the fundamental
properties and the host-guest chemistry of CBn can be found in the Chapter 1.4 and 1.5. With
unique features of CBs, CBs display manifold application potentials, such as molecular
recognition, surface-enhanced Raman spectroscopy (SERS)-based sensing, molecular
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machines and switches, supramolecular catalysis, drug delivery, environmental and analytical
chemistry, etc [22-25],

1.2 History and synthesis of CBs

A white and amorphous condensation product of glycoluril and formaldehyde was
obtained in concentrated hydrochloric acid solution by Behrend’s group in 1905, which is a
very first predecessor of CBs and known as Behrend polymer 281, Until 1981, the constitution
of this condensation product was characterized by Mock et al when they revisited Behrend’s
experiments and reports 21, Mock and co-workers successfully crystalized a hydrated
macrocycle consisting of six glycoluril units and twelve methylene bridges, which was named
as CB6 due to the resemblance between its structure and the pumpkin, and the number ‘6’
refers to the number of glucoluril units contained in the compound 2”-?%, Indeed, the obtained
CB6 by Mock et al in this work was not pure and was a mixture of other CB analogues, and
the isolation and X-ray characterization of CBn homologues (CB5, CB7 and CB8) were
achieved until 2000 by Kim and co-workers [%. Within the following 2 years, Day et al
identified the interlocked complex of CB5cCB10 1, paving for the presence of CB5 and
CB10. With the presence of CB5, CB7 and CB8 in addition of CB6 at the beginning of new
millennium, research interests regarding CBn chemistry grew up at a remarkable rate, which is
witnessed by numerous articles and reviews were published over the decade past 2000 [32],
indicating that CBn is a new generation of research focus in supramolecular chemistry after
CXs.
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Fig. 1.4 (a) Synthesis and (b) general purification procedures of CBn mixture, where 2b is
1,12-dodecanediamine. Reproduced with the permission from ref. [32] and ref. [33]. Copyright
2009, 2012 Royal Society of Chemistry.

The precise fabrication protocol, isolation strategy as well as the reaction mechanism
of CBn were thoroughly investigated by Isaacs and co-workers [33-31, The general fabrication
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of CBn mixtures starts from the reaction between glycoluril and formaldehyde in concentrated
acidic condition as illustrated in Fig. 1.4a [33. CBn (n = 5-8) mixture can be obtained by
evaporation and precipitation in water and methanol after heating the solution up to 80-100 °C
during10-100 hours; CB6 is the major constituent of the obtained CBn mixture, and there are
still trace amount of CB5cCB10, inverted CB6 (iCB6) and other oligomers. To isolate CBn
mixture into pure CB6, CB7 and CB8, the CBn mixture can be purified following procedures
proposed by Isaacs et al [, which is mainly based on the differential solubility of each
component in water, water/methanol, and diluted HCI as displayed in Fig. 1.4b. In detail, CB5
and CB7 can be isolated from the raw CBn mixture by dissolving the raw CBn mixture in water
and 50% methanol solution sequentially. The precipitate content of the aqueous solution of raw
CBn mixture after centrifuging is the mixture of CB6, CB8, iCB6 and CB5cCB10, from which
CB8 can be purified from the mixture with 3M of HCI. CB6 can be then obtained via the
evaporation of the left mixture. CB5 and CB10 can be obtained by displacing the CB5 from
CB5cCB10 via the competitive binding of the commercially available 1,12-diaminododecane
at acidic condition and the left 1,12-diaminododecane can be removed via washing with
NaOH/methanol solution [32:3336],

1.3 Basic properties of CBs
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Fig. 1.5 (a) Electrostatic potential map (top and side view) of CB8 211, The red zone represents
the electron-rich region, and the blue zone represents electron-deficient region. Copyright 2011
Wiley-VCH. (b) Three different types of CBn cavities with two identical graphene-like capping
[21], Copyright 2011 Wiley-VCH.

CBn (n = 5-8, 10) are a family of rigid macrocycles consisting of n glycoluril units.
Two identical rims of CBn are carbonyl lined and electronegatively charged, which are
visualized by the electrostatic potential map obtained by the Nau group [?1. As shown in Fig.
1.5a, the electron density of CBn portals is rich in the presence of carbonyl oxygens,
rationalizing the outstanding performance of CBn as cation receptors; on the other hand, the
electron density on the equatorial phase of CBn are deficient because neither lone electron pairs
nor bonds point towards the inside cavity of CBn. The electron density of the interior cavity
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bears little information for the hydrophobic cavity of CBn. The effective hydrophobicity of
CBn cavity is determined by the polarity, which was estimated by several polarity-sensitive
probes 71, It was found that the inner cavity of CBn is less polar than water, indicating that the
inner cavity of CBn is hydrophobic in essence.

All CBn homologues have identical height of 9.1 A, while their cavity diameter, portal
diameter and outer diameter increase along the homologous CBn family [21:33], The exact values
of these structural parameters for CBn (n = 5-8, 10) are displayed in Table 1.1. The portal
diameter of CBn is smaller than its cavity diameter, rendering it strict size selectivity towards
guest molecules. The cavity volume of CBn were computationally calculated by introducing
two identical blocking lids to ‘seal’ the open portal of CBn in computed models, and according
to different degrees of capping, three different types of cavity volume, e.g. expanded cavity,
truncated cavity and inner cavity, were estimated for each CBn (Fig. 1.5b, Table. 1.2).
Comparing three types of computed cavity volume of CBn with X-ray and crystallographic
data, the most useful value to determine the effective cavity space for binding interactions is
the inner cavity value. It is worth noting that the inner cavity volume of CB6, CB7 and CB8
are comparable to that of «aCD, SCD and yCD, respectively, while the binding features of CDs
are distinct from CBs. Interestingly, the water solubility of CBn is fairly desire; specially, the
solubility of CBn with odd number of glycoluril unit (CB5, CB7) have better water solubility,

i.e. 20-30 mM, than CBn which have even number of glycoluril unit (CB6, CB8 and CB10)
[31],

Table 1.1 Structural parameters of CBn (n = 5-8, 10) 39331 Copyright 2000 American
Chemical Society, 2009 Royal Society of Chemistry.

Parameters (A) CB5 CB6 CB7 CB8 CB10

Cavity diameter 4.4 5.8 7.3 8.8 11.3-12.4

Portal diameter 2.4 3.9 54 6.9 9.5-10.6

Outer diameter 13.1 14.4 16.0 17.5 20.0
Height 9.1

Table 1.2 Estimated cavity volumes of CBn (n=5-8, 10) [?1l, Copyright 2011 Wiley-VCH.

Estimated cavity volume (A3)

Cavity type Expanded Truncated Inner
CB5 81 51 68
CB6 164 93 142
CB7 282 158 242
CB8 479 263 367

CB10 901 494 691

Cavity volumes of CBn cannot completely reveal their effective binding capacities
because it is preferable to leave a specific void room to maximize the entropy after
encapsulating guest molecules. Packing coefficient, defined as the volume ration between the
guest molecule and the inner cavity of host molecule, is utilized as an effective indicator to
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predict the binding affinity between host and guest. Surprisingly, the rule of ‘55% of PC’ in
solution proposed by Rebek et al was found to be the optimum packing coefficient giving the
highest binding affinity of host-guest complex 28], The underlying reason of such 55% packing
coefficient rule is that 45% void space left in the cavity render certain mobility freedom for
both host and guest molecule while a higher packing coefficient would at the expanse of such
mobility freedom. Of course, the number of 55% is not extremely strict and a certain degree of
shifts in packing coefficient is tolerated with a resulting depressed binding constant [39,
Referring to the optimum 55% packing coefficient and the inner cavity volume of CBn, the
number of water molecules stay inside CBn cavity was estimated in the range of 1 to 20 using
X-ray characterization and molecular dynamics simulations (Table. 1.3) [2140],

Table 1.3 Number of water molecules inside inner cavity of CBn (n = 5-8, 10) 21, Copyright
2011 Wiley-VCH.

Number of water molecules in inner cavity

X-ray Molecular dynamics simulations

CB5 1-2 2
CB6 3-4 4
CB7 7
CB8 11-12 10
CB10 20

S0 Oomo g
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Fig. 1.6 The release of high-energy water molecules of CBn upon complexation with guest
molecules 1, Copyright 2012 American Chemical Society.

Water molecules confined in a microenvironment are remarkably distinct from the bulk
water molecules #2441 which are called ‘high-energy water molecules’ because such
confinement is neither enthalpically nor entropically favourable. The convergence of molecular
dynamics simulations and experimental results obtained by Alfonso and co-workers [4149]
reveals that the release of these included high-energy water molecules from CBn cavities works
as the major driving force when CBn binds to neutrally charged guest molecules in aqueous
solutions. The removal of included water molecules upon complexation provides CBn entropic
gain, which accordingly results in strong binding affinities for CBn towards uncharged guest
molecules (Fig. 1.6). It is worth mentioning that the interactions between confined water
molecules in the cases of small CB homologues, e.g. CB5, CB6 and CB7, are significantly less
favourable with respect to bulk water molecules since their small cavities limited the formation
of hydrogen bonds and do not allow hydrogen bonds to arrange into a more energetically stable
network as indicated by the H-bond count and E(H20) in Table. 1.4 41451, Conversely, CBS, a
larger homologue of CBn, enables the internal water molecules to optimize their hydrogen
bonds networks to a similar structure with bulk water molecules, giving rise to a comparable
value of E(H20) with bulk phase (Table. 1.4). Overall, the energy of one single CBn confined
water molecule decreases as the cavity size increases because the formation of stable hydrogen
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bond networks is favoured by larger cavities, while on the other hand, the number of confined
water molecules increase as the cavity size 2241451, Combing these two counterbalancing
factors, CB7 appears to be the one offering the strongest binding affinities for neutral guest
molecules with respect to other CBn homologues by perfectly compromise these two factors
to reach maximum energy gain.

Table 1.4 The number of hydrogen bond and energy regarding the release of confined hight-
water molecules of CBn (n = 5-8, 10) 1. Copyright 2011 Wiley-VCH.

H-bond count E(H20) (kJ/mol) AE(all) (kJ/mol)
Bulk water 2.54 79+15.2
CB5 0.99 63.2+14 -41.6+28.8
CB6 1.31 64.4+11 -51.5429.0
CB7 2.01 74.44+11.3 -102.44+31.3
CBs8 2.55 81.8+£12.5 -66.2+10.7

E(H20) represents to the average potential energy loss with the removal of one single water
molecule from CBn cavity; AE(all) represents the potential energy difference when removing
all confined water molecules and transferring the bulk aqueous solution.

1.4 Host-guest chemistry of CBs

T
+ K

Host Guest
11 11 2:1 1:2 1:1:1 2:2

exclusion inclusion homodimer heteroternary

Fig. 1.7 CBn-based inclusion and exclusion complexes with different stoichiometries [2.
Copyright 2015 American Chemical Society.

The fundamental behind diverse application potentials of CBs including but not limited
to sensing #6-49 drug delivery 5954, catalysis [%>561 molecular machines 571, materials design
(5859 is host-guest chemistry of CBs, and interestingly, the physical, chemical and/or
biological properties of encapsulated guests tend to be modified upon the complexation. The
first complexation behaviour for CBs was reported by Mock et al in 1983 [%%; specifically, the
formation of host-guest complexes between CB6 and alkylammonium and alkyl diammonium
ions were studied. Loads of investigations have been executed to gain comprehensive
understanding about the driving force for the formation of host-guest complexes of CBn.
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Considering about the driving force for the formation of CBn-based host-guest complexes,
several different effects have been proposed. When CBn work as a cation binder, the ion-diploe
interactions and/or the formation of hydrogen bond between positively charged guests, such as
guest possess ammonium groups, and the electronegatively charged carbonyl rims of CBn play
a determinant role. When guest is neutrally charged, the hydrophobic effect that describes the
entropic gain upon the release of confined high-energy water molecules after encapsulating
guests mainly drives the formation of CBn-based inclusion complexes. No matter whether the
guest is charged, size complementary effect (empirical 55% packing coefficient rule) is of
particular importance in determining the binding affinities of CBn-based complexes.

Table 1.5 Binding constants (logKa) of complexes between CBn and cations ¢4, Copyright
2019 Royal Society of Chemistry.

CB5 CB6 CB7 CB8

NH4* 2.59 3.79 2.82
Li* 2.02 2.41 2.34 1.69
Na* 3.94 3/89 341 2.49
K* 4.73 3.81 3.46 2.66
Rb* 3.22 4.30 3.43 2.64
Cs* 2.61 5.31 3.50 2.55
Ag* 3.87 3.54 2.32
Mg? 2.50 3.57 3.24 2.72
Ca?* 2.64 4.22 4.25 3.31
Sr2 5.16 491 4.79 3.63
Ba?* 6.44 5.29 5.28 3.95
Ni2* 2.73 2.59 3.50 2.73
Cu? 2.88 3.75 2.86
Zn?* 2.45 3.40 2.67
ARt 3.81 2.90 2.90
Fe¥* 3.66 5.17 4.18 3.00
Yh3* 3.71 3.50 4.42 3.44
La%* 4.17 4.16 5.28 3.76

As for the stoichiometry of CBn-based host-guest complexes, there are several different
conditions as demonstrated in Fig. 1.7, among which 1:1 is the most typical ratio for binary
complexes in the cases of smaller CBn homologues (n = 5-7). For CB8, apart from 1:1 host-
guest complex, it is able to accommodate two guest molecules simultaneously by leveraging
its spacious cavity and depending on the kind of the included two guest molecules, they are
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defined as homo- and hetero-ternary complex, corresponding to the 1:2 and 1:1:1 ratio
respectively in Fig. 1.7.

For CB5, the smallest homologue of CB family, the formation of 1:1 binary host-guest
complexes and corresponding binding affinities with inorganic cations, including transition
metal, ammonium, monovalent alkali, divalent alkaline and trivalent ions in aqueous solution
have been investigated, which were also achievable by other larger CB members. The
corresponding binding constants are summarized in Table 1.5 61631 Additionally, CB5 was
also reported to be capability to encapsulate neutral gas molecules (N2 and O2) and organic
molecules (methanol and acetonitrile) in gas phase [64].

For another small homologue of CB, CB6 is the first fabricated and most abundant CB
species. Other than the cations demonstrated in Table 1.5, it has been reported that CB6 can
form 1:1 binary inclusion complex with aliphatic alcohols, aromatic compounds, different
kinds of amines, and surprisingly, an ultrahigh binding affinity of 10 M is achieved by
spermine 20651 Additionally, CB6 is also able to encapsulate cations mentioned in the case of
CBS5 and the corresponding binding affinities are generally slightly stronger than that of CB5
(Table 1.5) [61.861 Other than these inclusion complexes, it is reported that CB6 can also form
exclusion complexes with a group of molecules like pyrene and peptide [2°,

For the larger CB homologue of CB?7, its cavity is spacious enough to accommodate
simple three-dimensional guests other than chain molecules and small gas molecules, and
thereby the variety of guest molecules is much more diverse and the corresponding binding
affinities are generally higher with respect to CB5 and CB6 2%, Adamantylamine, ferrocene
and cobaltocene derivatives (Fig. 1.8a) are found as typical strong binders for CB7, offering
impressively high binding constants, e.g. 7.2 x10'7 M of CB7-diamantane diammonium [67-
731, Such favourable binding constants is on account of the desired entropic gain via complete
removal of confined high-energy water molecules from the cavity as well as the excellent size
and shape matching effect. Taking ferrocene as an example, which was first proposed by Kim
and Kaifer in 2003 [, its perfect size matching is visually illustrated by its DFT-optimized
molecular model Fig. 1.8b. The strong binding strength reached in the case of CB7 is
comparable to ["1721 or even exceed %] the strongest non-covalent interactions explored in the
case of nature biotin-avidin pair. In addition to spacious cavity of CB7, its outstanding water
solubility of around 30 mM promise its promising applicability in aqueous biologically relevant
environment via its strong binding with drug molecules, proteins, aminos, peptides.
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Fig. 1.8 (a) Chemical structures of strong guest molecules for CB7 [286°1, Copyright 2015 Royal
Society of Chemistry, 2005 American Chemical Society. (b) The optimized molecular model
of CB7-ferrocene complex [681. Copyright 2003 American Chemical Society.
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For CB8, whose cavity size is comparable to yCD and 1.7 times larger than that of CB7,
demonstrates a comparable host-guest chemistry fundamentals and relatively more kinds of
host-guest binding possibilities in comparison with other smaller CB members. Firstly, like
other smaller CB homologues, CB8 is also amendable for the formation of simple 1:1 binary
complex with both planar and relatively bulker guests. Strong binders like bulky adamantane
and ferrocene derivatives for CB7 (Fig .1.8b) can also be tightly encapsulated by CB8, giving
a generally slightly weaker binding constants with respect to CB7 ['172],

(a)

NH2 H;N |
@NHz H2N® { N 0 12 CB[B] _y
— —_—
Stz Hags /+ 3 T 5

C,,TA*
g 9 .
e -0° —
® N o NN
= L X NE A
s L | —{ - "
—N\/'N—Cur CmTA ~(CH3)3N CmHZmH
A =R, CH o (m=86, 8, 10, 12, 14, 16)
1=H, Ry 3 CBI8]
Ry =Ry = CHy

Fig. 1.9 Chemical structures of (a) two macrocyclic molecules that can be encapsulated by
CB8 and (b) molecules possess two binding sites that can preferentially bind with CB8 [7473],
Copyright 2002, 2011 Royal Society of Chemistry. (c) Conformational change of an aliphatic
chain upon complexation with CB8 [781. Copyright 2011 Wiley-VCH.

Apart from these simple three-dimensional guest molecules, CB8 cavity is even
spacious enough to accommodate larger macrocycles as guests (Fig. 1.9a), allowing for the
formation of a macrocycle-macrocycle complex [l Moreover, it is interesting to note that CB8
can induce conformational change of included guests on account of the large cavity width. For
example, Kim and co-workers found that aliphatic chain tends to exist as U-shape conformation
within CB8 cavity in order to be fully encapsulated (Fig. 1.9¢) ["6]. Although such U-shape
folding will lead to an entropic penalty, the significant enthalpic gain from the van der Waals
interactions between the hydrophobic cavity and chain can overcompensate it in this instance.
Additionally, the inclusion of nitroxide derivatives by CB8 has been investigated recently by
researchers [7>77-82] \When one molecule possesses two binding sites of ferrocene and nitroxide
simultaneously, such as the chemical structures shown in Fig. 1.9b, CB8 perform differential
complexation towards them. The inclusion preference of CB8 towards these two binding blocks
is dependent on the methylation degree of the nitrogen. When R1 = R2 = H, CB8 mainly
includes the ferrocene residue while when the hydrogen on nitrogen is displaced by methyl
side chain, the tempo block tends to be encapsulated inside CB8 as well, and surprisingly, when
two of hydrogen atoms on nitrogen are entirely displaced by methyl group, the inclusion of
tempo unit appears to be clearly predominant in comparison to the ferrocene residue 7],

Apart from simple 1:1 binary complexation, CB8 presents uniquely in its ability to
encapsulate two guest molecules simultaneously. Depending on the kinds of two included guest
molecules, the obtained ternary complex is classified as homo- and hetero-ternary complex.
The formation of a wide range of CB8-based hetero-ternary complexes with doubly charged
viologen derivatives as the first guest (G1) and aromatic molecules like tryptophan, dopamine,
2-naphthol,  phenol,  1,6-dihydroxynaphthalene,  1,5-dihydroxynaphthalene,  2,3-
dihydroxynaphthalene, 2,7-dihydroxynaphthalene, pyrocatechol, 4-chlorophenol, 4-
cyanophenol, 2-methoxyphenol, tryptophan derivatives, etc, as the second guest (G2) has been
identified (83861, The binding constants corresponding to the second binding behaviours were
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exploited in detail by isothermal calorimetry (ITC) and electrospray ionization mass
spectroscopy (ESI-MS), and desire correlation was found between the values obtained in
solution and gaseous condition 871, In addition to these hetero-ternary complexes, homo-ternary
complexes of a variety of guests such as neutral red [ anthracene derivatives %% 9-
aminoacridinium 4, N-phenylpiperazine ®21, coumarin [*3l, have been reported (Fig .1. 10a).
In an analogous fashion, radical cations can also dimerize inside CB8 cavity as homo-ternary
complexes. For instance, the dimerization of methyl viologen radical (MV*") after undergoing
one-electron electrochemical reduction is a typical example that has been studied by the Kim
group and the Kaifer group (Fig. 1.10b) [67:94-%I_The ability of radical dimerization inside CB8
cavity offers an exceptional electrochemical reduction property to inclusion complex of CB8-
methyl viologen (CB8-MV?*). Generally, the reduction potential tends to negatively shift upon
complexation with CBn, for example, the reduction peak of CB7-MV?* is more negative than
that of free MV?*, which is rationalized by the preferential binding of CB7 towards more
positively charged species of MV?* via ion-dipole interactions. On the contrary, the reduction
of MV?* is favoured upon CB8 encapsulation, which is attributed to the stronger binding of
CB8 with the dimerized one-electron reduced intermediate MV**. Such opposite shift of MV?*
reduction potential in the presence of CB7 and CB8 is illustrated in the electrochemical results
in Fig. 1.11.
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Fig. 1.10 (a) Chemical structures of selective guests that can form homo-ternary complex with
CB8 [78], Copyright 2011 Wiley-VCH. (b) Dimerization process within CB8 cavity upon MV?*
reduction [®4. Copyright 2002 Royal Society of Chemistry.
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Fig. 1.11 Cyclic voltammograms of (a) 0.5mM MV?* in the absence (dashed line) and presence
of 3 equivalents of CB7 (solid line), and (b) 0.5mM MV?* in the absence (dotted line) and
presence of 0.25 (dashed line) and 1 equivalent of CB8 (solid line) [%4%I, Copyright 2002 Royal
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Society of Chemistry, 2002 Proceedings of the National Academy of Sciences of the United
States of America (PNAS).

Other than inclusion complexes, CBn can also form exclusion complexes with guest
molecules through host-guest interactions. For example, a large guest molecule of fullerene[60]
was found to be able to form a 1:2 exclusion complex with large CB8 (Fig. 1.12) [¥7],

Fig. 1.12 The formation of 2:1 exclusion supramolecular complex between fullerene[60] and
CB8 [*7]. Copyright 2006 Elsevier.

1.5 Basics of electrochemistry

Electrochemistry is a powerful tool to investigate the electron-transfer involved
reactions of redox active molecules. It is mainly to probe the process undergoing at the interface
between the electrode and the liquid phase containing target redox analyte and conductive
electrolyte. At this interface, a special layer of charging called ‘electrical double layer’ is
formed, consisting of two parallel planes. The first layer is a compact layer that is composed
of ions adsorbed on the electrode surface resulting from the chemical interactions, and the
second layer is diffuse layer that is made of free ions that move in the liquid phase %89, Under
the applied external potential in electrochemical measurements, the capacitance current tends
to be present due to the charging and/or discharging of the double layer, which tends to interfere
the investigations for the target electrochemical reactions, and thus, such capacitance current
needs to be depressed or isolated. The current that is intended to monitor is the faradaic current,
which is associated with the reduction and/or oxidation reactions of the target redox active
species happening at the surface of the working electrode (WE).

RT 1, £0%).

— 0
E=E +nF (Red)

(1.2)

Thermodynamic data determines whether the reaction takes place spontaneously and
Kinetic data describes the reaction rate. In terms of thermodynamics, Nernst equation (eq. 1.1)
proposed by Walther Nernst allows for the calculation of the reduction potential referring to
the standard potential (E®) of a species and the estimation of the relative reducibility of the
target species 1100101 where R is the universal gas constant; T is the temperature; n is the
number of electrons; F is the Faraday’s constant; (Ox) and (Red) are the concentration of
oxidant and reductant, respectively. In terms of kinetics, the overall rate for an electrochemical
reaction is determinant by the slowest step among electrode reactions and mass transport
processes. There are three types of mass transport in an electrochemical reaction, i.e. diffusion,
migration, and convection, among which the diffusion mode depending on the concentration
gradient between the electrode surface and the bulk solution is the mostly involved one. If the
rate of the reaction is fully diffusion-controlled, then the reaction is completely reversible
process.

Three-electrode setup consisting of reference electrode (RE), counter electrode (CE)
and working electrode (WE) is the most typically utilized arrangement in electrochemical
measurements. The most popular REs includes Ag/AgCl and saturated calomel electrode
(SCE), and the most popular CE is platinum wire/plate; for WE, disc electrodes with well-
defined electrode surface area are widely utilized, such as Au disc, Pt disc and glassy carbon
electrodes. The sweeping potential is the potential applying between WE and RE, and the
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recorded current is the current flowing from WE to CE. The liquid phase measured is the
solution contains the target redox active species and conductive electrolyte like salt solution or
buffer solution.

(a) (b)

Applied potential

Time

Fig. 1.13 (a) Potential waveform and (b) characteristic parameters of CV [192, Copyright 2010
Springer.

Among diverse electrochemical methodologies, cyclic voltammetry (CV) is the most
typical and frequently utilized transient technique since it can provide rich information to
understanding the kinetics and thermodynamics of the reaction [1021971, The potential waveform
in cyclic voltammetry (CV) is linearly cycled versus time, and the current of the redox species
responding to the linearly cycled potential is recorded as cyclic voltammogram (Fig. 1.13a).
Several setting parameters, including scan rate, initial and final potential, step size, equilibrium
time and maximum current, are of importance to obtain the CV curve with characteristic and
information-rich profile. When the involved electron transfer process is reversible and the
redox species can diffuse freely, the plot for peak current against the square root of the scan
rate is in linear shape.

Characteristic parameters in CV are labelled in Fig. 1.13b. Ep.a and Ep are the peak
potentials corresponding to the anodic reaction and cathodic reaction, respectively; the half-
wave potential (Epr2) is defined as the potential where the current is half of the corresponding
peak current; the switch potential (Eswitch) is the potential at which the scanning direction switch
from forward to backward. It is worth to note that when the reaction is fully reversible, the half-
wave potential is often in accordance with the mean value of peak potentials, which is
calculated as 1/2(Epa + Epc). Current at Ep,a, Epc and Eswitch are defined as anodic current (Ip.a),
cathodic current (lpc) and switching current (lswitch). The peak-to-peak separation between
anodic and cathodic peaks defined as AEp, which is utilized as an indicator for the reversibility
of the electrochemical reactions. The theoretically expected value of AE,, is 57 mV at 298 K
for a completely reversible reaction; as AE, closer to the theoretical value, the reaction is
predicted as more reversible.

Other than CV, square wave voltammetry (SWV) is an electrochemical technique that
attracted increasing attention recently due to its high sensitivity. The applied external potential
in SWV is the sum of a square wave and staircase potential as shown in the waveform in Fig.
1.14a 198111 The current at stationary WE with the potential pulsed forward and backward at
a fixed frequency. The pulse direction is the same as the step of staircase and the reverse pulse
starts in the middle way of the staircase step. Key parameters and timing relationships in SWV
are shown in Fig. 1.14b. In detail, T is the time for one square wave cycle; frequency is the
reciprocal of t; Esw is the height of the stair step; Estep IS the step size of staircase; peak-to-peak
amplitude is 2 times of Esw, and scan rate of SWV is equal to the ratio of Esepand t, i.e. Estep
times frequency. In SWV, the current is sampled at the end of forward and reverse of each
pulse such as i1 and iz and the difference between two current values is plotted against applied
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potential as SWV curve. The charging of double layer is depressed by such current sampling
mode, i.e. postponing the current recording to the end of each pulse, and thus, peaks observed
in SWV is confined to faradaic processes. Hence, the peak current in SWV is directly
proportional to the concentration of redox active species. Additional to the high sensitivity of
SWV benefiting from the discrimination of capacitance current, the much faster scan rate
offered by SWV compared to other differential pulse methodologies allow rapid measurements
in the scale of seconds.
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Fig. 1.14 (a) Potential waveform of SWV. (b) Timing relationships and key parameters in
SWV %81 Copyright 1985 American Chemical Society.

1.6 Supramolecular electrochemistry

The inclusion of a variety of redox-active guest molecules by supramolecular hosts
have been widely investigated and their redox behaviours tend to be modified upon the
complexation. Based on this, a wide range of electrochemical sensors and electrochemically
controlled molecular machines have been developed, and promising progresses in the field of
electroanalytical chemistry have been promoted [112-1181. Among diverse supramolecular hosts,
CDs and CBs present most popular in electrochemical sensing. For sake of improved sensitivity
and selectivity of electrochemical sensor, electrodes are often modified and functionalized by
special materials.

Taking advantage of the hydrophobic inner cavity and hydrophilic exterior, CDs
perform certain binding selectivity towards guest molecules and desired applicability as well
as stability in aqueous-based systems. In the area of CDs-based electrochemical sensor, CDs
modified carbon materials such as graphene, graphene oxide, reduced graphene oxide and
multi-walled nanotube, are prevailing 1121141191 QOne application route of such CDs
functionalized nanohybrid is to directly serve as the sensing matrix to capture the specific target
analytes presenting in electrolyte [*2%, For example, a non-enzymatic sensing matrix of SCD
functionalized graphene was fabricated for cholesterol sensing, where SCD provides sensor
with high selectively upon host-guest complexation and graphene offers great conductivity to
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the electrode (29, As demonstrated in Fig. 1.15a, methylene blue was employed as the redox
active indicator to be captured by SCD as fCD-methylene blue complex, which is ready to be
displaced by the target sensing molecule (cholesterol) via competitive complexation behaviour.
With the addition of cholesterol into the cell containing S CD-methylene blue, the
electrochemical behaviour of CD-methylene blue showed responding changes, i.e. the peak
potential of SCD-methylene blue shifted positively with the increasing amount of cholesterol.
The relationship between the amount of cholesterol and the peak potential shift of g8 CD-
methylene blue in the presence of cholesterol was uncovered, enabling the quantitative
detection of cholesterol.
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Fig. 1.15 (a) BCD functionalized graphene as sensing matrix for cholesterol sensing 1201,
Copyright 2015 Elsevier. (b) The fabrication route of SCD functionalized reduced graphene
oxide (S CD/RGO) for paracetamol sensing. PDDA = Poly(diallyl dimethyl ammonium
chloride). (c) Cyclic voltammograms of 0.1 mM paracetamol measured by a: bare glassy
carbon electrode, b: RGO, d: SCD/RGO, and cyclic voltammogram of electrolyte without
paracetamol by SCD/RGO 124, Copyright 2015 Elsevier.

Alternatively, instead of directly working as sensing matrix, CDs functionalized carbon
materials can be utilized to modify the commercially available working electrode to enhance
the detection sensitivity compared to that of pristine electrode 1291221, For instance, the reduced
graphene oxide (RGO) was modified by §CD as fCD/RGO and utilized as the working
electrode for electrochemical sensing of paracetamol (Fig.1.15b) 24, As indicated by
Fig.1.15c, only one irreversible oxidation peak of paracetamol can be observed with bare
glassy carbon electrode; however, a pair of redox peaks can be observed when utilizing RGO
or SCD/RGO as working electrode. Compared to RGO, the redox peak intensity of SCD/RGO
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was further enhanced because only single-layer surface adsorption of paracetamol works in the
case of RGO while in the presence of SCD, combined of host-guest complexation and the
surface envelope adsorption are achievable. In a nutshell, the design of CDs-based sensing
materials offering desired sensitivity as well as selectivity is mainly dependent on the host-
guest complexation ability of CDs host.

With the aid of well-defined hydrophobic cavity and two opening carbonyl-lined
electronegative portals, CBs exhibit selective complexation abilities towards a variety of target
molecules to modify their physical, chemical, or electrochemical properties, thereby imparting
promising application potentials such as the electroanalytical application [2567.94-97.123] - the
design of electrochemical sensor [?5124-128] and electrochemically controlled molecular
machines 1221331 As for electroanalytical application, the electrochemical behaviours of redox
active analyte are modulated by the CBs complexation. The changes in electrochemical
behaviours of MV?* and ferrocene in the presence of CB7/CB8 are precedent examples for
CBs as analytical platform and have been deeply investigated by the Kim group and the Kaifer
group [67:94-97]_ The detail introduction regarding these systems have been discussed in Chapter
1.5 and it is unnecessary to be repeated here again. As for the CBs-based electrochemical
sensors, the predominant working route is the modification of electrode by immobilizing CBs
on the surface of electrode 1?4128l For example, CB8 was immobilized on glassy carbon
electrode by PVC or Nafion for electrochemical detection of dopamine 2%, Upon CBS8
modification of bare glassy carbon electrode, the selectivity and limit of detection (LoD) for
dopamine were highly improved by taking advantage of the selective host-guest complexation
between CB8 and target dopamine.

CB8
Mv2z+

+ 2e"
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Fig. 1.16 (a) The formation and unlock of a molecular loop driven by electrochemical redox
process with the aid of CB8 and MV?2* [12%], Copyright 2005 Wiley-VCH. (b) Electrochemically
switchable pseudoproteases formed by CB7 and an axle compound [0, Copyright 2014
American Chemical Society.

Other than electrochemical sensor, molecular motions can be triggered by
electrochemical approach in the presence of CBs. For instance, an electrochemical redox
process triggered molecular loop was fabricated by Kim et al [!2°, As illustrated in Fig. 1.16a.
the guest molecule possessing two binding moieties (naphthalen-2-yloxy and viologen) bind
with CB8 as stable 1:1 complex by bending the bridge between two binding moieties as a
molecular loop. Interestingly, with the addition of MV2*, upon one-electron reduced MV?* and
the viologen unit on the guest molecule, the molecular loop was unlocked. The MV?* here
works like a key to unlock the molecular loop formed by the host-guest complexation of CB8.
Leveraging the differential binding preference of CBs towards different binding sites of one
specific guest molecule before and after reduction or oxidation process, molecular wheels have
also been designed [13%], For example, switchable pseudoproteases were designed by CB7 and
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an axle compound consisting of three binding sites, e.g. two ferrocenyl-methylammonium
terminates and one central diammonium-1,4-xylylene unit (Fig.1.16b). In the presence of 1
equivalent of CB7, one of the ferrocenyl terminate are preferably encapsulated by CB7 and the
exchange of CB7 between two identical ferrocenyl binding sites is relatively slow. Upon the
electrochemical oxidation of two ferrocenyl units, CB7 move from the ferrocenyl units to the
central diammonium-1,4-xylylene moiety, in which CB7 resembles a molecular wheel
reversibly sliding through the axle compound under the electrochemical controlling. In
summary, by taking advantage of the preferential and selective binding ability of CBs towards
guest molecules, a wide range of application potentials in the field of electrochemistry have
been explored.

1.7 Basics of binding constants

Generally, the formation of a complex between host and guest molecule is a crucial
process in supramolecular chemistry. Selectivity in the complexation, which is related to the
molecular recognition specificity, can be assessed by the ratio of binding constants of
complexes formed between host and different target analytes. Binding constant is a basic
criterion for quantitative analysis of the host-guest interactions. The terms of binding constant,
association constant, equilibrium constant and stability constant are synonymous and
represented as K in this thesis. A common way to determine the binding constant is based on a
binding equilibrium model as illustrated by eq. 1.2 and eq. 1.3.

a-H+b-G =C (1.2)
_Iq
k= [H]2[G]P (1.3)

where H is host; G is guest; C is the complex of Ha- Ga; a and b are the stoichiometry; K is the
binding constant; [H], [G] and [C] are the concentrations of host, guest and complex,
respectively, at equilibrium.

Binding constant (K) is regarded as a criterion for the assessment of the dynamic host-
guest complexation event. Thus, thermodynamic parameters, including enthalpy (H), entropy
(S), and Gibbs free energy (G), present as more suitable criteria to express the molecular
recognition abilities of supramolecular systems. As described in eqg. 1.4 and eq. 1.5, it can be
found that thermodynamic parameters are related to each other. The relationship between
binding constant (K) and these thermodynamic parameters can be derived from the eq. 1.4 and
eqd. 1.5 as eq. 1.6, which is the van’t Hoff equation [134135],

AG = —RT InK (1.4)

AG = AH — TAS (1.5)

ng=-2.1,%5 (1.6)
R T R

1.8 Current binding constants determination methods

Binding constant is a crucial indicator to quantitatively estimate the intermolecular
interactions between host and guest in supramolecular chemistry, and the ratio of binding
constants can be a criterion for the molecular sensing selectivity of supramolecular system,
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which can provide instructional information guiding the design of host-guest systems catering
for different applications. Manifold methodologies for the determination of binding constants
have been proposed, such as quartz crystal microbalance (QCM), surface plasmon resonance
(SPR), electrospray ionization mass spectrometry (ESI-MS), capillary electrophoresis (CEP)
and supramolecular titration approaches. Investigations regarding molecular interactions
between large biomolecules, such as protein, antibody, antigen, DNA, RNA, enzyme substrate,
enzyme, etc, have been widely performed; however, the study for binding constant estimation
for small molecules, e.g. molecules with molecular weight around 10? to 10° Dalton, are
relatively limited, which are yet common to see in host-guest complexes applied for sensing,
such as detection of pharmaceutical molecules %1 illicit drug molecules, environmental
pollutants (1371 explosives 18] etc. Hence, it is of certain necessities to further explore the
quantitative analysis of non-covalent interactions between small molecules.

QCM and SPR are techniques based on the substrate working in solid phase for
studying molecular interactions, which mainly measuring mass changes caused by molecular
interactions; in particular, QCM mainly measures the change in resonance frequency of quartz
crystal, while SPR primarily measures changes of the surface plasmon resonance angle [138-141],
Although QCM is more affordable than SPR, its application range is limited by its complicated
quantitative interpretation of frequency change, especially the viscoelastic factor, indicating
that one needs to be more careful when analysing QCM responses for large molecular
applications [139, SPR is able to provide a real-time monitoring of non-covalent biomolecular
interactions with desired sensitivity; however, information regarding binding stoichiometry is
not available in SPR measurements and the protein immobilization process is sometimes
delicate when studying interactions between proteins and ligands 140141 The ESI-MS is
another technique that has been developed to quantitively analyse the non-covalent molecular
interactions, which can not only work for biomolecules like proteins, peptides, DNA duplex,
metabolites, and nucleic acids but also for macrocyclic host-guest complexes like CEs-based
and CDs-based inclusion complexes 1421461 As known, the mass spectrometer is measuring
the ratio of mass and charge of ions in vacuum, and among diverse methods to ionize the
analyte molecule, electrospray ionization (ESI) is relatively mild, allowing the structure of
complex to almost keep unchanged when transferring from solution phase to gas phase. The
binding constant of the target analyte complex is estimated by monitoring the intensity change
of a reference complex with known binding strength after adding a host or guest molecule
included in the target complex. CEP, a method for the determination of the binding constants,
is booming in recent decades, offering manifold advantages including short measurement
period, small analyte consumption, simplicity, etc [47-149  However, several intrinsic
limitations of CEP cannot be totally ignored. For example, its application scope is mainly
limited to the charged specie involved system in specific solvent, e.g. ion-ligand in polar
solvents like H20 and a few organic solvents; namely, it is hard for the estimation of the binding
associations between neutral molecules.

Supramolecular titration approaches are the most popular methodologies for evaluating
the binding affinities of host-guest complexes, in which the change of a specific physical
property such as the heat transfer in isothermal titration calorimetry (ITC), absorption peak in
ultraviolet—visible (UV-vis) spectroscopy, fluorescence intensity in fluorescence spectroscopy,
and chemical changes in proton nuclear magnetic resonance (*H NMR) during the binding
interactions is measured.

ITC is one of the most routinely utilized techniques to accurately measure binding
constants [150-1531 With the stepwise addition of titrant into the stock solution of host or guest,
the binding reactions take place, accompanied by a heat transfer and temperature change. What
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measured by ITC is the released or absorbed heat that is used to maintain the temperature of
the reaction cell unchanged during the titration (Fig. 1.17).
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Fig. 1.17 A typical ITC experiment result, where the y-axis is the energy changing rate to
maintain the temperature difference between the reaction cell and reference cell constant during
the titration. The heat corresponding to each titration can be calculated from the area under
each peak. Inset: ITC reaction cell 150, Copyright 2001 Elsevier.

Spectroscopic-based titration techniques such as UV-vis 1541581 and fluorescence 5%
166] are also of wide interests for quantitative analysis of the binding behaviours. In the case of
UV-vis titrations, the absorption peak increases or decreases correspondingly with the
successive injection of the host (or guest) into the cell containing guest (or host) with a fixed
concentration. Fig. 1.18a is an example UV-vis titration spectra for the determination of the
binding strength between CB7 and m-phenylenediamine ["l. The concentration of guest
molecule was kept at 44 M with the stepwise addition of CB7 until its concentration achieved
4.7 equivalents. With the UV-vis titration spectra, the intensity of the characteristic absorbance
at 231 nm was extracted and plotted against the concentration of the CB7. The binding constant
of CB7-m-phenylenediamine was obtained as (80700+6000) M-! by fitting this data into a 1:1
binding model. Fig. 1.18b is an example for fluorescence titration in binding constant
determination. With the addition of CB8 into the MPDP guest solution with a specific
concentration, the characteristic emission peak intensity of MPFP increases correspondingly.
The obtained titration curve indicates the binding affinity between CB8 and MPDP is highly
strong, e.g. (3.89+0.99) x 102 M- with 1:1 binding stoichiometry.

Other than spectroscopic techniques, 'H NMR titration is also a common titration
method to provide the thermodynamic information regarding the molecular association-
disassociation processes such as the binding constants of complexes formed between cations
and macrocyclic hosts [*67-174] |t is worth to note that NMR is not only able to study the
thermodynamic aspect of the binding behaviours but also enable the kinetic investigation with
the aid of time-resolved mode of NMR like diffusion-ordered spectroscopy (DOSY) and
exchange spectroscopy (EXSY) 73], Fig. 1.18c displays an example of *H NMR titration for
binding constant determination between cryptand host (o-Me2-1.1.1) and cationic guest (Na*).
Specifically, upon the addition of Na*, the characteristic chemical shift of o-Me2-1.1.1 host
located around 1.38 ppm downshifted gradually due to the formation of the complex, and the
plot between the peak shifting magnitude and the concentration of Na* was fitted by a well-
documented model to estimate the corresponding binding constant.
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Fig. 1.18 (a) UV-vis titration spectra of m-phenylenediamine with the successive addition of
CB?7. Scatter: the change of characteristic peak absorbance plotted against the concentration of
added CB7. Solid line: the curve obtained by fitting the scatters with a 1:1 binding model 74,
Copyright 2005 American Chemical Society. (b) The chemical structure of MPCP guest
molecule, DFT-optimized molecular model of CB8-MPCP complex and fluorescence titration
spectra of MPCP with the successive addition of CB8. Inset: Job plot for the determination of
binding stoichiometry 159, Copyright 2019 Royal Society of Chemistry. (c) The 'H NMR
titration spectra of 0-Me2-1.1.1 host with the stepwise addition of Na* and the binding curve of
the complex formed between 0-Mez-1.1.1 and Na* 173l Inset: The chemical structure of the o-
Mez-1.1.1 host. Copyright 2015 MDPI.

In summary, diverse supramolecular titration approaches are indeed effective
methodologies for the determination of binding constants and loads of studies in the area of
supramolecular chemistry have employed these titration approaches to obtain quantitative
information regarding the complexes. However, these titration methods inevitably suffer some
inherent limitations, including the long experimental period, multiple repeated titration steps,
complicated data analysis procedure, limited application scope towards analyte that is hard to
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prepare solution with accurate concentration. Hence, there is still space left for further
development in the field of quantitative analysis of binding to overcome or mitigate these
shortcomings.

From the viewpoint of the media where the binding constant is determined, current
conventional supramolecular titration measurements are strictly limited to simple buffer
solution, leaving in-situ binding constant determination in complex bio-media, such as urine,
serum and even animal blood, largely unexplored. This is due to the multiple substances present
in bio-media are likely to interplay with supramolecular hosts and cause interferent signals that
can largely shield the target characteristic peak. Nevertheless, a large portion of practical
application scenarios, such as in-situ biosensing based on supramolecular assays, is performed
in complex bio-media, for which the binding constant estimated in simple buffer solution
cannot give exact and accurate information regarding in-situ binding behaviours. Hence,
protocol which is capable of estimating binding constant in complex biologically relevant
media presents significantly attractive.

1.8 Current supramolecular-based sensing methods
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Fig. 1.19 (a) Working principle of direct binding assays (DBAs) [1751. Copyright 2018 Wiley-
VCH. (b) Two CB-based direct binding assays for the detection of drug molecules. (c)
Chemical structures of target drug molecules (1761, Copyright 2013 American Chemical Society.

Plenty of analytical techniques have been developed for molecular detections catering
for either scientific meanings or practical applications. With the aid of supramolecular hosts,
the detection sensitivity and selectivity can be simultaneously enhanced, and thereby
supramolecular-based sensing techniques have sparked widespread interests in molecular
detection field. Generally, sensing assays based on the capture of the target analyte molecules
by supramolecular hosts especially CBs are classified into three types: (1) direct binding assays
(DBAS); (2) associative binding assays (ABAs); (3) indicator displacement assays (IDAS).

Direct binding assays (DBAS) refer to the assays that can generate fingerprint signals
responding to the capture of the target analyte onto the supramolecular assays (see the working
principle of CBs-based DBAs in Fig. 1.19a [1751771) Generally, there are two detection routes
of DBAS. One route is that the target analyte molecule itself can generate detectable fingerprint
signals and can be altered upon complexation. For example, the redox active molecules like
viologen derivatives and ferrocene derivatives can be detected by CBs-based DBAS using
electrochemical technique since their electrochemical behaviours present responsive towards
CBs complexation. The other detection route of DBAs is that the supramolecular receptor is
modified by a detectable indicator like a dye molecule to produce responsive signals. This route
is relatively more widely utilized in molecular sensing field with respect to the previously
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described one. Isaacs and co-workers designed two DBASs based on naphthene fluorophore
functionalized CB6 and acyclic CB6 receptor, respectively, for the detection of pharmaceutical
amines (Fig. 1.19b) [176], The fluorescent intensity of these two DBAs is quenched or amplified
upon the capture of the pharmaceutical amines shown in Fig. 1.19¢ 1761, The analyte-induced
quenching or amplification of fluorescent intensity of these two DBASs is caused the interplay
among geometry, binding mode as well as binging strength. For instance, when the target drug
molecule contains pyridine units, the fluorescence of DBAs will be quenched upon binding,
and nitro group is also a functional group that is known to quench the fluorescence of the DBAs.
On the other hand, if there is no functional unit in the target molecule, the fluorescence of the
DBAs tends to be amplified, which could be rationalized by the increased rigidity of DBAS
upon complexation with the target molecule. The binding affinities are thus relative to the
magnitude of the amplification of the fluorescence and would provide indicative information
for the molecular detections. Although the general performance of DBAS is pronounced from
both quantitative and qualitative perspectives, the design and fabrication of DBAs are generally
complicated. The functionalization of supramolecular receptor requires complicated
fabrication steps limited its application potentials to an extent, leaving interests for the
development of simple molecular detection assays.
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Fig. 1.20 (a) Working principle of indicator displacement assays (IDAs) 1751, Copyright 2018
Wiley-VCH. (b) The CB8-2AC based fluorescent IDA for amino acids recognition 1851,
Copyright 2020 Elsevier.

Indicator displacement assays (IDAs) refer to the assays constructed by the
encapsulation of an active indicator inside the supramolecular host and the indicator in IDAs
is displaced by the analyte molecule via a competitive binding to generate a responsive signal
[161-166,175,178-188]  The presence of IDAs enables the detection for molecules which are
photophysical transparent and hard to be detected. Taking account of the working principle of
IDAs, the binding constants between the host and indicator needs to be suitably selected, i.e.
strong enough to form complex with host but less strong than the one of the target analytes
with host. Meanwhile, the photophysical characteristics like the UV-vis absorption, fluorescent
emission and NMR chemical shift, of the indicator are required to be distinctly different when
it exist in its complexed and free form. Among diverse of supramolecular hosts, CBs stand out
to construct the IDAs due to its desired binding capabilities and affinities towards a wide range
of molecules. Fig. 1.20a demonstrates the general working principle of CBs-based IDAs.
Loads of fluorescent CBs-based IDAs have been designed for molecular detection and the Nau
group contributed predominantly to this filed. For example, Nau and co-workers have proposed
a CB6 and dye indicator formed IDA for the detection of hydrocarbon gases, including alkanes,
alkenes and acetylene [186]. Gaseous analytes were dissolved as saturated aqueous solutions to
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be detected by CB6-dye IDA. In the presence of different gaseous analytes, the fluorescent of
dye molecule was displaced to different magnitudes, giving rise to distinguishable quenching
in the emission intensity of the dye indicator. Aino acids detection by the IDA based on CB8
and acridine hydrochloride fluorophore has been proposed by Xiao and co-workers %1, The
strong fluorescent acridine hydrochloride (AC) was found to form 1:2 inclusion complex with
CB8, and its fluorescence intensity was largely quenched when upon the complexation, thus
allowing the complex between CB8 and acridine hydrochloride to work as an IDA. In the
presence of amino acids like phenylalanine and tryptophan, two AC molecules were displaced
out of CB8 cavity and 1:2 inclusion complex between CB8 and the amino acid were formed
instead, generating a responsive amplified fluorescence from the displaced free AC (Fig.1.20b).
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Fig. 1.21 The working principle of the IDA-based label-free enzyme assay 1881, Copyright 2009
American Chemical Society.

Apart from the simple molecule recognition, label-free enzyme sensing has also been
achieved with the aid of supramolecular-based IDAs. A series of supramolecular tandem assay
for the monitor of enzymatic reactions have been proposed by the Nau group [162 181.187-189] The
concept of the label-free enzyme assay was inspired and developed based on the establishment
of IDAs. The general working principle is based on the competitive binding between the
indicator, enzymatic substrate, and the product of the enzymatic reaction (Fig. 1.21) and the
accompanied photophysical changes of the indicator. In this case, the indicator needs to be
selected more carefully, i.e. the binding constant between the indicator and supramolecular
host should fall in the window defined by the complexes formed by the substrate and product
of the enzymatic reaction. When the binding constant between supramolecular host and dye is
stronger than that of enzymatic substrate but weaker than that of the product produced by the
enzymatic reaction, supramolecular host preferably forms inclusion complex with dye
indicator before the enzymatic reaction, while as the enzymatic reaction proceeding, the
encapsulated dye molecule is displaced out of the cavity by the product of enzymatic reaction.
This type of supramolecular enzyme assay can be regarded as the product-selective assay (Fig.
1.21a). On the other hand, the assay works as substrate-selective when the binding constants
with the supramolecular host rank as substrate > dye indicator > the product of enzymatic
reaction (Fig. 1.21b). For example, the decarboxylase reactions of amino acids including lysine,
histidine, arginine and ornithine were continuously monitored by the product-selective enzyme
assay constructed by CB7 and fluorophore dapoxyl; in detail, the fluorescence of CB7
complexed dapoxyl is considerably stronger than uncomplexed dapoxyl. The dapoxyl was
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displaced out of CB7 cavity by the amine products generated by the decarboxylation of amino
acids, giving rise to the quenched fluorescence intensity 162,
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Fig. 1.22 (a) Working principle of associative binding assays (ABAs) [17°l. Copyright 2018
Wiley-VCH. (b) Chemical structures of fluorescent MBBI dye and three different tripeptides:
Trp-Glt-Gly (WGG), Gly-Trp-Gly (GWG) and Gly-Gly-Trp (GGW). (c) The fluorescent
spectra of CB8-MBBI ABA in the absence and presence of three different peptides
demonstrated in (b) and the fluorescent spectrum of free WGG [0, Copyright 2010 Wiley-
VCH.

Like IDAs, associative binding assays (ABAs) also based on the supramolecular pre-
encapsulated indicator system, but instead of displacing the indicator out of the host cavity, the
space left in the supramolecular receptor is still enough for the capture of the analyte molecule
as ternary complexes to produce responsive signals [175:176.188,191-133] Among CBs homologues,
sensing strategy of ABAs mainly relies on CB8, whose cavity size is large enough to
encapsulate two guest molecules, e.g. one indicator and one target analyte molecule,
simultaneously. The general working principle of CB8-based ABAs is illustrated in Fig. 1.22a,
where the inherently fluorescent dye molecule is accommodated by CB8 prior to the molecular
detection to generate a responsive change in its fluorescent fingerprints towards the binding
with the target analyte molecule. The interactions between the first and second guest molecules
inside CB8, such as the charge-transfer between the electron-deficient cations and electron-
rich aromatic guests, affording the unique properties which is beneficial for sensing of ABAs.
Among diverse measuring techniques, spectroscopic methods, e.g. fluorescence and UV-vis
spectroscopy, are most popular in ABAs. A series of different dye molecules like methylated
diazaperoperylenium (MDPP), 2,7-dimethyldiazapyreninum (MDAP), 2,7-
dimethyldiazaphenanthrenium (MDPT), tetramethyl benzobis(imidazolium) (MBBI) have
been designed and fabricated to be readily assembly with CB8 as ABAs for molecular sensing
[189.190,193,194] 'For example, the self-assembled fluorescent ABA, CB8-MBBI, was proposed by
Scherman and co-workers for the detection of tripeptides [1%I. As shown in Fig. 1.22b, the
fluorescence emission of CB8-MBBI ABA was quenched in the presence of tripeptides, and
the magnitude of quenching is correlated to the binding constants between the peptides and
CB8-MBBI, i.e. the stronger the binding between the tripeptide and CB8-MBBI, the larger the
quenching magnitude of CB8-MBBI. Basically, the ABAs is akin to DBAs, but ABAs are
easier to construct because no covalent functionalization step for inert supramolecular receptor
is needed in ABAs. Moreover, the ABAs format perform the potential to differentiate different
target analytes by the clearly distinguishable signals relying on the communications between
the pre-encapsulated indicator and the target analyte inside CB8. However, in the case of IDAS,
the signals generated by different analytes would be the same, e.g. change of fluorescent
intensity. For example, the peptides can be distinguished from the tryptophan containing
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molecules by CB8-MDPP ABA using spectroscopic spectra (85181, Furthermore, in comparison
to IDAs, indicator displacement processes via competitive binding with analytes are not
included in ABAs, thereby reducing the energy loss and enhancing the detection sensitivity of
ABA:s.

Although diverse supramolecular-based sensing assays have been developed, most of
them can only work in single format, e.g. either as DBA or ABA or IDA, sensing assay that
can integrate two working formats in one is still rare because the assay is normally designed
based on one specific working theory, for example, IDAs are often established by designing a
specific indicator molecules for strong target analyte molecules, while ABAs are often
constructed with a reporter molecule possessing planar structural conformation together with a
moderate binding affinity. Moreover, in concern with real-case applications, in-situ sensing in
biologically relevant media, such as urine, serum and even animal blood, is of vast interests,
especially in the case of point-of-care applications. Hence, simple design of supramolecular-
based assay to be able to work as a multifunctional assay for in-situ biosensing in complex
bio-media is of practical meanings to be explored.

1.9 Current biosensors for drug detection

Detection of small drug molecules are of particular interests for therapeutic and clinical
applications and numerous sensing assays have been designed for drug molecular detection
based on different principles, which nevertheless suffer from certain limitations from different
perspectives. Sensors for biological, pharmaceutical and clinical applications are often required
to be of high sensitivity, specificity, selectivity as well as matrix tolerance when operating in
physiologically relevant matrices, e.g. urine, serum and blood. This section reviewed the
existing sensors for the detection of small drug molecules which have been investigated in
Chapter 5.

1.9.1 Adamantylamine detection

Adamantylamine (ADA), also known as amantadine, is a drug molecule used for the
treatment of Parkinson disease and influenza in animals and human beings [1%%1. The mean daily
dose of ADA and therapeutically relevant mean plasma concentration of ADA in humans were
reported as 135.1+62.3 mg/day and 812.5+839.5 ng/ml (range, 91 — 4400 ng/ml), respectively
[196] Overdosing of ADA can result in a series of harmful effects in humans, e.g. drug
resistance and neurotoxicity, which are likely to be related to jitteriness, anxiety, nightmares,
and hallucinations %71, Hence, an effective sensing assay for quantitative detection of ADA in
physiologically biofluids is of certain clinical importance to avoid excessive use of ADA.

Diverse sensing strategies for ADA detection have been developed with the aid of
different techniques, including electrochemistry (19819 chromatography [195:200201] NMR [202],
immunology [232041 and spectroscopy [2°5-211] The Lai group has proposed a competitive
immunochromatographic assay for detection of amantadine in chicken muscle [212, achieving
a limit of detection (LoD) of 1.80 ng/mL and a linear detection range from 2.5 ng/mL to 25
ng/mL. This study can only perform semi-quantitative analysis of ADA and appear to be
limited for quantitative determination of ADA concentration. An electrochemical sensor was
developed based on methylene blue (MB)/ S -cyclodextrin ( 8 CD)/poly(N-acetylaniline)
electrode by Hao et al %I, The sensing signals were produced upon competitive host-guest
complexation between ADA and MB with SCD immobilized on the electrode surface. This
assay offers LoD of 0.09 mM in BR buffer, appearing not to be sensitive enough for clinically
relevant applications. The Biederemann group has developed a fluorescent sensing assay for
ADA detection based on the covalent CB7-indicator dye conjugates, which demonstrated
desirable resistance to dilution and salt effects in biologically relevant buffered saline and even
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in real urine 271, The proposed sensor enabled selective and quantitative sensing of ADA in
human urine and saline media, which could find future use in establish diagnostic laboratories
or point-of-care testing (POCT). However, it should be noted that the design and establish of
such CB7-dye conjugates as indicator displacement assay (IDA) for ADA quantitative
determination required profound knowledge about supramolecular systems and certain
chemical synthetic efforts, and moreover, the application in serum and blood media has not
been explored by this assay [207],

1.9.2 Memantine detection

Memantine (MEM) is a drug utilized for the treatment of moderate-to-severe
Alzheimer’s disease, and the maximal therapeutically relevant plasma concentration of
memantine in human was reported to be around 1 uM 2131, Excessive using of MEM may lead
to convulsions or serious side effects on patient’s hear and breathing. Sensing assays for MEM
detection are virtually absent in the literature. MEM cannot be directly monitored by
spectrophotometric technique as it has tricyclic saturated ring structure and does not have
adequate light absorption. Sensing methodologies for MEM in physiologically relevant
matrices, such as human plasma 24, rat plasma 2% and urine [?*] have been published by
using high-performance liquid chromatographic (HPLC). However, pre-column derivatization
step was required in all these literatures [24-216], Sinn et al. proposed a CB8-dye based indicator
displacement fluorescent assay, allowing for in-situ MEM detection in blood serum [159,
Considering the ultra-strong binding between CB8 and MEM, a new dye molecule, e.g. methyl-
pyridinium-paracyclophan, whose binding affinity with CB8 is significantly high (logK =
12.59 in DI water), has been designed and fabricated as indicator in this paper to achieve the
sensing of MEM. According to the present research regarding MEM detection in biofluids, it
is still demanding to develop a simple and effective methodology without the need of
complicated pre-treatment steps and chemical synthetic procedures.

1.9.3 Rimantadine detection

Rimantadine (RMD) is an oral antiviral drug utilized to prevent or treat influenzavirus
A infections in humans. It has been reported that the safety dose of RMD is 3 mg/kg/day in
human, and the corresponding steady-state peak serum concentration of RMD was measured
as 100 to 574 ng/ml and time to achieve peak concentration ranged from 2.5 to 6.0 h after the
doses 2171, The unwanted adverse effects caused by overdosing of RMD appear to be more
serious in elderly patients, including dizziness, vomiting, stomach pain, anxiety, nausea, etc,
therefore additional caution is required for elderly people [28, Hence, quantitative
determination of RMD in plasma to adjust the dose regime and prevent overdosing is of clinical
importance. Several literatures have been published regarding RMD investigation in animal
food, chicken muscle, rat plasma and human plasma [21%222 involved with liquid
chromatographic technique requiring multiple pre-treatment steps, such as pre-column
derivatization and sample clean-up procedures, resulting in complicated sensing procedures.
Thus, simple method for quantitative analysis of RMD in biofluids still needs further exploring.

1.9.4 Procaine hydrochloride detection

Procaine hydrochloride (PC) is a salt form of procaine with local anaesthetic and
antiarrhythmic properties. It is normally utilized in dental operation to nub the area around the
tooth and is also for pain reduction caused by intramuscular injection of penicillin. When it is
used as local anaesthetics for human, its dosage ranged from 600 to 1000 mg [22%l, The systemic
analgesia can be achieved in humans after injection of 100 to 800 mg of PC [2%3], Respiratory
failure and cardiac arrest can arise from the overdosing PC. Diverse methodologies have been
developed for quantitative detection of PC, including electrochemistry [224 gas
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chromatography-mass spectrometry (GS-MS) 2251 surface-enhanced Raman spectroscopy
(SERS) [226227] ' chemiluminescence [?%8], spectrophotometry 221, colorimetry 2301 and high-
performance liquid chromatography (HPLC) [234, Nevertheless, most of precedent research are
limited the detection media to water, acidic, or buffer solution, molecular recognition of PC in
complex biologically relevant matrices like urine and serum, which are common to be involved
in clinical applications, have been rarely reported. Ohshima et al. has developed a sensing
strategy for PC in human plasma and urine by GS-MS, which requires solid-state extraction
procedure and measured the recovery rates of PC spiked sample but not directly determined
extract concentration of PC [2%51, Therefore, an effective scheme for quantitative determination
of PC in clinically relevant bio-matrices remains attractive to be explored.

1.9.5 Tryptophan detection

Tryptophan (TYP) is a type of essential amino acid in humans, working for normal
growth in infants. TYP also works as a building block in body’s proteins, and a precursor to
neurotransmitters, hormone melatonin and vitamin B3 [2%2, The normal concentration range of
in human plasma is 50-100 uM [2321, It has been reported that the abnormal blood levels of
TYP can cause schizophrenia and autism [233] and the excessive TYP can give rise to various
metabolites, some of which may inhibit the decomposition of histamine. Thus, facile way to
quantitatively detect TYP is in vast need in the fields of clinical medicine, food and livestock
feed. Diverse schemes for TYP detection in bio-media have been designed so far, including
fluorescence [2342351  electrochemistry [233236]  high-performance liquid chromatography
(HPLC) 2] gas chromatography-mass spectrometry (GS-MS) [238], surface-enhanced Raman
spectroscopy (SERS) [2%9, etc. Some of these measurements, e.g. HPLC 2371 and GS-MS [238],
require elaborate and expensive instruments, multiple kinds of regents, complicated sample
preparation steps, pre-treatment procedures, resulting in limitations in their real applications.
Some of measurements are involved with sophisticated molecular design and laborious
fabrication steps, such as dye molecule for fluorescent sensors [2342351 and chemically modified
working electrode for electrochemical sensors [233236] Hence, a simple procedure for TYP
detection in complex biologically relevant matrices with desired sensing performance is
demanding, especially for practical applications, e.g. clinical and diagnostic detection.

1.9.6 Tacrine detection

Tacrine (TR) has been clinically utilized for treatment and management of Alzheimer’s
disease by acting as acetylcholinesterase inhibitor to prolong its activity and enhancing its
concentration in cerebral cortex. As studied, a mean average steady-state concentration in
plasma ranging from 1.1 to 30 ng/ml was obtained with doses ranging from 40 to 160 mg of
tacrine daily (2%, Side effects of TR occur frequently, and its blood concentration is valuable
in predicting the development of the side effects and its measurement may optimize the dosage
of the drug 21, A certain number of studies have been implemented for TR detection [241-243;
nevertheless, more research was made for monitoring the inhibition and activation of
acetylcholinesterase 2442471 Aparico et al. developed a spectrofluorimetric determination
strategy for TR, allowing for a detection range of 1 — 70 ng/mL in aqueous buffer solution 242,
The Guo group has proposed a colorimetric methodology for TR detection based on
molybdenum dichalcogenides nanoparticles as peroxidase mimetics 243, The presence of
acetylcholinesterase inhibitor TR could be detected by the decrease in the amount of
thiocholine generated by the hydrolysis of acetylthiocholine chloride catalysed by
acetylcholinesterase [243]. Although, this scheme uncovered a relationship between the observed
signal and the concentration of TR, multiple reaction processes, such as the the oxidation of
3,30,5,50-tetrametylbenzidine and the hydrolysis of acetylthiocholine chloride, were involved,
making the sensing route complicated and may produce accumulative error in the result. In
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terms of acetylcholinesterase monitoring, colorimetric technique was utilized most widely [244-
2471, For example, the Chen group has established an acetylcholinesterase assay using oxidase-
like activity of 2D palladium square nanoplates growing on reduced graphene oxide [2#4; the
Luo group has established an enzyme colorimetric cellulose membrane bioactivity strip for
sensing and screening of acetylcholinesterase inhibitors [243]; the Lu group has developed a
colorimetric detection method using Pt nanoparticles and N-doped graphene as nano-enzymes
[246] ' All these studies were involved enzyme catalysed reactions, which could result in slow
and complicated sensing procedure. Therefore, a straightforward, simple, facile, rapid
detection scheme for TR in biologically matrices is still in great needs.

1.10 Motivations

Supramolecular electrochemistry has attracted and keeps attracting extensive interest
in diverse fields, such as reaction activity modulation 671, molecular detection [“64°1, dynamic
molecular machines [76:129.131.133]  catalysis [248.249] etc, by taking advantage of the combination
of unique properties provided by host-guest interactions and rich thermodynamic and kinetic
information obtained by electrochemical techniques.

Binding constant is an important indicator to quantitatively determine the strength of
host-guest interactions in the field of supramolecular chemistry, effectively providing
instructive guidance to design supramolecular systems catering for different applications [134],
However, the existing methodologies for binding constant determination suffer from inherent
shortcomings, including loads of repeated experimental steps, specific solubility requirements
for analytes, complicated data analysis procedures, and required bulky instruments, etc (13,
Furthermore, binding constant estimation in complex physiologically relevant media (e.g. urine,
serum and blood) remains extremely challenging and unexplored. Hence, approach that can
determine binding constants either rapidly in high-throughput fashion or in complex bio-media
appears considerably attractive.

Sensitive and selective molecular detection based on supramolecular chemistry have
been and are continuously of extensive research interests due to its outstanding sensing
properties and promising practical meanings, such as environment pollutant monitoring 2%,
drug molecules sensing [47:164.191,194.250] "explosives detection 61 and so on. Although multiple
supramolecular-based sensing assays have been designed, biosensing in physiologically most
relevant media, such as urine, serum and even animal blood is still largely limited because the
complex mixture of substances presented in these media can cause strong interferent signals
and undergo competitive binding with target analytes. Thus, designing a powerful sensing
assay providing desired sensing features, wide applicability, simple measuring equipment and
workability in complex physiologically relevant media is of both scientific and practical
meanings. Moreover, modulation of reactivity is also of interests in the field of supramolecular
electrochemistry, while the precedent studies are mainly limited to viologen-derived and
ferrocene-derived redox active species, leaving a space to be further investigated.

Herein, electrochemical properties of tens of inclusion complexes were measured to
explore the correlation between their binding constants and electrochemical features and the
potential of rapid binding constant estimation. In addition, electrochemical titration
measurements based on supramolecular assay were performed to uncover new possibilities of
binding constant estimation as well as biosensing in complex matrices. In concern with
electroanalytical application, reaction modulation effect of supramolecular host was studied to
widen the current application scope of supramolecular-based reactivity modulation.

1.11 Research objectives
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Fig. 1.23 Research motivations, objectives and potential impacts.

As illustrated in Fig. 1.23, this research was motivated by the promising application
potentials of supramolecular chemistry and information-rich data set of electrochemistry to
combine these two disciplines as supramolecular electrochemistry for new application
possibilities in the fields of analytical chemistry and electrochemical (bio)sensing. The major
objectives of this research are listed as below:

e To investigate the host-guest complexation processes qualitatively and quantitatively
between CBn and a wide range of guest molecules via experimental and computational
approaches, such as target analytes and electrochemical active probes.

e To monitor how complexation will influence electrochemical properties of redox active
guest molecule via electrochemical techniques.

e Todevelop rapid electrochemical strategy for quantitative analysis of host-guest interactions,
allowing for screening host-guest complexes based on binding constant in a high-throughput
fashion.

e To explore bio-sensing and binding constant determination application potentials in
complex bio-media of host-guest system by designing electrochemical assay based on CB8
and redox active probe.

1.12 Thesis structure

Chapter 1 summarized the research motivations, hypotheses, and objectives after
reviewing precedent development and current stage of a series of relevant fields, including the
supramolecular hosts, synthesis methodologies and fundamental properties of CBs, host-guest
chemistry, basics of typical electrochemical techniques, supramolecular-based
electrochemistry, basics of binding constants, current binding constants determination methods,
current biosensors for drug detection, and supramolecular-based molecular detection.

Chapter 2 introduced all materials, equipment, parameters for measurements as well as
the sample preparation protocols involved in this research. Meanwhile, Chapter 2 also provided
detail descriptions regarding the computational simulations for the optimization of molecular
models of free guest molecules and inclusion host-guest complexes.

Chapter 3 explored how electrochemical reactivity of a redox probe, e.g. resazurin
(IRZ-HY"), can be modulated by changing the subtle microenvironment around it via host-guest
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complexation with CBn (n = 7, 8) hosts of different sizes. In particular, the irreversible
reduction process of RZ was found to be oppositely modulated in the presence of 1 equivalent
of CB7 and CB8. This opposite modulation was hypothesised to be due to the different cavity
sizes and tightness of host-guest encapsulation in the cases of CB7 and CB8. The explored
activity modulation abilities of rigid CB7 and CB8 hosts would spark the investigations of
supramolecular modulation for other redox processes.

Inspired by the findings in Chapter 3, Chapter 4 investigated the electrochemical
reactivity modulation of a pre-encapsulated redox probe, e.g. MV?*, inside a CB8 cavity via
further complexation with a second guest molecule (G2). Notably, we have uncovered
fundamental correlation between the reactivity and the host-guest binding constant of G2,
which allows us to rapidly determine binding constants of unseen G2 via a single
electrochemical measurement. The mechanistic investigations based on the convergence of
experimental results and computational simulations suggested that the correlation is resulted
from the dynamic host-guest association/disassociation events taking place after the electron
transfer step in electrochemical reduction. In addition to the soluble G2 molecules, the
estimation of binding constants for G2 with poor aqueous solubilities such as organic
hydrocarbons were also tested by this electrochemical scheme.

Based on the supramolecular electrochemical system developed in Chapter 4, Chapter
5 exploited its potential application in ultrasensitive quantification of drugs in complex bio-
media, and binding constant determination in situ. Specifically, CB8 and redox active MV?*
were employed as the supramolecular host and electrochemical reporter, respectively. The
spacious cavity of CB8 that allows for simultaneous accommodation of two molecules and the
clearly distinguishable electrochemical behaviours of complexed and uncomplexed MV?*
enabled self-assembly CB8-MV?* to perform in a dual-functional fashion, i.e. CB8-MV?* can
either work as an associative binding assay (ABA) by the formation of CB8-MV?*-based
ternary complexes with analyte molecule or served as an indicator displacement assay (IDA)
for analytes which can strongly bind with CB8. This assay showed extensive applicability in
detecting diverse spectroscopically silent and electrochemically inactive biomolecules in
complex bio-media, ranging from synthetic urine, serum to animal blood, and more
surprisingly, the binding constants of corresponding CB8-based complexes can be
simultaneously estimated.

Chapter 6 concluded the research outcomes and discussed potential following-up work
that can be done to promote the further development in the aera of supramolecular
electrochemistry.
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Chapter 2. Materials and methods

2.1 Materials

CB7 and CB8 were synthesized and purified by members of the Lee group, and the
corresponding protocol was described in Chapter 1.3. All other chemicals were at analytical
grade and used directly after received without any further treatments. Methyl viologen
dichloride hydrate (98%), sodium phosphate monobasic dihydrate, procaine hydrochloride,
penicillin G sodium salt, indole, 2-naphthol, 6-methoxy-2-naphthol, 2,3-dihydroxynaphthalene,
2,7-dihydroxynaphthalene,  1,5-dihydroxynaphthalene,  1,6-dihydroxynaphthalene,  2-
chlorophenol, 3-chlorophenol, 4-chlorophenol, tryptophan, phenol, sesamol,2-methoxyphenol,
pyrocatechol, 4-bromophenol, 4-fluorophenol, 3-methoxyphenol, resorcinol,
40methoxyphenol, hydroquinone, 4-cyanophenol, 2-hydroxybenzoitirle, phloroglucinol, urea,
citric acid, uric acid, creatinine and albumin were purchased from Sigma Aldrich (America).
Potassium chloride was ordered from Emsure. Sodium chloride was bought from VWR
(America). B-cyclodextrin (BCD), y-cyclodextrin (yCD), 1-adamantylamine and sodium
phosphate dibasic heptahydrate, resazurin, boric acid and phosphoric acid were bought from
Aladdin. 1,7-dihydroxynaphthalene and sodium phosphate dibasic heptahydrate were obtained
from Alfa Aesar (UK) and Fisher Scientific (America), respectively. Tacrine was obtained
from Bidepharm (China). Acetic acid and sodium hydroxide were bought from SCR (China).
Resorufin was ordered from TCIl company (China). Rivastigmine and rimantadine were
purchased from Generon supplier (UK). Memantine hydrochloride was purchased from
Stratech Scientific Ltd (UK).

2.2 Synthesis and purification of CB7 and CB8

CB7 and the mixture of CB6 and CB8 were synthesized and purified by Mr. Alvaro
Castillo Bonillo. CB8 was isolated from the mixture by me.

All fabrication and purification steps were performed according to the procedure
proposed by Isaacs as illustrated in Chapter 1.3 [3334, In detail, CBn mixture was fabricated
via the reaction between glycoluril and paraformaldehyde in the ice-cold concentrated HCI
solution. The mixture was heated at 80 °C for 5 hours and then heated up to 100 °C for 14 hours.

The obtained mixture was cooled down to the room temperature and evaporated to a
minimum volume to form slurry for purification. The slurry was poured into distilled water
with 1:4 volume ratio and the Crop 1 contained CB5-8, CB10 was collected via filtration.

Crop 1 was stirring in a backer of water with volume ratio of 1/10 and filtrated to
collect the Mixture 1 of CB6, CB8, CB10. The supernatant was then poured into methanol to
obtain Mixture 2 of CB5, CB7 by filtration.

CB8 was obtained by stirring Mixture 1 in a backer with 3 M HCI and filtration. This
step was repeated for at least 4 times to ensure CB6 and CB10 are removed thoroughly. Then,
pure CB8 was acquired via recrystallization in warm concentrated HCI and dried in the ambient
environment with a porous parafilm covered.

To eliminate potential CB6 residues in Mixture 2, it was dissolved in H20 and poured
into methanol until the pH of solution reaches pH >5. CB7 solid was isolated by stirring the
resultant solution in 1:1 methanol: H20 and filtration. Pure CB7 was obtained by dissolving
the isolated CB7 into water and recrystallization by slow acetone addition.

The purity of the obtained CB7 and CB8 sample was checked by performing *H NMR
tests periodically after purification steps. If the obtained CB7 and CB8 are not pure enough,
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purification procedures described in the previous two paragraphs will be repeated until the
purity meet the requirement.

2.3 Electrolyte preparation

50 mL of 6.25 mM phosphate buffer (PB) solution (pH 7) was obtained by mixing 38
mL of sodium phosphate dibasic heptahydrate (NazHPO4 - 7H20) stock solution and 12 mL
sodium phosphate monobasic dihydrate (NaH2PO4 - 2H20) stock solution. In detail, 1419.6 mg
of Na2HPO4 - 7H20 and 1199.8 mg of NaH2PO4 - 2H20 powder were dissolved into 50 mL
distilled water, respectively, as concentrated stock solution. 2.5 mL of the obtained two
concentrated stock solution were diluted to 50 mL by distilled water as stock solutions to be
utilized for 6.25 mM PB solution prepration.

Britton-Robinson (BR) buffer (pH 7) was prepared with 0.04 M boric acid, 0.04 M
phosphoric acid, 0.04 M acetic acid and 0.2 M NaOH. Specific amount of 0.2 M NaOH was
added into the 0.04 M acidic mixture (boric acid, phosphoric acid and acetic acid) until the pH
of the solution reaching 7, which was measured by pH meter.

Synthetic urine was prepared by adding 500 mg of urea, 260 mg of NaCl, 240 mg of
NaH2PO4, 225 mg of KCI, 40 mg of creatinine, 20 mg of citric acid, 8 mg of uric acid and 2.5
mg of albumin into 50 mL distilled water.

Fetal bovine serum (FBS) and human serum (HS) were bought from Sigma Aldrich.
Defibrinated sheep blood (SB) and horse blood (HS) were purchased from Fisher Scientific.
FBS, HS, SB and HB were used as obtained for electrochemical measurements without any
additional treatments such as deproteinization.

2.4 'H NMR spectroscopy

All *H NMR spectra were recorded by Bruker Avance 111 400 MHz instrument at room
temperature. All samples for TH NMR measurement were prepared at 1 mM in deuterium oxide
(D20) unless stated otherwise. 'H NMR tubes were cleaned by ethanol, isopropanol, acetone
and distilled water for 3 times with the aid of ultrasonic bath and dried in vacuum oven prior
to the new measurement to ensure no residues from previous sample was left in the tubes.

2.5 Computational simulations

Computational simulations were performed to obtain the insights into the complexation
between host and guest molecules. The binding energy of a host-guest complex was calculated
by the energy obtained at the same level of theory.

2.5.1 Optimization of molecular models

Molecular models of free guest molecules and their corresponding host-guest inclusion
complexes formed with CBn were optimized by MMFF94 in Chem3D before the full density
functional theory (DFT) minimization at wB97XD/6-31G* and CPCM/wB97XD/6-31G* level
of theory using Gaussian 09. CPCM implicit water model was utilized to appropriate the
solvation effects presented in electrochemical measurements which were carried out in agqueous
condition.

2.5.2 Ab initio molecular dynamics

All experiments introduced in this section were done by Dr. Hugues Lambert. CP2K
software was employed for the PM6-D3 semiempirical DFT model with time step of 1 fs in
vacuum [2512521 Systems were held for 10 ps to equilibrate with a CSVR thermostat within the
NVT block with a time constant and temperature of 100 fs and 300 K, respectively. The
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thermostat was removed after the equilibration, and then the system transmitted for 30 ps within
the NVT block.

The charge and multiplicity for MV **-involved and MV?*-involved complexes were set
as 1, 2and 2,1, respectively. The entropy and energy were obtained from 30 ps trajectories for
the ternary complexes studied in Chapter 4. The conservation of energy from the trajectory
was improved by utilizing ASPC extrapolation approach [25%. The average energy for each
sample was collected from the average value of the potential energy for the sample at every 10
times step. With the spectrally differentiate evaluating of entropy, the configurational entropy
for each sample was obtained. All configurations obtained by trajectory were RMSD aligned
with Open Babel before computing the power spectrum of the Cartesian coordinates of the
atoms, which was finally utilized for the integration of the configurational entropy value [254],
To calculate the Gibbs free energy, the translational and rotational entropy were computed
using Gaussian 16.

2.6 UV-visible spectroscopy

UV-vis absorption spectra in Chapter 3 were collected by an Ocean Optics Flame
spectrophotometer at room temperature. The cuvette with 1 cm of path and DH-mini light
source were utilized for all measurements. Integration time, scans to average and boxcar width
were set as 10 ms, 300 and 3, respectively in all measurements. Samples in Chapter 3 for Job’s
plots measurements and pKa titration were prepared in 2 mM PB solution (pH 7) and BR buffer,
respectively.

2.7 Fluorescence spectroscopy

Fluorescence titration spectra were recorded by an Ocean Optics Flame
spectrophotometer with 533-nm LED (1.96 mW) as excitation using cuvette with 1 cm of path
to contain samples at room temperature. 5 s of integration time, 3 of scans to average and 10
of boxcar width were utilized for all measurements. Titration experiments were performed by
successively dropping small amount of host solution into the guest stock solution, whose
concentration was kept almost unchanged over the entire titration. 2 mM of PB solution (pH 7)
was utilized as the solvent for sample preparation.

2.8 Electrochemical measurements

All cyclic voltammetry (CV) and square wave voltammetry (SWV) measurements
discussed were carried out on Gamry Interface 1010E potentiostat. All measurements were
performed using a three-electrode setup in a 50 mL electrochemical cell, consisting of (1) WE:
glassy carbon electrode (GCE, d = 3 mm) in Chapter 3 or gold disk working electrode (d = 2
mm) in Chapter 4 and Chapter 5, (2) RE: leakless Ag/AgCl electrode (d =5 mm) and (3) CE:
platinum plate counter electrode (6.5 x 6.5 mm). All of electrodes were immersed into aqueous
electrolyte and connected to the Potentiostat. Samples for electrochemical measurements were
prepared by dissolving specific amount of the target analytes in 30 mL of electrolyte solution
in 50 mL centrifuge tube, which were put in ultrasonic bath for hours before transferred to the
electrochemical cell for measurements. Prior to each measurement, the sample solution was
purged with nitrogen gas for more than 10 minutes to remove the dissolved oxygen in the
solution.

Electrochemical measurements in Chapter 3 were done in Britton-Robinson (BR)
buffer solution at pH of 7.0. BR buffer solution was prepared by adjusting the pH of 0.04 M
solution of boric acid, acetic acid, and phosphoric acid by 0.2 M NaOH.
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6.25 mM sodium phosphate buffer (PB) solution at pH of 7.0 were utilized as the
electrolyte for electrochemical measurements discussed in Chapter 4 and Chapter 5, which
was prepared with sodium phosphate monobasic dihydrate and sodium phosphate dibasic
heptahydrate.

2.8.1 Cyclic voltammetry

All CV curves demonstrated in Chapter 3 were recorded by sweeping the potential from
300 mV to -400 mV for 5 cycles at scan rate of 10 mV/s with step size of 1 mV.

All CV curves displayed in Chapter 4 were obtained by cycling the potential from -200
mV to -800 mV for 5 cycles at various scan rates of 10, 20, 50 or 100 mV/s with step size of 2
mV.

2.8.2 Square wave voltammetry

All SWV measurements were performed by setting pulse size and frequency as 25 mV
and 5 Hz, respectively. Equilibrium time was set as 15 s in all cases. The exact step size and
potential range were introduced separately as followings.

In Chapter 3, SWV curves were collected with the potential ranging from 300 mV to -
400 mV with 1 mV of step size.

In Chapter 4, SWV experiments discussed were performed by sweeping the potential
from 0 mV to -800 mV with 2 mV of step size.

In Chapter 5, all SWV titration measurements were collected by sweeping the potential
from -200 mV to -700 mV with 2 mV of step size. Parameters for SWV measurements to
determine the binding constants of ternary complexes were the same as that in Chapter 4.
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Chapter 3. Modulation of electrochemical activity of resazurin by
controlling the tightness of host-guest encapsulation in aqueous media

This Chapter investigated the formation of host-guest complexes between resazurin
(RZ) and a series of synthetic receptors, including cucurbit[7]uril (CB7), cucurbit[8]uril (CB8),
B -cyclodexitrin (B CD) and y -cyclodextrin (y CD) from both qualitative and quantitative
perspectives by H NMR spectroscopy, UV-vis titration and computational simulations.
Gratifying to find that a reverse modulation effect on the electrochemical reactivity of resazurin
(in deprotonated form of [RZ-H]- at neutral pH) was achieved upon the complexation with rigid
CB7 and CB8, which was rationalized by the fact that different cavity volume that can either
facilitate or disfavour water molecules to approach the reaction centre on [RZ-H] for reduction.
Nevertheless, unlike CB7 and CB8, no similar modulation effect has been observed in the case
of BCD and yCD although their cavity sizes are comparable to that of CB7 and CBS,
respectively, highlighting the importance of cavity rigidity of host.

3.1 Introduction
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Fig. 3.1 (a) The two-step reduction processes of deprotonated resazurin ([RZ-H]") at neutral
pH (7.0). (b) Schematic representation of the complexation between [RZ-H] and CB7/CB8
with different binding tightness and the corresponding intermediate generated upon reduction.

Resazurin (RZ) is a weak fluorescent dye molecule that is biologically compatible and
redox active, thus being extensively applied in trace detection in biological field, such as
determining cell cytotoxicity [2552%] investigating bacteria contamination 2571, studying cell
proliferation [2%8259  testing antibiotic susceptibility [?6°], What render RZ numerous
applications in biologically trace sensing is its changes in visible colour and fluorescent
intensity happened in the course of two-step reduction process, i.e. the weak fluorescent purple
RZ can be irreversibly reduced to strong fluorescent pink resorufin (RS), and then a non-
fluorescent transparent dihydro-resorufin (DHRS) can be generated via a followed reversible
reduction process (Fig. 3.1a) 261, On account of the importance of the redox property for RZ
to be utilized in practical applications, the modulation of its reduction reactivity, which has not
yet been explored, is thus of great meaning.
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CBn (n = 5-8, 10) are a family of synthetic macrocycles consisting of electronegative
carbonyl-lined portals and hydrophobic well-defined cavities, enabling superior binding
strength and selectivity via ion-dipole interaction and hydrophobic effect for host-guest
complexation compared to the analogous synthetic receptor of cyclodextrins (CDs). Hence, the
application potentials of CBn have been extensively exploited, such as explosive and crime
detection [6136.250] food safety inspection 262, environmental pollutants monitoring 2%, drug
delivery 53 and so on.

Among CBn homologues, CB7 and CB8 are most prevalent in aqueous-based scenarios,
such as electrochemical measurement cell and biologically relevant system, due to their desire
water solubility and biocompatibility [67:94.95117.263.264] |t has been explored that the reactivity
of redox active guest can be modulated upon complexation by taking advantage of the different
microenvironment inside cavity of CBn compared to the bulk solution. For example, The
Kaifer group and the Kim group have proposed that the electrochemical behaviours of MV?*
can be modulated upon complexation with CB7 and CB8 [9495117.263] |n detail, the formation
of CB7-MV?* can de-activate the reduction of MV?* due to the preferable stabilization of CB7
for more positively charged MV2* than the reduction product. On the hand, the first reversible
electrochemical reduction process of MV?* was found to be activated when it binds to CBS8,
which is attributed to the formation of stable 1:2 complex between CB8 and the reduction
intermediate of MV?*. Nevertheless, the activation based on such dimerization requires the
generation of highly polarizable aromatic intermediate radical (e.g. MV*"), which is quite rare.
As a result, the precedent research regarding CBn-based modulation effect on the
electrochemical reactivity is mainly limited to viologen derived molecules.

Herein, the host-guest complexation between RZ and a variety of hosts, including CB7,
CB8, BCD and yCD, were investigated and compared. Quantitative analysis of the binding
behaviours of complexes were done by fluorescent and UV-vis spectroscopies, and was
visually supported by energy-minimized molecular models obtained by computational
simulations. Gratifying to note that a reverse modulation effect on RZ (in its deprotonated form
in neutral pH, annotated as [RZ-H]") was discovered upon complexation with CB7 and CBS,
i.e. CB7 demonstrated de-activation effect on the irreversible reduction process of [RZ-H]
while CB8 active it. Nevertheless, no significant modulation effect was observed in the cases
of flexible SCD and yCD hosts, indicating the pronounced role of cavity rigidity in modulation.
The reverse modulation effect of CB7 and CB8 was evidenced by the opposite reduction peak
potential shift observed by cyclic voltammetry (CV) and square wave voltammetry (SWV), i.e.
the reduction peak potential of [RZ-H]™ negatively shifted by -54 mV when it binds to CB7
while positively shifted by +37 mV in the presence of CB8 observed by CV. According to
computational simulations, the supramolecular modulation could be rooted from the ease for
water molecules to approach the reaction centre on [RZ-H], e.g. the -NO group, as illustrated
in Fig. 3.1b. The proposed reverse modulation effect on electrochemical reactivity of guest
molecule based on the binding tightness is expected to open up a pathway in the area of
supramolecular electrochemistry for the investigation of other proton transfer involved
electrochemical processes.

3.2 Complexation between [RZ-H] and CB7/CB8

After qualitatively determining the formation of complex between RZ and CB7/CBS,
the quantitative analysis regarding their thermodynamic stability represented by binding
constants were achieved via fluorescence titration experiments. Fluorescence spectra of RZ in
2 mM PB solution at neutral pH, where RZ mainly exists in the deprotonated form ([RZ-H]J,
pKarz = 5.76, Fig. 3.2) and at which we later observed the most effective modulation effects
in electrochemistry, upon successive addition of CB7/CB8 were recorded and the major
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emission peak at 583 nm was suppressed upon complexation (Fig. 3.3 a-b). It is noted that the
observed spectral depression with addition of CB is not owing to the pKa shift effect of CB as
evidenced by the pKa titration in Fig. 3.2. The binding constant of [CB7-RZ-H] and [CB7-RZ-
H]- were determined as 2.38 x 108 M and 3.16 x 10° M, respectively, by fitting the
Fluorescence titration results into 1:1 fitting model. To confirm the binding stoichiometry of
between [RZ-H] and CB7/CBS, Job plots of [CB7-RZ-H] and [CB8-RZ-H] were obtained by
continuous variation method, i.e. performing UV-vis experiments at fixed concentration sum
of [RZ-H] and CB7/CB8 (Fig. 3.4a-b). As depicted in Fig. 3.4c-d, the maximum value
appeared when the percentage of host (CB7 and CB8) was 0.5, verifying that the ratios between
CB7/CB8 host and [RZ-H] guest in complex are 1:1.
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Fig. 3.2 UV-vis spectra of 20 uM (a) RZ, (b) [CB7-RZ]  and (c) [CB8:RZ] in BR buffer
solution at a variety of pH values. pKa titration results of (d) RZ, (e) [CB7-RZ] and (f)
[CB8-RZ].

Interestingly, host-guest complexation between CBn and negatively charged species
are rare in literatures, predominantly due to the electrostatic repulsion from electron-rich
carbonyl-lined portal of CBn. The encapsulation of [RZ-H] by CB7/CB8 could be mainly
driven by hydrophobic effects (classical and non-classical, in which the classical and non-
classical hydrophobic effect refer to the entropy gain and enthalpy gain, respectively, from
release of water molecules locked on hydrophobic molecular surfaces upon binding) (32651 and
dispersion interactions while the negatively charged phenoxide group is situated at the terminal
position of the molecular skeleton, which is far away from the portal region of CBn and
therefore suffer minimized repulsion. This hypothesis can be supported by the optimized
molecular models of complexes (Fig. 3.3c-d) and the investigation of complexation-induced
pKa shift effect, which is indicative of the host-guest electrostatic interactions.
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Fig. 3.3 Fluorescence titration spectra obtained by successively adding 4 uM of (a) CB7 and
(b) CB8 into 0.2 uM of [RZ-H]" (solvent: 2 mM PB; pH = 7.0). Estimation of binding constants

of (c) [CB7-RZ-H] and (d) [CB8-RZ-H]" by fitting the normalized intensities at 583 nm during
titration into 1:1 binding model. Inset: energy-minimized molecular model of [CB7:-RZ-H] and
[CB8:RZ-H] at CPCM/wB97XD/6-31G* level of theory, where CPCM implicit water model
was utilized to simulate the solvent effects in aqueous-based electrochemical measurements.
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Fig. 3.4 UV-vis titration spectra obtained by fixing the concentration sum of [RZ-H] and host
=(a) CB7, (b) CB8 at 20 uM (solvent: 2 mM PB solution; pH = 7.0). Job plots of (c) [CB7-RZ-
H] and (d) [CB8-RZ-H] extracted from titration spectra in (a) and (b).

3.3 Modulation effects of CB7 and CB8 on electrochemical activity of [RZ-H]

The electrochemical properties of [RZ-H]  in absence and presence of 1 equimolar of
CB7 and CB8 were then measured using cyclic voltammetry (CV) and square wave
voltammetry (SWV) after confirming the formation of [CB7:RZ-H] and [CB8:-RZ-HJ]
complexes. As illustrated in Fig. 3.1a, [RZ-H] can undergo two consecutive reduction
processes, in which deprotonated RZ ([RS-H]) is generated via the first irreversible (R1)
reduction at pH 7 and then it can be further reversibly reduced to neutral DHRS. Characteristic
reduction properties of [RZ-H]  shown by black curve in Fig. 3.5a, ¢ observed by CV and SWV
are consistent with what reported in literature [?%61, In particular, the reduction potential of R1
are 5 mV and 14 mV vs Ag/AgCI reference electrode observed in CV. The peak-to-peak
splitting of R2 reversible redox peak pair in CV is around 44 mV (Fig. 3.5a), which is
comparable to the typical value of 57 mV at 298 K [2671 for completely reversible redox active
species, implying that the second reversible reduction process of [RZ-H] is kinetically fast.

The peak-to-peak splitting value of R2 redox pair was widened in the presence of
CB7/CB8 (Fig. 3.5a), suggesting a slower diffusion kinetics of bulky complexes ([CB7-RZ-
H] and [CB8-RZ-H]") with respect to free [RZ-H] . In addition, cathodic peaks were distorted,
and the anodic peak was greatly enlarged in the presence of CB7/CB8, which could be
attributed to the increasingly pronounced precipitation of the reduction products caused by the
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slower diffusion of bulky complexes 281, Meanwhile, when electron transfer step is coupled
by host-guest complexation process, distortions in cathodic curves is likely to appear 269,
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Fig. 3.5 Cyclic voltammograms of [RZ-H]-, [CB7-RZ-H] and [CB8-RZ-H]" (a) in absence and
(b) presence of 3 equivalents of 1-adamantylamine (ADA). Square wave voltammograms of
[RZ-H],, [CB7-RZ-H] and [CB8:RZ-H] (c) in absence and (d) presence of 3 equivalents of
ADA. Arrows indicate the potential sweeping direction. Electrolyte: BR buffer (pH 7). Scan
rate: 10 mV/s. Frequency: 5 Hz. Pulse size: 25 mV. Step size: 1 mV.

It is notably to see that peak potential corresponding to R1 of [RZ-H] were shifted to
opposite direction upon complexation with CB7/CB8 (Fig. 3.5a, €), i.e. AVR1,ce7=-54 mV and
AVRr1,ces= +37 mV in CV, and AVRs, ce7 = -56 mV and AVRi, ces = +24 mV in SWV at pH 7,
revealing that R1 of [RZ-H] was facilitated after being encapsulated by CB8 but became less
favourable when complexing with CB7. The magnitude of reduction potential shift observed
here is comparable to the one reported in typical CB7-MV?* (e.g. AV =-30 mV) system reported
by the Kaifer group 671,

Although the electrochemical behaviours of [RZ-H]- is known to be sensitive [266.270]
pH change cannot be the reason for the observed opposite peak potential shift effect caused by
CB7 and CB8, because the pH of sample in electrochemical cell was adjusted again after adding
CB7/CB8 prior to the tests and BR buffer solution was utilized to maintain pH at 7.0 throughout
the entire electrochemical measurement. Additionally, supramolecular pKa shift effect can also
not be the leading reason for the observed opposite modulation since no pronounced pKa shift
effect was observed in the cases of CB7 and CB8 for [RZ-H] (Fig. 3.2). With this discussion
and observation, the modulation of redox activity of [RZ-H]  upon complexation with
CB7/CB8 was not resulted from the change in protonation state of [RZ-H], and thereby
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implying that it could be caused by the change in microenvironment around [RZ-H]- after
complexation.

As a control experiment, 1-adamantylamine (ADA), is composed of an adamantane
skeleton with an amino group substituted at one of the four methyne sites. ADA is a well-
known strong guest for both CB7 and CB8 with reported binding constants of Kcs7-apa = 4.23
x 1012 M1 and Kces-apa = 8.19x 108 M1 [l thus having been employed to displace the
encapsulated [RZ-H]  out of CB7/CB8 cavity to investigate whether the reduction peak shift
phenomenon is indeed related to the supramolecular encapsulation of [RZ-H] . Gratifying to
see that the reduction peak potential of R1 shifted back to almost the same position of free [RZ-
H] after adding 3 equivalents of ADA into [CB7-RZ-H] and [CB8-RZ-H] system (Fig. 3.5b,
d), confirming that the modulation effects on the electrochemical reduction reactivity are
indeed from the complexation.

Note that there is a systematic shift towards the negative direction in the reduction peak
potential of R1 when 3 equivalents of AdNH: are present. For instance, the R1 peak potential
shifted from -5 mV to -54 mV in the CV (Fig. 3.5a,b). The observed systematic shift can be
rationalized by the formation of a self-assembled monolayer (SAM) of ADA on the surface of
the GCE, which was facilitated by hydrophobic interactions between the adamantyl moiety and
the mildly hydrophobic glassy carbon surface. The resulting SAM can hinder electron transfer
from the electrode to resazurin, resulting in the systematic shift in reduction potential.
Furthermore, the excess cationic Ad-NHs* can interact with the anionic [RZ-H]" in the system,
contributing to the observed potential shift. The tiny differences in reduction potential between
free [RZ-H]™ (=54 mV), [CB7°RZ-H]™ (53 mV) and [CB8*RZ-H]™ (-55 mV) in Fig. 3.5b can
be due to the incomplete displacement of [RZ-H] from the CB7/8 cavities since host-guest
displacement is a dynamic process. Nevertheless, these differences are considered slight and
within the range of methodological error.

3.4 Complexation between [RZ-H] and SCD/yCD

To gain further understanding of the role of CB cavity play for the modulation
mechanism, we then employed synthetic hosts of £-cyclodextrin (fCD) and y-cyclodextrin
(yCD) to perform measurements. BCD and yCD are known to be analogous hosts of CB7 and
CB8 with comparable cavity volume, and thus the packing coefficient of their complexes with
[RZ-H] should be similar. However, BCD and yCD cavities are more flexible and less rigid
compared to that of CB7 and CB8, thus being readily utilized to investigate the role of the
encapsulation tightness in activity modulation.

The complexation between [RZ-H] and BCD/yCD was confirmed by fluorescence
spectroscopy (Fig. 3.6) and UV-vis spectroscopy (Fig. 3.7). Quantitative analysis regarding
the interaction strength between [RZ-H] guest and S CD/ y CD hosts were achieved via
fluorescence titration. Upon the stepwise addition of SCD/yCD into [RZ-H] solution (in 2
mM PB solution, pH 7), the main emission peak of [RZ-H] at 583 nm was depressed
accordingly (Fig. 3.6a-b). The binding constants of [CD-RZ-H] and [yCD-RZ-H]  complexes
were estimated as 2.86 x 10° M and 3.05 x 10° M by fitting the fluorescence titration data
into 1:1 binding model (Fig. 3.6c-d). The 1:1 binding ratio was further confirmed by
continuous variation method, i.e. measuring UV-vis spectra with a various percentage of host
(BCD/ yCD) at a fixed concentration sum of host and guest (Fig. 3.7a-b). As indicated by the
maximum points appear at 0.5 in Job plots (Fig. 3.7c-d), the binding stoichiometry of
[BCD-RZ-H] and [yCD+RZ-H] complexes are indeed 1:1.
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Fig. 3.6 Fluorescence titration spectra obtained by adding by successively adding (a) SCD and
(b) yCD into 0.2 uM of [RZ-H] (solvent: 2 mM PB solution; pH = 7.0). Excitation: 533-nm
LED (1.96 mW). Estimation of binding constants of (c) [CD+RZ-H] and (d) [yCD-RZ-H] by
fitting the titration results into 1:1 binding model.
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Fig. 3.7 UV-vis titration spectra obtained by fixing the concentration of [RZ-H] and host = (a)
BCD, (b) yCD at 20 uM (solvent: 2 mM PB solution; pH = 7.0). Job plots of (c) [fCD-RZ-H]
and (d) [yCD+RZ-H] extracted from titration spectra in (a) and (b).
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3.5 Modulation effects of SCD and yCD on electrochemical activity of [RZ-H]

The modulation effect of SCD and yCD on electrochemical reactivity of [RZ-H] were
monitored after confirming the formation of [fCD-RZ-H] and [yCD-RZ-H]" complexes. CV
and SWYV tests of [RZ-H] in the presence of 1 equivalent of CD and yCD were recorded at
the identical conditions and parameters as those utilized in the cased of CB7 and CB8. Unlike
CB7/CBS8, no obvious reduction potential shift of [RZ-H], e.g. < 10 mV, were achieved by
BCD and yCD (Fig. 3.7), suggesting that there is no significant reactivity modulation effect on
the reduction of [RZ-H] offered by complexation with SCD and yCD although their binding
affinities are comparable to that of CB7 and CB8 (Fig. 3.6). This could be presumably due to
the fact that the cavity of S CD/y CD is more flexible than that of CB7/CB8, thus the
microenvironment around fCD/ yCD-encapsulated [RZ-H]- is closer to the bulk solution than
CB7/CBS8, highlighting the key role of rigid and well-defined cavity as well as corresponding
tight binding in modulating the redox activity of [RZ-H].
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Fig. 3.8 (a) Cyclic voltammograms and (b) square wave voltammograms of [RZ-H],

[BCD+RZ-H] and [yCD-RZ-H]". Frequency: 5 Hz. Step size: 1 mV. Electrolyte: BR buffer (pH
7).

3.6 Mechanistic analysis

Closer mechanistic inspection regarding the opposite modulation effects observed in
the case of CB7 and CB8 was done in detail in this section. As depicted in Fig. 3.1a, protonation
of -NO group (reaction centre), which was mediated by water molecules, and cascades of
electron transfer were involved in irreversible R1 process of [RZ-H]- [2%6], We therefore built
hypothesis that the opposite reactivity modulation effect on [RZ-H] by CB7/CB8 could be
related to the accessibility of water molecules to the CB7/CB8-included reaction centre (Fig.
3.1b). In particular, the reaction centre of [RZ-H] was located deep inside cavity no matter it
was encapsulated by CB7 or CB8, as indicated by the binding geometric information predicted
in DFT optimized molecular models (Fig. 3.3c-d). To verify this hypothesis, we computed the
van der Waals volume of [RZ-H]™ using HyperChem and Spartan and determined its packing
coefficient within CB7 and CBS, respectively (Table 3.1). Initially, attempted to analyze the
binding modes of [RZ-H]~ with CB7 and CB8 using NMR by the shifting of chemical shifts;
however, the immediate formation of a precipitate upon mixing the guest and host solutions
resulted in a solid complex state that was unsuitable for liqguid NMR analysis. As an alternative,
we optimized the complexation modes using DFT calculations (Fig. 3.3c-d). Our observation
indicates that, [RZ-H]™ resides partially in the cavity rather than being fully encapsulated in
both CB7 and CB8. This illustrates the considerably large packing coefficient observed for
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[RZ-H]™ in relation to both the expanded and inner cavity volumes of CB7. In the case of CB8,
the PC generally falls in a region that is highly conducive to the occurrence of complexation,
i.e. the Rebek’s rule 28, which predicts the most favorable binding at 55% packing coefficient
with regard to the inner cavity volume because 45% empty cavity space guarantee certain
mobility freedom for host and guest and a higher packing coefficient is likely to at the expanse
of such mobility freedom. Certainly, the number of 55% is not extremely strict and a certain
degree of shifts in packing coefficient is acceptable with a resulting depressed binding constant
[39], Notably, the reaction center of [RZ-H]- is deeply immersed in both host cavities.

Table 3.1 Molecular volume, packing coefficients and binding constants of [CB7+RZ-H]~ and
[CB8+RZ-H]~ with/without one H20 molecule included.

Packing coefficient (%)

Volume
CB7 CBS8
179.82 64 (74)? 38 (49)2
[RZ-H]
206.29° 73 (85)° 43 (56)P
196.982 70 (81)2 41 (54)?
[RZ-H] + H20
225.64° 80 (93)° 47 (61)°

2 Calculated by HyperChem 8.0.10.

b Calculated by Spartan 20 Parallel Suite.

Packing coefficient were calculated based on the expanded (inner) cavity volume of CB7 and
CBS8 reported by the Nau group 211,

(a)

(b)

[CB8eRZ-H] [CB8*RZ-H] + H,0

Fig. 3.9 Optimized molecular models of (a) [CB7-RZ-H] and (b) [CB8:RZ-H] with/without
one water molecule near -NO group (reaction centre) of [RZ-H].
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Fig. 3.10 Optimized molecular models of [CB7-RZ-H+e]? with one water molecule near (a)
O, (b) -NO reaction centre. Energy-minimized molecular models of [CB8-RZ-H+€]* with one
water molecule near (c) O, (d) -NO reaction centre.

Table 3.2 Optimized energies of free [RZ-H+e]>, [CB7°RZ-H+€]* and [CB8*RZ-H+e]*
interacting with one water molecule computed at CPCM/wB97XD/6-31G* level of theory,
where CPCM implicit water model was utilized to simulate the solvent effects in aqueous-
based electrochemical measurements.

Position of H2O  Optimized Energy (kcal/mol)  AE (kcal/mol)

Near -O- Eo =-560269.7699

[RZ-H+e]> + H20 +2.7
Near -NO En =-560267.0987
Near -O" Eo =-3202902.01

[CB7°RZ-H+€]* + H20 +6.8
Near -NO En =-3202895.236
Near -O" Eo = -3580409.198

[CB8*RZ-H+€]*+ H20 -4.2
Near -NO En =-3580413.347

[RZ-H+e]? represents one-electron reduced intermediate formed by [RZ-H]

Eo = Optimized energy when H20 is located near -O- of [RZ-H+¢€]%;

En = Optimized energy when H20 is located near -NO of [RZ-H+¢e]?;

AE = En - Eo.

Note that the optimized energy in the table is based on the total electronic energy of the system
modelled by DFT, without thermal corrections. No entropic term is included in these optimized
energy values, and they can be roughly considered as enthalpy but are not exactly the same as
conventional enthalpy.
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The binding between [RZ-H] and CB7 is snug owing to its smaller cavity volume
compared to CB8, while the introduction of a water molecule adjacent to reaction centre will
partially displace [RZ-H]- from CB7 cavity in the cases of [CB7-RZ-H] and [CB7-RZ-H+¢]?,
as shown by their corresponding optimized molecular models in Fig. 3.9a and 3.10b. The
partial displacement of [RZ-H] is likely to weaken the host-guest interactions, therefore giving
rise to a destabilized reaction intermediate in the proton transfer step. On the other hand, when
[RZ-H] binds to larger CB8, the binding geometry of [CB8:RZ-H] and its one-electron

reduced intermediate [CB8-RZ-H+€]?* are less prone to the introduction of a water molecule
around the reaction centre of [RZ-H]" (Fig. 3.9b and 3.10d), indicating the pre-organization
effects of CB8 on [CB8-RZ-H] and [CB8-RZ-H+e]* play an effective role to encapsulate and
stabilize the introduced water molecular in the step of proton transfer. The pre-organization
effects offered by CB8 is also likely to make entropic contribution to the activation of R1
process of [RZ-H]".

To gain semi-quantitative knowledge about the above hypothesis, we computed energy
values of the optimized molecular models of one-electron intermediates with one encapsulated
water molecule either near the -O" or -NO group (Fig. 3.10 and Table 3.2). In the case of free
[RZ-H+e]%, the system was slightly destabilized by +2.7 kcal/mol with water molecule moving
from -O to -NO reaction centre. Notably, such energy increase was enlarged to +6.8 kcal/mol
in the case of [CB7-RZ-H], suggesting the process for water molecule to arrive -NO reaction
centre became less energetically favourable with respect to its free form; however, the energy
difference was reversely reduced to -4.2 kcal/mol in the case of [CB8-RZ-H]", implying that it
became more energetically favourable for water molecule to approach -NO reaction centre, in
agreement with the hypothesis.

3.7 Conclusions

We qualitatively and quantitively investigated the host-guest complexation between
[RZ-H]- and different synthetic hosts including CB7, CB8, fCD and yCD by 'H NMR,
fluorescence spectroscopy, UV-vis spectroscopy as well as computational simulations.
Gratifying to note that an opposite modulation effect on [RZ-H] electrochemical reactivity was
achieved upon complexation with rigid hosts, e.g. CB7 and CB8. Such modulation effect can
be rationalized by the binding tightness that determines the ease for water molecules to
approach the encapsulated -NO reaction centre of [RZ-H] in the step of proton transfer.
Nevertheless, it is interesting to note that the analogous hosts of CD and yCD do not display
effective modulation effect although their binding affinities with [RZ-H] are comparable to
that of CB7/CBS8, highlighting the crucial role of the rigidity of cavity.

The investigated supramolecular modulation effect on the electrochemical activity of
encapsulated [RZ-H] achieved the research objective regarding cucurbiturils-based complexes
applications in the field of analytical chemistry. The proposed approach is expected to be
extended to other redox reactions that include proton transfer process and encourage us to gain
knowledge about and better design nano-confined chemical systems. In addition, it is inspired
that we can extend the supramolecular modulation study from one host-one guest complex to
one host-two guests complexes which consist of one pre-encapsulated first guest molecule and
one subsequently encapsulated second guest, such as CB8-MV?*-G2 ternary complexes.
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Chapter 4. Rapid estimation of binding constants for cucurbit[8]uril
ternary complexes using electrochemistry

This chapter is published as a cover article in Analytical Chemistry
(https://dx.doi.org/10.1021/acs.analchem.0c04887).

This Chapter reported a facile methodology for the estimation of binding constants of
cucurbit[8]uril-methyl viologen-based hetero-ternary complexes (CB8-MV?*-G2) with the aid
of electrochemistry, readily providing instructive information in designing supramolecular-
based materials for specific application, such as drug delivery, selective sensing, etc. In
particular, a linear correlation with R > 0.85 between isothermal colorimetry (ITC) determined
binding constants and the cyclic voltametric- and square wave voltametric-measured reduction
potential shift of twenty-five reference CB8-MV?*-G2 complexes with respect to CB8-MV?*
was discovered. The estimation of binding constants of an unknown CB8-MV?*-based hetero-
ternary complex can be achieved by one-point electrochemical measurement within 10 min (~
5 hin ITC) following our proposed electrochemical scheme, allowing for screening in high-
throughput fashion. Moreover, high precision (+0.03) and practical accuracy (40.32) in
binding constants (represented as logKa2) have been displayed by our electrochemical scheme.
Mechanistic investigation based on experimental and computational results suggests that the
linear correlation is rooted from the host-guest exchange behaviours taking place after the
electron-transfer process. As a proof-of-concept application, the binding constants of a group
of six-membered cyclic hydrocarbons, which are hard to be measured by conventional titration
methodologies due to their high volatility and sparse solubility, were estimated with our
electrochemical scheme.

4.1 Introduction

The noncovalent interactions between host and guest play a key role in designing
supramolecular-based materials for manifold end applications, such as, selective molecular
detection [#6-48175271]  dryg delivery and controlled releasing [2058.272.273] - sypramolecular
functionalized nanomaterials [4®274-2791 molecular catalysis [28248.24%1 reaction activation or
inhibition [280.281] single-molecule conductance 282 etc, and thus the quantitative analysis of
them are of great importance in supramolecular chemistry. Binding constant is a widely
accepted indicator giving a quantitative index to the interaction strength of supramolecular
complexes. Supramolecular titration methodologies are the most common routes for the
estimation of binding constants, which rely on the change of specific physical property with
the successive addition of guest solution into host solution or vice versa. In particular, the
normally utilized physical property and the corresponding characterization techniques include
absorbance in UV-vis spectroscopy, heat transfer in ITC, chemical shifts in NMR, emission
intensity in fluorescence spectroscopy [28%, Although ITC has been continuously regarded as
the gold standard for the estimation of binding constants, especially for interactions between
large biomolecules, while it suffers from some intrinsic defects of titration experiments, such
as the tedious experimental steps, expensive and bulky instrument, complicated data analysis,
specific requirement of the solubility of the analyte and the limited applicability for sparsely
soluble analytes. Apart from supramolecular titration methodologies, other substrate-based
methodologies such as surface plasmon resonance (SPR) and quartz crystal microbalance
(QCM) for quantitative measuring the molecule interactions in supramolecular complexes have
also been explored; however, these methodologies demonstrate limited applicability towards
small molecules, such as molecules with molecular weight around 102 Dalton, and
predominantly work for the biomolecules with big molecular weight (~ 10° Dalton), e.g.
proteins and antibodies [138.139],
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CBn (n = 5-8, 10) are a young generation of supramolecular hosts possessing rigid and
hydrophobic cavity as well as carbonyl-bridged and electronegatively charged rims. Positively
charged guests can interact with the electron-rich portal of CBn via ion-diploe interactions
and/or the hydrogen bonding, rendering CBn a strong receptor for cationic guests. Neutrally
charged guests can take advantage of the hydrophobic effect of CBn cavity to obtain entropic
gain upon releasing high-energy water molecules via complexation, thereby being able to form
strong complex with CBn as well. Other than the capability of giving high binding affinities in
the cases of a wide range of guest molecules, the millimolar aqueous solubility of CBn allows
its application in biologically relevant aqueous environment, where the electrochemical
measurements are generally carried out.

Among CBn homologues, CB8 stands out due to its spacious cavity offering unique
ability to simultaneously encapsulate two guest molecules, especially two m-conjugated
molecules. According to the type of two guest molecules, CB8-based ternary complexes are
classified into homo- and hetero-ternary complexes [21:30.84.193.284.285] gpecifically, redox active,
electron-deficient and dicationic methyl viologen (MV?*) is a typical first guest for CB8 to
form 1:1:1 heterogeny complexes with a wide range of second guest molecules (G2) which
possess aromatic motif, for which the hydrophobic effects along with the charge-transfer
interactions between two guest molecules jointly serve as driving force [8487.94.284 1t is novel
to note that the reduction potential peak of MV?* can be shifted upon the complexation with
CB7/CB8, which can be rationalized by electrostatic stabilization and dimerization of
intermediate radical inside CB8 cavity, respectively. Thus, MV?* is ready to serve as a redox
reporter for investigation of host-guest complex using electrochemistry. However, the
correlation between the binding affinities of a range of G2 with CB8-MV?* and their

corresponding responsive electrochemical profiles has not been explored prior to our research
[269]

Herein, a rapid and simple electrochemical approach for the estimation of the binding
constants of CB8-MV?*-based ternary complexes (Kg2 in Fig. 4.1) has been reported. The
precision of logKa2 obtained by our approach is approximated to be +0.03, and the accuracy is
estimated to be within a practical range of +0.32. The binding constant (Ks2) of an unknown
analyte can be estimated by one-point experiment in less than 10 min, which is significantly
faster than the conventional titration experiments (around 5 h for ITC), thus allowing for the
high-throughput estimation of binding constants. Specifically, twenty-five molecules, whose
Kae2 have been measured by ITC were selected as the reference G2 for the formation of CB8-
MV?2*-G2 ternary complexes [¥71. The reduction potential values of all twenty-five CB8-MV?2*-
G2 ternary complexes were measured by cyclic voltammetry (CV) and square wave
voltammetry (SWV) to extract the shift of their reduction potential with respect to CB8-MV?*
binary complex (AVe: in Fig. 4.3). Remarkably, a linear correlation with R? > 0.8 between the
potential shift of CB8-MV?*-G2 ternary complexes (AVe2) and ITC-determined binding
constants (logKs2) was uncovered. The underlying mechanism leading to such linear
correlation was elucidated by the combined results from experiments and computational
simulations. It is revealed that this correlation is originated from the dynamic exchange events
of host and guest after the electron transfer step in reduction process. To prove the concept, the
applicability of the proposed scheme towards a group of volatile and sparsely miscible/soluble
organic cyclic hydrocarbons was checked by estimating their binding constants logKe2 with the
linear regression corelation, whose binding constants are otherwise hardly obtained by
conventional titration methodologies.
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4.2 Complexation and electrochemistry of CB8-MV?* and CB8-MV?*-G2

The formation of CB8-MV?* and CB8-MV?*-G2 complexes were illustrated in Fig.
4.1a; in detail, 1:1 binary complex of CB8-MV?* was formed via the ion-dipole interactions
between positively charged MV?* and electronegative portals of CB8, and then 1:1:1 CB8-
MV?*-G2 complex was formed by introducing 1 equivalent of G2 into CB8-MV?* solution
with the driving force from hydrophobic effect of G2 and the charge-transfer interactions
between electron-deficient MV?* and G2 inside CB8 cavity. The formation of complexes was
confirmed by *H NMR. Taking 2-naphthol (2NP) as an example G2, the corresponding H
NMR spectra are shown in Fig. 4.1b, which is consistent with previous reported results 78],
The chemical shifts of pyridinium protons on MV?* was upshifted in the presence of 1
equivalent of CB8 due to the shielding effect of CB8, suggesting the formation of CB8-MV?*
binary complex. With the addition of 1 equivalent of 2NP, the chemical shifts corresponding
to pyridinium protons of MV?* were further upshifted and widened with respect to CB8-MV?#*,
indicating that the formation of CB8-MV?2*-2NP ternary complex.
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Fig. 4.1 (a) Self-assembly process of CB8-MV?* binary complex and CB8-MV?2*-2 naphthol
(CB8-MV?*-2NP) ternary complex. Ke2 is the binding constant between G2 and CB8-MV?*,
(b) 'H NMR spectra of MV?*, CB8-MV?*and CB8-MV?*-2NP. Inset: energy-optimized
molecular model of CB8-MV?2*-2NP obtained at CPCM/wB97XD/6- 31G* level of theory,
where CPCM implicit water model was utilized to simulate the solvent effects in aqueous-
based electrochemical measurements. (c) Cyclic voltammograms of MV?*, CB8-MV?*and
CB8-MV?*-2NP. AVa: is defined as the absolute value of the difference between the reduction
potential of CB8-MV?*and CB8-MV?*-G2.

As known, CB8 is a strong cationic receptor with its electron-rich rims, and
consequently, the metal ions presented in the electrolyte would compete with MV?* to bind
with CB8. Thus, it is of importance to choose a properly compromising concentration of
electrolyte at which a desired conductivity can be given and the binding between metal ions in
electrolyte with CB8 is not too strong to interfere the investigation of the binding between CB8
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and target analyte of MVV2*. CV and SWV measurements of MV?*, CB8-MV?* and CB8-MV?*-
2NP were carried out in different concentrations of PB solution at pH of 7.0 (Fig. 4.2). The
reversible reduction of free MV?* is a fast process with respect to complexes and its redox
peaks slightly increased as the increasing concentration of electrolyte by taking advantage of
the enhanced conductivity (Fig. 4.2a, d). Nevertheless, dynamic host-guest association and
disassociation behaviours are involved in the cases of CB8-MV?* and CB8-MV?*-2NP
complexes. As illustrated in the CV and SWV curves of CB8-MV?* (Fig. 4.2b-c) and CB8-
MV?*-2NP (Fig. 4.2e-f), peak corresponding to free MV?* started to appear when the
concentration of electrolyte was higher than 20 mM, suggesting that the stability of CB8-MV?*
and CB8-MV?2*-2NP complexes were reduced by the competitive binding of concentrated Na*
in electrolyte. Meanwhile, the reduction peak strength ratio between MV?*and CB8-MV?* or
CB8-MV2*-2NP complex decreased significantly with the increasing electrolyte concentration.
Additionally, the peak corresponding to CB8-MV?*-2NP completely disappeared when the
concentration of electrolyte achieved 100 mM, indicating that the stability of CB8-MV?*-2NP
is more susceptible to the concentration of electrolyte with respect to that of CB8-MV?*. The
representative colour resulted from the charge-transfer interactions between MV?2*and 2NP in
the case of CB8-MV?*-2NP decayed greatly as the electrolyte concentration increased (Fig.
4.2g). Taking both conductivity and complex stability into account, 6.25 mM of PB solution
was thus chosen as the electrolyte utilized for all electrochemical measurements displayed in
this Chapter.
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Fig. 4.2 Cyclic voltammograms of (a) 1 mM free MV?*, (b) 1 mM 1:1 CB8-MV?*and (c) 1
mM 1:1:1 CB8-MV?*-2NP in different concentrations (6.25, 20, 50 and 100 mM) of PB
solution (pH 7) at scan rate of 10 mV/s. Square wave voltammograms of (d) 1 mM free MV?*,
() 1 mM 1:1 CB8-MV?*and (f) 1 mM 1:1:1 CB8-MV?*-2NP in different concentrations (6.25,
20, 50 and 100 mM) of PB solution (pH 7) at frequency and step size of 5 Hz and 2 mV,

51



Supramolecular electrochemistry using cucurbiturils-based complexes for analytical and
sensing applications | Jia Liu

respectively. (g) Photo of 1mM CB8-MV?2*-2NP samples prepared in PB solution (pH 7) at
different concentrations of 6.25, 20, 50 and 100 mM.

The electrochemical characteristics of MV?*, CB8-MV?* and CB8-MV?*-2NP were
investigated by cyclic voltammetry (Fig. 4.1c). It has been widely studied that dicationic MV?*
can experience two consecutive reversible reduction steps, generating MV ™ radical and neutral
MV, respectively 67941, The first reversible reduction process, i.e. from dicationic MV?* to
MV* radical process, was mainly discussed here in this Chapter. The reduction potential of 1
mM MV?2* was measured as -624.8 mV versus Ag/AgCl reference electrode at scan rate of 10
mV/s by cyclic voltammetry. After introducing 1 equivalent of CB8 into 1 mM of MV?*, the
reduction peak was positively shifted by 130 mV to -494.8 mV under the same measuring
parameters of CV, replying that the reduction of CB8 encapsulated MV?* is easier than its free
form. Such positive shift of MV?* reduction peak in the presence of CB8 is consistent with
what Kim and co-workers have reported. Such positive shift can be rationalized by the
reversible dimerization of the reduction product MV* inside CB8 cavity as stable 1:2 CB8-
2MV* complex [#4],

It is interesting to note that after adding 1 equimolar of 2NP into 1:1 CB8-MV?*, the
reduction peak was shifted back towards the negative direction to -577.9 mV ( Fig. 4.1c¢),
indicating that the formation of CB8-MV?*-2NP ternary complex hindered the reduction
process. Additionally, it was found that the magnitude of reduction potential shift (AVane)
showed an asymptotic growth with increasing equivalence of 2NP until it reached one (Fig.
4.3). Thus, 1 equivalent of G2 was applied in all other electrochemical experiments of ternary
complexes in this Chapter. Provided the reduction of CB8-MV?*-2NP would end as 1:2 stable
complex CB8-2MV™ and free 2NP, its entire reduction process could be regarded as an
electrochemically driven dissociation of CB8-MV?2*-2NP ternary complex. Therefore, it can be
hypothesized that the hindrance magnitude to the electrochemical reduction of CB8-MV?2*-2NP
reflecting by the potential shift AVane in Fig. 4.1c would correlate to its thermodynamic
stability represented by its binding constant Kane, and MV2* would work as an efficacious
redox indicator to estimate the binding constant (Ke2) of a particular CB8-MV?*-G2 ternary
complex rapidly and simply.
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Fig. 4.3 Plot of potential peak shift (AVe2) of CB8-MV?* with the addition of different amount
of 2NP against the ratio of 2NP/CB8-MV?*,
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of ITC-determined Ke2 [#71,
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Fig. 4.5 Twenty-five overlaid cyclic voltammograms of CB8-MV?* (grey line) and CB8-MV?*-
G2 (red line) obtained by cycling potential from -200 mV to -800 mV for 5 cycles at scan rate
of 10 mV/s using Au disk and leakless Ag/AgCl as WE and RE, respectively. Electrolyte: 6.25
mM PB solution (pH 7). The name of G2 was labelled on the top of each plot.

To prove the assumptions proposed above, the reduction potential shift (AVez2) of
twenty-five reference CB8-MV?*-G2 ternary complexes with respect to CB8-MV?* were
electrochemically measured by CV and SWV as shown in Fig. 4.5 and Fig. 4.6, respectively.
To reduce the inconsistency for the correlation with ITC measured data, the electrolyte
condition in electrochemical measurements was chosen the same as that used in ITC [78],
Chemical structures of corresponding twenty-five G2 molecules were demonstrated in Fig. 4.4
in decreasing order of their documented binding constants (Kg2) measured by ITC [8l,

2.0

(1) Indole

Current (uA)
5 @

e
o

=4
o

&
=3
13

20

-700

-600  -500 400
Potential vs Ag/AgCl (mV)

=300  -200

(4) 2,3-Dihydroxynaphthalene

2.0

(2) 2-Naphthol

Current (pA)
= n

Ll
n

e
o

-800

-700

-600 500 -400
Potential vs AgiAgCl (mV)

-300 -200

(5) 2,7-Dihydroxynaphthalene

Current (pA)
5

Current (pA)
& =

e
=

-T00

-600  -500 400
Potential vs Ag/AgCl (mV)

-800

-700

-600  -500 400
Potential vs Ag/AgCl (mV)

-300  -200

Continued on the next page

55

Current (A}

Current (uA)

-800

(3) 6-Methoxy-2-naphthol

-700 -600 500  -400
Potential vs Ag/AgCl (mV)

=300  -200

(6) 1,5-Dihydroxynaphthalene

-700  -600 -500 400

Potential vs Ag/AgCI (mV)

-300  -200



Supramolecular electrochemistry using cucurbiturils-based complexes for analytical and

(7) 2-Chlorophenol

Current (pA)

-700 -600 -500 -400 -300 -200
Potential vs AglAgCl (mV)
(10) 1,7-Dihydroxynaphthalene
2.0
1.5 1
= 1.0 ]
£
£
]
o 08 1
0.0
-800 -700 600 -500 400 -300 -200
Potential vs Ag/AgCI (mV)
(13) Sesamol
2.0 T T

>

0.5
0.0
800 -700 -600 -500 400 300 -200
Potential vs Ag/AgCI (mV)
(16) Pyrocatechol
20

-
@«

Current (pA)
5

bl
n

>

0.0
-800 -700 -600 -500 400 -300 -200
Potential vs Ag/AgCl (mV)
(19) 3-Methoxyphenol
2.0

=
tn

>

Current (pA)
5 B

0.0

700 600 500 400  -300

Potential vs Ag/AgCl (mV)

-800 -200

(8) 1,6-Dihydroxynaphthalene

sensing applications | Jia Liu

(9) 3-Chlorophenol

20
25
31.5- E 20
.g 1.04 ] 51.5
E gm
3 054 g 3
05
0.04 g
0.0
-800 700 600 -500 -400 -300 -200 -800 -700 -600 -500 -400 -300 -200
Potential vs Ag/AgCl (mV) Potential vs Ag/AgCl (mV)
(11) Tryptophan (12) Phenol
20 20

-
o @0

el
n

>

Current (uA)

-
n

Current (pA)
5

=
n

>

0.0 0.0
-800 -700 -600 -500 -400 -300 -200 -800 -700 -600 -500 -400 -300 -200
Potential vs Ag/AgCl (mV) Potential vs Ag/AgCl {mV)
(14) 4-Chlorophenol (15) 2-Methoxyphenol
2.0 20

-
n

>

o

Current (pA)
(=] -
in

d
o

0.0
800 700 600 -500 400 -300 -200 800 700 600 -500 -400 -300 -200
Potential vs Ag/AgCl (mV) Potential vs Ag/AgCl (mV)
(17) 4-Bromophenol (18) 4-Fluorophenol
2.0 v v T v 2.0 v T -

-
n

>

Current (pA)
P

Current (pA)
b 5 @

>

e
o

=
tn

>

Current (pA)
5

=
n

0.0
-800 -700 600 -500 -400 -300 -200 800 -700 600 -500 -400 -300 -200
Potential vs Ag/AgCl (mV) Potential vs Ag/AgCl (mV)
(20) Resorcinol (21) 4-Methoxyphenol
2.0 20
15 15 1
3 ! _
YN g
g g
£ £
30.5 30_5 J
0.0 0.0
-800 -700 -600 -500 400 -300 -200 -800 -700 600 -500 400 300 200

Potential vs Ag/AgCl (mV)

Continued on the next page

56

Potential vs Ag/AgCI {mV)



Supramolecular electrochemistry using cucurbiturils-based complexes for analytical and
sensing applications | Jia Liu

(22) Hyd "f’q”'“c'"’e 20 {23) 4-Cyanophenol vo (24) 2-Hydroxybenzonitrile
2.0 ’ ’
15 15
15 — -
z z
z 3 ES
£ 10 =10 =101
@ @
g E <
O 05 O 0.5 o 0.54
0.0 0.0 0.0
.800 700 -600 -500 -400 -300 -200 800 700 600 500 -400 -300 -200 800 700 -600 -500 -400 -300 -200
Potential vs Ag/AgCl (mV) Potential vs Ag/AgCl (mV) Potential vs Ag/AGCI (mV)

(25) Phloroglucinol

P

Current (puA)
P

Lnd
tn

=
o

800 700 -600 -500 400 -300 -200
Potential vs Ag/AgCl (mV)

Fig. 4.6 Twenty-five overlaid square wave voltammograms of CB8-MV?* (grey line) and CB8-
MV?2*-G2 (red line) obtained by setting the initial and end voltage as -200 mV and 800 mV,
respectively. Each CB8-MV?*-G2 was measured for 5 times. WE: Au disk. RE: leakless
Ag/AgCI. Electrolyte: 6.25 mM PB solution (pH 7). The name of G2 was labelled on the top
of each plot.

4.3 Correlation between the reduction potential shift of CB8-MV?*-G2 and the
ITC binding constants

The reduction potential shift values (AVec2) of twenty-five CB8-MV?*-G2 reference
ternary complexes were obtained by CV and SWV and plotted against their corresponding
reported logKe2 obtained by ITC. Fig. 4.7a-b were plotted by assuming ITC obtained binding
constants to be true values to remove the methodological error for correlation with our
electrochemical results; Fig. 4.7c-d took the ITC experimental error into account for reference.
It is notably to discover that a simple linear regression relationship was fitted between ITC
determined logKe2 and electrochemically measured AVe2 for twenty-five CB8-MV?*-G2
reference ternary complexes with desired R? values of 0.85 and 0.82 in CV and SWV,
respectively. The regular residual was found to be distributed narrowly at the centre of zero
with a relatively small peak width (Fig. 4.8a,d), consistent with the linear fitting observed
between percentiles and regular residual (Fig. 4.8b,e), and there was no trending bias in
variance through the overall range of fitted logKe2 when regular residual was plotted against
fitted logKez2 (Fig. 4.8¢c,f). These residual analysis of the linear fitting between ITC determined
logKa2 and electrochemically measured AVe2 support the appropriateness of the applied fitting
model. The R? values of the fitting between logKe2 and CV measured AVe2 were found to be
decreased as the scan rate of cyclic voltammetry increased, indicating that the slower the scan
rate, the more the host-guest exchange involved system approached its steady state (Fig. 4.9).
The changing trending of R? with the scan rate is in line with the fact that unlike half-wave
potentials, CV peak potentials are not of thermodynamic meanings, and therefore a slow scan
rate is important to ensure the data credibility. The slope of empirical linear fitting regression
plots corresponding to CV (Fig. 4.7a,c) and SWV (Fig. 4.7b,d) appear to be the same,
suggesting a good consistency between two electrochemical measuring techniques. The mildly
larger intercept in CV fitting with respect to that in SWV could be rationalized by the larger
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potential shift observed in SWV resulted from the minor contribution from the anodic peak to
the overall SWV curve (Fig. 4.10).
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Fig. 4.7 Linear regression curves of ITC-determined logKs2against the reduction potential shift
AVe2 of twenty-five CB8-MV?*-G2 reference ternary complexes measured by CV (a) without
and (c) with experimental error of ITC. Linear regression curves of ITC-determined logKa2
against the reduction potential shift AVe2z measured by SWV (b) without and (d) with
experimental error of ITC. The number labelled adjacent each data point corresponds to the
chemical structures in Fig. 3.4. Regression function and corresponding R? are demonstrated at
the upper-left corner. Red line is the linear regression curve and pink band is the 95%
confidence range. The regression function is inherently empirical. There are boundary
conditions for the accrual correlation when (i) logKa: is approaching ‘+infinity’, AVezis close
to 0, and when (ii) logKe: is approaching ‘—infinity’, AVe2appears to be a constant. Thus, the
correlation curve should not be linear over the entire range.

Leveraging the obtained correlation between ITC determined logKs2 and CV/SWV
measured AVe2 shown in Fig. 4.7, the logKez of an unknown G2 is allowed to be rapidly
estimated with AVe2 obtained by one-point CV or SWV test within 10 min, eliminating the
requirement of the multiple measuring steps in conventional supramolecular titration
methodologies. The accuracy of CV-and SWV-based scheme for the estimation of logKe2were
assessed from the root mean squared deviation of ITC determined logKe2 from the linear
regression equation as +0.32 and +0.35, respectively, with the assumption of regarding ITC
determined logKec2 as true values, which is enough for the purposes of high-throughput
screening and sorting logKe2 of a series of unknow G2. The precision of CV- and SWV-based
scheme stemmed from twenty-five reference ternary complexes were estimated as 0.06 and
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0.03, respectively, by taking account of the standard deviation of the AVe: in five repeated
measurements, which were comparable to that of ITC measurements.
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Fig. 4.8 The normal distribution of regular residual corresponding to the correlation fitting of
(a) CV and (d) SWV obtained results. The relationship between percentiles and regular residual
corresponding to the correlation fitting of (b) CV and (e) SWV obtained results. The plots of
regular residual against the fitted logKe2 corresponding to the correlation fitting of (c) CV and
(F) SWV obtained results.
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against the scan rate in CV measurements.
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Fig. 4.10 Overall SWV curve (black), cathodic curve (blue), and anodic curve (red) of (a) free
MV2* (b) CB8-MV?* and (c) CB8-MVZ*-2NP.
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Fig. 4.11(a) *H NMR spectra and (b) corresponding SWV curves of free MV?* and CB8-MV?*
in absence and presence of 0.5, 1 and 2 equivalents of 1-adamaintylamine (ADA).

When encountering bulky G2 molecules, it is of great importance to determine whether
it is capable of forming ternary complex with CB8-MV?* prior to the estimation of its
corresponding binding constant. It is common to see bulky guests like 1-adamaintylamine
(ADA) tends to replace the MV?* out of CB8 cavity, resulting in free MV2* and binary complex
of CB8-ADA, which could be incorrectly recognized as the formation of ternary complex and
thus giving rise to the false-positive value of binding constant in some conventional
supramolecular titration protocols such as UV-vis titration experiments. Here, with the aid of
sensitive electrochemical techniques, the events of formation of ternary complex and
replacement of MV?* can be clearly distinguished from each other. For example, taking ADA
as an example bulky analyte, a convolution of reduction peaks corresponding to free MV?* and
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CB8-MV?2* was observed in the presence of ADA, implying the displacement of MV?* by ADA
rather than the formation of CB8-MV?*ADA took place (Fig. 4.11b), consistent with the
corresponding *H NMR spectra (Fig. 4.11a). The convolution of peaks in SWV curves caused
by the displacement of bulky guests can be easily discovered by human eyes, thereby reducing
the probability of false-positive binding constants.

4.4 Electrochemical mechanism analysis

To study the electrochemical mechanism underlying the redox reaction processes of
complexes, detail insights into the electrochemical data were performed. We assume the
predominate existing form of redox active indicator MV?* is complexed form in CB8-MV?*-
G2 sample prior to the redox reaction, and the electron transfer process directly takes place at
the interface between the electrode and CB8-MV?*-G2 solution. The first assumption receives
support from the generally strong binding affinities of CB8-based ternary complexes 2%, and
moreover, both CV and SWV are highly sensitive to the occurrence of free form of MV?* (Fig.
4.12), but we did not observe the reduction peak corresponding to free MV?*in CB8-MV?*-G2
cases. The second assumption is supported by the fact of fast electron transfer kinetics in the
case of free MV?* as well as the reported efficient charge transfer process taking place in the
CB7-complexed MV?2* 2631 Thus, we ascribe the electrochemical mechanism of free MV?*
reduction process observed in CV and SWV to be ECr mechanism [28¢], referring to a reversible
electron transfer process (eq. 4.1) followed by a reversible chemical reaction, i.e. the host-guest
exchange in our case (eq. 4.2).

[CB8-MV?*-G2] + & = [CB8-MV*-G2] (4.1)
[CB8-MV*-G2] = 1/2[CB8-2MV*] + 1/2CB8 + G2 (4.2)
(a) (b)
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Fig. 4.12 (a) CV and (b) SWV curve of the sample containing 1 mM of CB8 and 2 mM MV?*
in 6.25 mM PB solution (pH 7).

Detail insights into the CV curves obtained at scan rate of 10 mV/s indicates that the
ratio between anodic peak current iap and cathodic peak current icp of CB8-MV?* complex
(iaplicp = 1.32) is larger than that of free MV?* (iaplicp = 1.07), which could be rationalized by
the accumulation of the redox couple of MVVZ*/MV* at the surface of gold working electrode
upon complexation with CB8 [#6287] 1t is reported that theoretical maximum value of peak
current ratio iap/icp is 1. The larger than 1 peak current observed in the reduction of MV?* and
CB8-MV?* could result from the over-estimation of the cathodic peak current at the switching
potential (isp)o in the utilized Nicholson method (eq. 4.3) due to the onset of the hydrogen
evolution process taking place at the switching potential (Fig. 4.13).

la,plicp = (iap)o/(icp)o+ 0.485X(isp)o/(ic,p)o + 0.086 (4.3)
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where iap and icp are the anodic and cathodic peak current with a proper baseline; (iap)o and
(icp)o are the experimentally obtained anodic and cathodic peak current; (isp)o is the
experimentally obtained current at the switching potential.
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Fig. 4.13 Plots of peak current ratio between anodic peak current and cathodic current
calculated using Nicholson method against the scan rate in CV measurements for twenty-five
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reference CB8-MV?*-G2 ternary complexes, CB8-MV?* and MV?*. The corresponding G2 is
labelled at top of each plot.

In addition, the peak-to-peak potential splitting (AEp) of CV curves measured at 10
mV/s in the cases of free MV?*, CB8-MV?* and CB8-MV?*-G2 reference ternary complexes
were investigated and compared. It was observed that the AE, value of free MV?* (83 mV) is
the smallest with respect to CB8-MV?* (125 mV) and CB8-MV?*-G2 (92 to 217 mV)
complexes, revealing the reversibility of the reduction of free MV?* is higher than that of its
complexed form, e.g. CB8-MV?* and CB8-MV?*-G2 complexes. This could be attributed to
the fact that the reverse anodic reaction was kinetically hindered by the CB8 complexation, in
line with the reported formation of stable 1:2 CB8-2MV** complex during the redox reaction
(eq. 4.2).

Further inspection can be obtained by analysing the effect of scan rate on the peak
current ratio (iap/icp) and peak-to-peak potential splitting values in cyclic voltametric results
(AEp). It is interesting to note that a general increasing trend of iap/icp Was observed in most of
CB8-MV?2*-G2 ternary complexes as scan rate increased from 10 mV/s to 100 mV/s (Fig. 4.13),
and meanwhile it was found that in all cases, including free MV?*, CB8-MV?* and CB8-MV?*-
G2 ternary complexes, AEp increased with the increasing scan rate (Fig. 4.14). These findings
suggest that the involved homogeneous chemical reaction is an irreversible process, i.e. the
overall electrochemical mechanism is E:Ci mechanism. This seemingly controversial
observation stresses the exceptional kinetic stability of 1:2 CB8-2MV** complex that makes
the rate of reverse reaction in eq. 4.2 considerably slow with respect to the timescale in CV
measurements and makes the homogeneous chemical reaction in eq. 4.2, i.e. the host-guest
exchange process, seemingly irreversible.
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Fig. 4.14 Plots of peak-to-peak potential splitting against scan rate in CV measurements for
twenty-five reference CB8-MV?*-G2 ternary complexes, CB8-MV?* and MV?*. The
corresponding G2 is labelled at top of each plot.

Additionally, it is noted that in the cases of strong CB8-MV?*-G2 ternary complexes,
i.e. Kaz is high, the shape of their CV curves demonstrated a high dependence on the scan rate.
In detail, a small hump appeared in the negative side with respect to the main anodic peak at
higher scan rates these strong CB8-MV?*-G2 ternary complexes, such as CB8-MV?*-indole
and CB8-MV?*-2NP (Fig. 4.15). The appeared minor hump could be resulted from the direct
oxidation of CB8-MV**-G2 rather than the kinetically stable CB8-2MV™**, suggesting that the
G2 which can work as a strong binder is likely to compete with the formation of stable CB8-
2MV* by forming CB8-MV*-G2. Meanwhile, the kinetics of host-guest exchange processes
of these strong G2 are generally slower with respect to that of weak G2, whose CV curves
present highly symmetric without the appearance of minor hump over the whole range of scan
rate from 10 mV/s to 100 mV/s. It is worth mentioning that the comprehensive analysis
regarding the electrochemical mechanism could be more complicated if taking account of the
interplay between diverse redox active species during the dynamic interconversion and is out
of the scope of our present study.
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Fig. 4.15 Cyclic voltammograms of (a) CB8-MV?*-indole, and (b) CB8-MV?*-2NP obtained
at different scan rates. The asterisk marks the minor hump.

4.5 Mechanistic investigation based on computational simulations

Clarification: modelling in this section were performed by my colleague, Dr. Hugues
Lambert.

To quantitively understand the origin attributing to the linear correlation of the ITC
determined binding constants logKe2 with the electrochemically measured potential shift AVe2
of CB8-MV?*-G2 ternary complexes, computational simulations based on density functional
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theory (DFT) were performed. MMFF94 was utilized to minimize the molecular models of
ternary complexes first prior to the DFT optimization at wB97XD/6-31G* and
CPCM/wB97XD/6-31G* level of theory, where CPCM implicit water model was utilized to
simulate the solvent effects in aqueous-based electrochemical measurements. The dispersion
corrected DFT functional wB97XD was employed to precisely assess the van der Waals
interactions which tend to significantly contribute to the binding strength of the host-guest
complexes. Specifically, the energy change upon the reduction processes, e.g. steps in eq. 4.1,
4.4 and 4.5, was computed with the DFT optimized molecular models. Nevertheless, no
correlation between the computed energy change of CB8-MV?2*-G2 ternary complexes and the
ITC determined logKs2 was discovered (Fig. 4.16). As indicated by Fig. 4.16a-b, the
correlation between ITC determined logKe2 and AVe:2 is unlikely to be rooted from the redox
step (eq. 4.5) but could stem from host-guest exchange process (eq. 4.2) taking place after the
reduction. Eqg. 4.5 describes the full redox reaction of CB8-MV?*-G2 ternary complex taking
both anodic and cathodic half-reaction into account, which ensures the electronic conservation
of the equation. In addition, as suggested by the lack of correlation in Fig. 4.16¢-d, the solvation
effects, which was not considered in the calculation for Fig. 4.16¢-d, tend to significantly
influence the binding constants of CB8-MV?*-G2 ternary complex in aqueous environment.
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Fig. 4.16 (a-b) Scatter plots of computed energy change in eq. 4.5 against the computed
binding energy of CB8-MV?*-G2 calculated by eq. 4.4. (c-d) The computed binding energy of
CB8-MV?*-G2 calculated by eq. 4.4 against the ITC determined logKg2. The computational
simulations for (a) and (c) were performed at wB97XD/6-31G* level of theory, and for (b) and
(d) were performed at CPCM/wB97XD/6-31G* level of theory, where CPCM implicit water
model was utilized to simulate the solvent effects in aqueous-based electrochemical
measurements.

[CB8-MV?] + G2 = [CB8-MV?*-G2] (4.4)
[CB8-MV2*-G2] + 3/2H20 = [CB8-MV*-G2] + 1/40 (triplet) + Hz0* (4.5)
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Fig. 4.17 Scatter plot of (a) the computed energy changes (AE) in step of eq. 3.5 at 300 K, (b)
the configurational entropy changes in the reduction of [CB8-MV?*-G2] to [CB8-MV**-G2]
(AS) at 300 K, and (c) the Gibbs free energy changes (AG) against the logKc2 determined by
ITC. The energy values of redox reaction involved species were obtained by time-averaged the
energy over 30 ps trajectories in vacuum condition at the PM6D3 level of theory. The
configurational entropy values were obtained utilizing the Spectrally Resolved Estimation of
the entropy with the 30 ps trajectories. The Gibbs free energy were calculated using the
computed enthalpy and entropy values taking the oxidation of H20 into account for electronic
conservation (eg. 4.5).

CBn cavities are expected to have a complicated energy landscape which cannot be
completely represented with the energies and structures of a local minimum, ab initio molecular
dynamics at the PM6-D3 level of theory was thus utilized for further inspection, while no
satisfying correlation was found either (Fig. 4.17). Specifically, the energy and the
configurational entropy changes in the reduction process were computed using the time-
averaged energies and the spectrally resolved estimation, respectively, based on 30 ps
trajectories %4, It was found that the changing magnitude of configurational entropy can be
larger than 10 kcal/mol at 300 K, which cannot be neglected. Nevertheless, there is no
symmetric trend in configurational entropy change against the ITC determined logKe:2 either
(Fig. 4.17b). Similarly, no obvious trend was observed in the energy changes over the reduction
of ternary complexes while their range is wider than that of wB97XD optimization (Fig. 4.17a).
Again, no desired correlation was obtained between the free Gibbs energy changes upon
reduction and the ITC determined logKsz2, making the standard redox potential of CB-MV?*
cannot be directly modulated by the encapsulation of G2.
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Fig. 4.18 Linear fitting of computed binding energy in eq. 4.4 against the computed energy
change in host-guest exchange process (eq. 4.2) using the energy obtained at (a) wB97XD/6-
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31G* and (b) CPCM/wB97XD/6-31G* level of theory, where CPCM implicit water model
was utilized to simulate the solvent effects in aqueous-based electrochemical measurements.
Note that the optimized energy utilized for the calculation of binding energy and energy change
in eq. 4.2 is based on the total electronic energy of the system modelled by DFT, without
thermal corrections. No entropic term is included in these optimized energy values, and they
can be roughly considered as enthalpy but are not exactly the same as the conventional enthalpy.
The above computational results suggest that the theory underlying the correlation
between ITC determined logKs2 and AVae2is unlikely to be related to the redox step in eq. 4.5
but more likely to come from the subsequent host-guest exchange events in eq. 4.2, which can
be regarded as an electrochemically induced supramolecular dissociation process. Indeed, the
reported potential shift in the case of CB8-MV?* is rationalized by the host-guest exchange of
CB8-2MV " instead of the relative stability of the redox species. Therefore, the measured AVe2
demonstrates the overall difference of free energy in eq. 4.1 and 4.2, in line with the proposed
E:Cr mechanism. It is satisfactory to find that the computed energy change in the process of eq.
4.2 demonstrated a linear fitting (R? = 0.95) with the computed binding energy of a CB8-MV?*-
G2 ternary complex calculated by the optimized energy obtained at CPCM/wB97XD/6-31G*
level of theory (Fig. 4.18), implying that the G2 which can strongly bind to CB8-MV?* can
also be a strong guest for CB8-MV™. Thus, the electrochemical reduction process of CB8-
MV2*-G2 ternary complex will only provide a competitive binding route for CB8-2MV** as
CB8-MV*-G2 but not interfere the relative binding constants within a range of G2.

According to the Nernst Equation (eq. 4.6), the observed reductio potential E is
dependent on the Eo, which is related to the AGo and the concentration ratio of [Red]/[Ox] of a
specific redox couple (eg. 4.7). In the case of CB8-MV?*, the formation of kinetically stable
CB8-2MV* attributes to its favoured reduction process compared to free MV?*, and the
consumption of active reduced CB8-MV™ via the formation of less active CB8-2MV** would
result in a positively shifted reduction potential [*4. Here, we propose that the binding constant
of G2 with CB8-MV?* regulates the ease of the formation of CB8-2MV**. A G2 with stronger
binding constant could hinder the formation of CB8-2MV ™" to a greater extent, thereby pushing
the reduction potential of the corresponding CB8-MV?*-G2 to a closer position as the free
MV,

[Red]
[0x]
AGo = -nFEo 4.7)

where E is the reduction potential at specific temperature T; Eo is the standard reduction
potential; n is the number of electrons involved in redox reaction; F is the Farady constant;
[Red] and [Ox] are the concentration of reduced and oxidized species; AGo is the standard free
Gibbs energy change of the redox reaction.

RT
E=Eo-—In
nr

(4.6)

4.6 Proof-of-concept application

To explore the applicability of our proposed electrochemical scheme, we investigated
the binding constants of a group of cyclic hydrocarbons as candidate G2 to form ternary
complexes with CB8-MV?*, including cyclohexane (CHA), cyclohexene (CHE), 1,3-
cyclohexadiene (1,3-CHD), 1,4-cyclohexadiene (1,4-CHD), and benzene, which are known to
be volatile and sparingly soluble in aqueous solution, thus making it imperial to prepare their
sample solution with accurate concentration for conventional titration methodologies. In our
case, their 1:1:1 CB8-MV?*-G2 samples of these cyclic hydrocarbons were prepared by adding
excessive amount of cyclic hydrocarbons into 1:1 CB8-MV?*-solution. As indicated by the
titration result of 2NP (Fig. 4.3), the potential shift (AVes2) will not increase further when the
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equivalent of 2NP is larger than 1, and thus the excessive G2 is less likely to cause unexpected
effect on the AVea.
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Fig. 4.19 (a) SWV and (c) CV curves of CB8-MV?* (grey line) and CB8-MV?*-G2 complexes,
where G2 = CHA (blue line), CHE (green line), 1,3-CHD (red line), 1,4-CHD (purple line),
and benzene (brown line). The chemical structures of G2 are demonstrated near the
corresponding curve. (b) SWV and (d) CV measured AVe2 and the estimated logKe2 of CB8-
MV?2*-G2 complexes plotted against the number of double bonds in G2. The chemical
structures of G2 are demonstrated near the corresponding data point.

As expected, certain potential shifts (AVe2) of CB8-MV?* were observed in the
presence of cyclic hydrocarbons as G2 in both SWV and CV modes (Fig. 4.19a,c), and then
their corresponding logKe2 were estimated using AVe2 based on the correlation equations
displayed in Fig. 4.7a-b, and except CHA, the estimated logKe2 of all other four cyclic
hydrocarbons G2 were within the range from 3.5 to 5.0, which is at the similar level as the
reported binding constants of other G2 with similar structures [?%. The potential shift values
(AVe2) as well as the estimated binding constants (logKe2) of these cyclic hydrocarbons G2
were plotted against the number of double bonds in their structures (Fig. 4.7c-d). It was
suggested that except for benzene, AVe2 and logKe2 demonstrated an increasing trend with the
number of double bonds in G2’s structures, which could be rationalized by the enhancing van
der Waals and charge-transfer interactions with MV2* upon increasing number of 7 electrons.
The double bonds cannot freely rotate like single bonds, thus rendering G2 less flexibility and
reduced entropic penalty upon complexation. The declined binding constant (logKes2) in the
case of benzene could be attributed to its higher aqueous solubility with respect to other four
cyclic hydrocarbons G2, which disfavoured its complexation from the viewpoint of solvation
effect (87,

Interestingly, in the presence of CHA, two reduction peaks were observed in CB8-
MV?2*, whose peak potential were located at -586.8 mV and -415.6 mV, respectively (Fig. 4.20),
and the former one could be from the free MV?* by comparing their reduction peak potentials.
The presence of free MV?* peak was probably resulted from the formation of 1:1 CB8-CHA
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complex or the precipitation of CB8. Therefore, although the size and the hydrophobicity of
CHA present proper for the formation of ternary complex with CB8-MV?*, our electrochemical
results suggested a weak or even no binding between CHA and CB8-MV?*, consistent with the
lack of double bonds and higher molecular flexibility of CHA. As for the reduction peak located
at -415.6 mV of CB8-MV?* in the presence of CHA (Fig. 4.20), it could be either from the
CB8-MV?* (-466.7 mV) or resulted from the CB8-MV?*-CHA complex with the corresponding
estimated logKe2 of around 1.8 if it formed. The formation or lack of formation of the ternary
complex between these six-membered cyclic hydrocarbons and CB8-MV?* were characterized
by H NMR (Fig. 4.21).
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Fig. 4.20 Overlaid SWV curves of free MVV?*, CB8-MV?* and CB8-MV?*-CHA.

\W v Loy es2
‘.,,(V) L\V,J S\ ™A
1 Nl i snsmsabobnanith 7.03
()
)1 o A, |
o \-www:\.';ww.»-m'/ R T PR PRy
‘ 7.88 7.37
L i )
I il -
whal ‘H‘MWM h‘*ﬂ!ﬂl
e 7.87 7.20
=~
LG (] A
o AT AN s e A
7.89
»

7.93

Y ‘L(l) o ® AR L, S
{ )

[ & i\
. CB8-MV* || ;g5
|

o Niad N o iz

90 87 84 81 7.8 75 7.2 69
Chemical Shift (ppm)

Fig. 4.21 'H NMR spectra of CB8-MV?2*and CB8-MV?*in presence of (i) CHA, (ii) CHE, (iii)
1,3-CHD, (iv) 1,4-CHD and (v) benzene.

4.7 Conclusions

We propose a rapid and simple electrochemical scheme for the estimation of binding
constants of CB8-MV?2*-based ternary complexes by uncovering a linear correlation (R?= 0.85)
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between the electrochemical measured potential shifts (AVes2) of a given CB8-MV?*-G2 ternary
complex and their corresponding reported binding constants (logKesz2) determined by ITC,
allowing for the desired practical accuracy and high precision of +0.32 and +0.03 in the
estimated logKez of an unknown G2, respectively. The whole experiment process following
our electrochemical scheme can be finished within 10 min, which is considerably faster than
that of the concentration titration methodologies such as hour-scale in ITC. Mechanistic
insights with the convergence of experimental and computational results suggest that the linear
correlation is rooted from the dynamic host-guest exchange and rearrangement events taking
place after the electron transfer step in reduction reaction. It is notably to note that we figure
out the applicability and robustness of our proposed electrochemical scheme by studying the
binding constants of the ternary complexes formed between a group of six-membered cyclic
hydrocarbons and CB8-MV?*, which are hardly determined by conventional titration
methodologies otherwise on account of their great volatility and low water solubility. In
addition, the information rich electrochemical results enable the monitoring of the different
states of the redox active species (MV?*) and lower the possibility of false-positive estimation
of binding constants. This electrochemical-based scheme is expected to be expanded to
investigating other redox active probe involved host-guest complexes and brings new
possibilities of screening and determining binding constants in high-throughput fashion to
design supramolecular systems for diverse applications.
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Chapter 5. Dual-functional Electrochemical Biosensing Assay using
Cucurbit[8]uril-methyl viologen Host-guest Complexes for Small
Biomolecule Detection in Complex Bio-media

This Chapter proposed a smart but simple design of an electrochemical assay based on
simple self-assembly of commercially available cucurbit[8]uril (CB8) and redox active methyl
viologen (MV?*) at a low synthetic effort. Gratifying to find that CB8-MV?* assay integrates
multiple functions into one, including (1) associative binding assay (ABA), (2) indicator
displacement assay (IDA) as well as (3) real-time monitoring of continuous process. Notably,
new possibilities of biosensing and binding constants estimation in biologically most relevant
complex matrices, e.g. urine, serum and even animal blood, have been achieved by CB8-MV?*
electrochemical assay, which has been rarely or even never been reported yet. Down to 108 M
of minimum detectable concentration (MDC) towards a wide range of small biomolecules,
such as drugs and amino acid, were achieved in buffer solution, and 10-°* M MDC was achieved
in bio-media, such as whole human serum, fetal bovine serum and diluted blood, which is at
the same level as the therapeutically relevant concentrations of these drug molecules. At the
same time, CB8-MV?* electrochemical assay offered the linear detection ranges located within
physiologically relevant micromolar range no matter it worked as IDA or ABA. Additionally,
CB8-MV?* electrochemical assay also demonstrates capability of real-time monitoring of
continuous drug injection process, inspiring its further application in real-time investigations
of drug loading and releasing events.

5.1 Introduction

In the field of biosensing, kinds of sensors have been developed for the detection of big
biomolecules with molecular weight around 10° Dalton, such as antigens. These sensors can
offer high specificity and low limit of detection (LoD) by taking advantages of specific
biological reactions between biomolecular receptors (e.g. antibody, aptamer, enzyme subtract,
nucleic acid, DNA, RNA, aptamer and protein) and target analytes by employing techniques
related to the biochemically amplification of targets, such as polymerase chain reaction (PCR).
However, research regarding quantitative determination of small drug molecules (e.g.
molecular weight is around 102 Dalton) are relatively limited.

Detecting small drug molecules in biologically most relevant media, such as urine,
serum and even animal blood, are of great meanings and importance for pharmaceutical and
clinical applications. Nevertheless, it is still highly challenging for current sensing assays to
achieve this as the complex substances presented in bio-media could either cause strong
background signals to shield the target characteristic signals for sensing or interact with probe
molecules to interfere the target signal producing events. Some sensing strategies for molecular
detection in biological and pharmaceutical fields have been designed with the aid of
conventional techniques as reviewed in Chapter 1.9, such as chromatography [288-291] put most
of them suffer from inherent shortcomings like unsatisfactory minimum detectable
concentration, complicated sensing protocols, expensive and bulky equipment, low
reproducibility, etc.

Supramolecule-based biosensors stand out for the detection of small biomolecules by
taking advantages of their improved selectivity and specificity upon the non-covalent
interactions between host and guest molecules. Among diverse artificial supramolecular
receptors, CBn is of particular interest due to its wide binding capability towards a broad range
of guest molecules with relatively strong binding affinities (10° to 10> M%) in biologically
relevant aqueous environment [93292-2941 Moreover, leveraging the spacious cavity of CBS, in
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addition to 1:1 host-guest binary complexes, it can form ternary complexes by encapsulating
two guest molecules simultaneously, thereby offering more possibilities for the design of the
supramolecular-based sensing assays. Generally, according to the working mechanism, CB8-
based sensing assays can be classified into three types [611751 including (1) direct binding
assays (DBAS), (2) associative binding assays (ABAs) and (3) indicator displacement assays
(IDAs). DBAs refer to the assays that can directly generate responsive signals to be detected
upon binding with the target analyte molecules. Thus, CBn often needs to be chemically
modified by active probe molecules, like fluorophores 1591761771 ABAs are the assays based
on spacious CB8 and sensitive reporter guest molecule (e.g. dye molecules), which can detect
the target analyte via the measurable signals responding to the capture of the target analyte as
ternary complex [85161189.191] " IDAs are the assays which rely on the competitive binding
between the pre-complexed indicator and the target analyte. The pre-complexed environment-
sensitive indicator is expected to be displaced by the analyte molecule upon the formation of
strongly binding complex, and the specific property of the indicator, e.g. fluorescent intensity,
is ready to be altered upon the displacement [161-163175.178.183]  AJthough kinds of
supramolecular-based sensing assays have been developed but most of them are only able to
work in one of these three working mechanisms, and meanwhile some complicated fabrication
steps are required, thereby resulting in a limited application range [85.161-163,175,176,178,183,189,191]

In the field of supramolecular chemistry, binding constant is a crucial indicator to
quantitatively analyse the host-guest interactions and offer guidance on the design of
supramolecular systems. Binding constant ratio can be utilized to assess the selectivity of
molecular sensing towards analytes, offering information for the design of the supramolecular-
based sensors. There are thus multiple supramolecular titration methodologies developed for
the estimation of binding constants, mainly including UV-vis spectroscopy titration,
fluorescence spectroscopy titration, *H NMR titration, and isothermal titration calorimetry
(ITC). Nevertheless, it is not viable for these techniques to work in complex bio-media, thus
leaving impossible for in-situ binding constant determination.

Herein, a simple yet powerful electrochemical assay has been established via the self-
assembly of CB8 and redox active indicator of MV?*, eliminating the need of chemical
modification steps. Supramolecular-based electrochemical assay CB8-MV?* integrates
multiple functions into one, including being an IDA and an ABA for biosensing, and a
molecular platform for binding constants determination with the aid of electrochemical titration
(e.g. SWV titration) approach. In particular, down to 10® M of minimum detectable
concentration, together with a physiologically relevant micromolar linear detection range, have
been achieved by CB8-MV?* assay in both of its IDA and ABA mode, which can be further
optimized by simply adjusting the concentration of CB8-MV?*, for a wide range of small
biomolecules detection, including Parkinson’s drug adamantylamine (ADA), Alzheimer’s drug
memantine (MEM) and antiviral drug rimantadine (RMD), local anaesthetic drug procaine
(PC), Alzheimer’s drug tacrine (TR) and amino acid tryptophan (TYP). Notably, CB8-MV?*
assay exhibited excellent interference tolerance ability and performed biosensing capability in
complex bio-media, ranging from simple buffer solution, synthetic urine (SU) to fetal bovine
serum (FBS) and human serum (HS) and even to animal blood, maintaining desired sensing
properties. More surprisingly, CB8-MV?* assay established advanced development in binding
constant determination with the aid of SWV titration experimental approach, allowing for the
in-situ binding constant estimation in biologically most relevant environment, such as SU, HS,
FBS, sheep blood (SB) and horse blood (HB). New possibilities of biosensing and binding
constant estimation in complex bio-media demonstrated by CB8-MV?* electrochemical assay
open new venue for the design and application of supramolecular-based biosensing assays.
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5.2 Establishment of CB8-MV?* electrochemical assay
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Fig. 5.1 (a) Schematic representation of two working formats of CB8-MV?* assay. (b)
Representative SWV responsive signals correspond to two working modes of CB8-MV?* assay.
Structures of biomolecules detected by CB8-MV?* via (c) indicator displacement assay (IDA)
and (d) associative binding assay (ABA) formats. Asterisk (*) indicates values refer to
reference ["1], Note that the selection of target drug molecules in this work is based on three
criteria: (1) commercially available, (2) desired aqueous solubility for stock solution
preparation, and (3) specific geometry that is either bulky to displace MV?* out of CB8 cavity
or planar to form ternary complex with CB8-MV?*,

CBn (n = 5-8, 10) is a young generation of synthetic receptors possessing a series of
impressive properties, for example, the electron-rich carbonyl lined portals render them strong
binding towards cationic guest molecules upon the ion-dipole interactions; the well-defined
cavities offer them superior binding selectivity upon size complementary effect; the
hydrophobicity of inner cavity enable the release of encapsulated high energy water molecules
upon encapsulation of guest molecules, especially for neutral guest molecules. CB8 stands out
among CBn homologues owing to its spacious cavity which can accommodate two guest
molecules at the same time, giving rise to ternary complexes (Fig. 5.1a). Redox active MV?*
is a typical guest for CB8 to form 1:1 binary complex with binding constant of 8.1 x 10° M
[20] and its reduction potential can be significantly shifted towards positive direction upon
complexation with CB8 as found in Chapter 4, making it easy to discriminate the reduction
peak of MV?* in its free form from complexed form in the case of CB8-MV?*, as indicated by
SWV curves in Fig. 5.1b. Thus, when MV?* is displaced out of CB8 cavity by strong guest
molecules, which normally have 3D and relatively bulky chemical structures (Fig. 5.1c), such
as ADA derivatives ["12951%] the newly appearance and responsive increase of free MV?*
reduction peak (A Imv2+mv+) can serve as indicative signals for sensing of strong guest
molecules by employing CB8-MV?* as IDA (Fig. 5.1a-b). Additionally, as investigated in
Chapter 4 [26%  the reduction peak potential of CB8-MV?* exhibits negative potential shift
responding to the encapsulation of second guest (G2) molecules, which are normally in planar
conformation and possess aromatic motif (Fig. 5.1d), and the peak potential shift amount (AVe2
= |Eces-mv2+-G2 — Ecss-mve+|) IS quantitatively related to the concentration of G2, thereby
enabling CB8-MV?* to work as an ABA for sensing as well (Fig. 5.1a-b). Hence, by taking
advantage of powerful and sensitive indicator MV?*, which can translate the binding events of
analytes into readable signals, CB8-MV?* electrochemical assay can work in two formats of
IDA and ABA for biosensing with the aid of powerful SWV measurement technique.

5.3 Complexation between biomolecules and CB8-MV?* electrochemical assay

5.3.1 Complexation between strong guest molecules and CB8

The strong binding of between ADA-derived molecules and CB8 have been thoroughly
investigated by researchers, and the binding constants of CB8-MEM and CB8-ADA were
reported as 10 Mand 108 M-, respectively (Fig. 5.1c) [7%722%], Although the binding affinity
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of CB8-RMD has not been reported yet, RMD can be confidently considered as a strong guest
for CB8 with its comparable molecular structure as ADA and MEM.

(a) (b) (c)

“ CB8-ADA CB8-ADA
ADA L ADA H, Hol| H,
| N

6 4 3 2 1 24 22 20 18 16 14 12 1.0
Chemical Shift (ppm) Chemical Shift (ppm)

Fig. 5.2 (a) 'H NMR spectra and (b) zoom-in *H NMR spectra of ADA and 1:1 CB8-
admantylamine (ADA) complex in D20. (c) DFT optimized molecular model of CB8-ADA.
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Fig. 5.3 (a) *H NMR spectra and (b) zoom-in *H NMR spectra of memantine (MEM) and 1:1
CB8-MEM complex in D20. (c) DFT optimized molecular model of CB8-MEM.
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Fig. 5.4 (a) *H NMR spectra and (b) zoom-in *H NMR spectra of rimantadine (RMD) and 1:1
CB8-RMD complex in D20. (c) DFT optimized molecular model of CB8-RMD.

5.3.2 Complexation between second guest molecules and CB8-MV?#*

To figure out whether CB8-MV?* can effectively work as ABA for biosensing, drugs
of PC and TR and amino acid TYP with aromatic motif, which can facilitate the charge transfer
interactions with encapsulated MV?* inside CB8 cavity, were employed as sample analytes.
The complexation between these analytes and CB8-MV?* were verified experimentally and
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computationally. In particular, the chemical shifts of Ha and Ho on PC were significantly
upshifted and widened in the presence of 1 equimolar of CB8-MV?* (Fig. 5.5b), indicating an
increasing shielding effect imposed on these two protonson PC. The increasing shielding effect
suggests that Ha and Hp are located inside CB8 inner cavity, in line with the conformation
shown in the corresponding DFT-minimized molecular model of CB8-MV?*-PC ternary
complex (Fig. 5.5c). Nevertheless, protons of Hcand Ha on PC displayed downfield shift with
the addition of 1 equivalent of CB8-MV?* (Fig. 5.5b), implying that these two protons were
not positioned deep inside CB8 cavity, which were specified as the outer portal region of CB8
by DFT-optimized molecular model of CB8-MV?*-PC in Fig. 5.5c. Similarly, whether TR drug
and TYP amino acid can form ternary complex with CB8-MV?* were verified by 'H NMR and
computational simulations as well. All chemical shifts of protons on TR were shifted towards
the upfield region in the presence of CB8-MV?* (Fig. 5.6a), indicating that the formation of
inclusion complex of CB8-MV?*-TR, as shown in Fig. 5.6b. As for amino acid TYP, chemical
shifts of Haand Hp were mildly shifted to the upfield upon the addition of 1 equimolar of CB8-
MV?* (Fig. 5.7b), replying that these protons are located near the portal of the CB8, consistent
with the observation in DFT-optimized molecular model of CB8-MV?*-TYP in Fig. 5.7c.

(c)

(b)
CB8-MVZ+-pC ‘“ W
PC I L % 6
I l Chemicial Shift (ppm)

CB8-MVZ+-pC
eI e e
CB8-MVZ* H Hq
PC #
|
10 8 6 4 2 4.0 38 3.6 3.4 3.2
Chemical Shift (ppm) Chemicial Shift (ppm)

Fig. 5.5 (a) 'H NMR spectra and (b) zoom-in *H NMR spectra of 1:1 CB8-MV?*, procaine
hydrochloride (PC) and 1:1:1 CB8-MV?*-PC complex in D20. (c) DFT optimized molecular
model of CB8-MV?*-PC. Blue block represents MV?*,

(a) (b)

‘ |
T I

Hd Hfg

Chemical Shift (ppm)

Fig. 5.6 (a) 'H NMR spectra of 1:1 CB8-MV?*, tacrine (TR) and 1:1:1 CB8-MV?*-TR complex
in D20. (b) DFT optimized molecular model of CB8-MV?*-TR. Blue block represents MV?*,
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Fig. 5.7 (a) *H NMR spectra and (b) zoom-in 'H NMR spectra of 1:1 CB8-MV?*, tryptophan
(TYP) and 1:1:1 CB8-MV?*-TYP complex in D20. (c) DFT optimized molecular model of
CB8-MV?2*-TYP. Blue block represents MV?*,

After qualitatively confirming the complexation of PC, TR and TYP with CB8-MV?*,
quantitative estimation of the binding constants (Ks2) of CB8-MV?*-G2 (G2 = PC, TR and
TYP) were investigated following the rapid electrochemical approach proposed in Chapter 4
[269] Specifically, the reduction potential shift (AVe2) values were obtained by taking SWV
measurements of 1 mM of CB8-MV?*and 1 mM of CB8-MV?*-G2 (G2 = PC, TYP and TR)
with identical experimental conditions as that utilized in Chapter 4 (Fig. 5.8). Then, logKa2 of
CB8-MV?*-G2 (G2=PC, TR and TYP) were calculated as 4.1, 4.7, and 4.0, respectively (Fig.
5.8), using the correlation equation displayed in Fig. 4.7b.
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Fig. 5.8 SWV curves of 1 mM of CB8-MV?*in absence (grey line) and presence (red line) of

1 equimolar of G2 = (a) procaine hydrochloride (PC), (b) tacrine (TR) and (c) tryptophan (TYP)
for the estimation of their binding constants (logKe2) utilizing the correlation proposed in Fig.

4.7b in Chapter 4 [269],

5.4 Biosensing based on CB8-MV?* electrochemical assay

5.4.1 CB8-MV?* works as indicator displacement assay (IDA)

As discussed in Chapter 5.1, the responsive signals detected by IDA are generated by
the displacement of indicator out of supramolecular host cavity upon the competitive binding
of analytes [2%7]. The selectivity of IDAs towards analyte molecules is typically in terms of the
geometry, charge and hydrophobicity of the analyte, resulting in a limited specificity of IDAs
compared to sensing assays constructed using biomolecular receptors, such as antibodies,
aptamers, enzyme substrates, etc, as the inherent specificity of non-covalent competitive
binding interactions is weaker than that of biomolecular interactions. On the other hand, IDAs
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can offer attractive advantages for molecular detection. For instance, IDAs do not require the
indicator covalently linked to the host, making diverse indicator molecules can be employed
for one host molecule to establish various sensing assays targeting for different analytes [,
Moreover, IDAs are operative in both organic solvents and aqueous media, allowing for
electrochemical measurements in physiologically relevant biofluids. In addition, IDAs enable
the detection of analytes which cannot generate characteristic signals by themselves, e.g.
electrochemical inactive and spectroscopic transparent molecules [2%9,  Finally, for
physiologically relevant biofluids where naturally consist of concentrated interferent
substances like protein and salts, direct-binding assay (DBA) cannot work well due to the
undesirable complexation from interferent; however, IDA holds the promise for sensing in
these complex biofluids. Hence, IDAs keeps attracting widespread attention as a powerful
molecular detection tool, especially for biosensing in complicated bio-media.

a \ b
(a) \[CB8-MV?] + ADA = [CBS-ADA] + MV?* (b) | \[cB8-MVZ] + MEM = [CB8-MEM] + MV?* 250 |[CB8-MV*'] + RMD = [CBS-RMD] + MV?*
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Fig. 5.9 SWV curves recorded with stepwise addition of (a) adamantylamine (ADA), (b)
memantine (MEM) and (c) rimantadine (RMD) into 20 uM of CB8-MV?* in 6.25 mM PB
solution (pH 7). Scatter plots of MVZ*/MV** reduction peak current change (Alwva+mv=-) Over
the titration against the concentration of (d) ADA, (e) MEM and (f) RMD. Insets are the
energy-minimized molecular models of (d) CB8-ADA, (¢) CB8-MEM and (f) CB8-RMD
optimized at CPFCM/wB97XD/6-31G* level of theory, where CPCM implicit water model was
utilized to simulate the solvent effects in aqueous-based electrochemical measurements. Light
pink shadow represents the linear detection range.

As illustrated in Fig. 5.1a-b, CB8-MV?* is expected to work as an electrochemical
active IDA for biomolecular sensing by using the appearance and the increase amount of
displaced MV?* reduction peak, which is generated by the competitive binding from target
analyte, as the indicative signals. Here, we employed ADA, MEM and RMD as example
analytes, whose complexation have been studied in Chapter 5.3. Pulse voltammetry technique,
SWV, was chosen as our measuring tool, which can separate faradic current and provide quick
measuring rate, increased sensitivity, and peak current strength. SWV titration measurements
were performed by successively adding target analytes (e.g. ADA, MEM and RMD) into CB8-
MV?* as a fixed concentration of 20 uM. Based on the findings in Chapter 4 [26% we utilized
6.25 mM PB solution (pH 7), in which the shape of CB8-MV?* electrochemical curve is sharp,
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as our starting electrolyte. Upon stepwise addition of target analytes, the peak corresponding
to MV2*/MV* reduction increased accordingly (Fig. 5.9a-c). The relationship between the
increase amount in MV2*/MV** reduction peak (Alwv2+mv+) and the concentration of added
analyte is exponential, as can be seen in the scatter plots in Fig. 5.9d-f. Moreover, it is noted
that the peak intensity of displaced MV?* and CB8-MV?* stopped changing after the adding
amount of the analyte reached the maximum equivalent determined by the starting
concentration of CB8-MV?* assay (e.g. 20 uM in this case), subjecting to the mass conservation
law. Gratifying to see that the minimum detectable concentration has been achieved down to
sub-micromolar level, ca. 0.5 uM, by 20 uM of CB8-MV?* IDA, which is comparable to 0.8
uM achieved by high-performance liquid chromatographic (HPLC) for RMD detection [21]
and lower than 0.09 mM achieved by electrochemical sensing using modified electrode for the
detection of ADA 1%l Furthermore, linear detection range within micromolar range, where is
physiologically relevant and of predominant interests for practical biosensing, has also been
accomplished by 20 uM of CB8-MV?* IDA (as indicated by the light pink shadow in Fig. 5.9d-
f).

In addition to biosensing, it is surprising that CB8-MV?* also demonstrated the ability
to estimate the binding constant. Taking ADA as an example, its binding constant was
determined as (1.06+0.28) x 10" M (Fig. 5.9d) in 6.25 mM PB solution (pH 7) by fitting the
SWYV titration results into ‘one host-one guest-one competitor’ model developed by the Nau
group. Needs to mention that the sharp turning titration curves of MEM and RMD (Fig. 5.9e-
f) resulted from the ultra-high binding affinities exceed the application scope of current
available fitting model, thereby leaving their binding constant values blank. Despite this
limitation, it is still quite novel for one simple CB8-MV?* assay to simultaneously perform
biosensing and binding constants estimation functions with the aid of SWV titration approach.

5.4.2 CB8-MV?* works as associative binding assay (ABA)
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Fig. 5.10 SWV curves recorded with stepwise addition of (a) procaine hydrochloride (PC), (b)
tacrine (TR) and (c) tryptophan (TYP) into 20 uM of CB8-MV?* in 6.25 mM PB solution (pH
7). Scatter plots of reduction peak potential shift (AVe2) over the titration against the
concentration of (d) PC, (e) TR and (f) TYP. Insets are the energy-minimized molecular models
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of (d) CB8-MV?-PC, (¢) CB8-MV?-TR and (f) CB8-MV?-TYP optimized at
CPCM/wB97XD/6-31G* level of theory, where CPCM implicit water model was utilized to
simulate the solvent effects in aqueous-based electrochemical measurements. Light pink
shadow represents the linear detection range.

In addition to IDA, CB-MV?* also presents ability to serve as ABA by using the
reduction peak potential shift of CB8-MV?* as responsive signal for biosensing as depicted in
Fig. 5.1b. Taking biomolecules with planar conformation, such as PC, TR and TYP, as
examples analytes, SWV titration measurements were carried out to study whether CB-MV?*
can work in ABA format. As observed in the SWV titration curves (Fig. 5.10a-c), the reduction
peak of CB8-MV?* gradually shifted towards negative potential region, responding to the
successive addition of the analyte. In analogy to the observation in IDA, the reduction peak
potential shift (AVec2) is exponentially related to the concentration of analyte (e.g. PC, TR and
TYP) (Fig. 5.10d-f). Moreover, micromolar minimum detectable concentration (MDC) as well
as linear detection range have also been achieved by CB8-MV?* ABA, for example, the MDC
of PC is around 1.0 uM, which is comparable to that of electrochemical sensor based on
nanotube film coated electrode [*°°] and gas chromatography mass spectrometry (GS-MC) [225],
Notably, the binding constants of PC, TR and TYP with CB8-MV?* were successfully
estimated by fitting their SWV titration results into ‘one host-one guest’ model from the Nau
group, in which CB8-MV?* is regarded as a whole host for G2. The obtained binding constants
(Ks2) of CB8-MV?*-PC, CB8-MV?*-TR and CB8-MV?*-TYP are (1.17+0.02) x 10* M7,
(1.77+0.07) x 10* M, (2.4440.08) x 10* M (Fig. 5.10d-f), consistent with the ones
estimated by our reported rapid electrochemical scheme [?%9 (Fig. 5.8). This consistency
between two approaches confirmed the reliability of SWV titration methodology in binding
constant estimation.

With these findings, it is credible that CB8-MV?* electrochemical assay is muti-
functional, i.e. CB8-MV?* is capable of integrating sensing and binding constant into one in
both dual formats of IDA and ABA.

5.4.3 Optimization of minimum detectable concentration
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Fig. 5.11 SWV curves recorded with stepwise addition of (a) adamantylamine (ADA), (b)
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memantine (MEM) and (c) rimantadine (RMD) into 10 uM of CB8-MV?* in 6.25 mM PB
solution (pH 7). Scatter plots of MV?*/MV** reduction peak current change (Almva+my-)

against the concentration of (d) ADA, (¢) MEM and (f) RMD. Light pink shadow represents
the linear detection range.
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Fig. 5.12 SWV curves recorded with stepwise addition of (a) procaine hydrochloride (PC), (b)
tacrine (TR) and (c) tryptophan (TYP) into 10 uM of CB8-MV?* in 6.25 mM PB solution (pH
7). Scatter plots of reduction peak potential shift (AVe2) against the concentration of (d) PC, (e)
TR and (f) TYP.

Gratifying to note that the minimum detectable concentration (MDC) of CB8-MV?*
electrochemical assay can be easily optimized upon adjusting its concentration, thereby better
catering for different sensing requirements. We optimized the minimum detectable
concentration by one order of magnitude by decreasing the concentration of CB8-MV?* from
20 uM to 10 uM regardless of whether CB8-MV?* worked as IDA for ADA, MEM and RMD
sensing (Fig. 5.11) or ABA for PC, TR and TYP sensing (Fig. 5.12). For example, the MDC
for ADA and PC was optimized to 0.07 uM and 0.02 uM, respectively. The adjustable
minimum detectable concentration is of great and extensive interest for practical applications.

Table 5.1 summarized the minimum detectable concentration and corresponding linear
detection range of example small biomolecules achieved by CB8-MV?* via its IDA and ABA
working formats at concentrations of 20 uM and 10 uM in PB solution (pH 7), as well as the
therapeutically relevant plasma concentration of these target biomolecules. As can be seen,
minimum detectable concentration can be optimized by two orders of magnitude by simply
decreasing the concentration of CB8-MV?* from 20 uM to 10 uM, and at the same time, the
corresponding linear detection range was also shifted to a lower concentration region by around
15 micromolar. Such observation confirmed the adjustability of minimum detectable
concentration as well as linear detection range of CB8-MV?* electrochemical assay, making it
can better cater for specific requirements in practical applications.

It can be seen that the micromolar minimum detectable concentration (MDC) of these
six analytes achieved by 20 uM CB8-MV?* dual-functional assay is at the same level as their
corresponding therapeutically relevant plasma concentration range (Table 5.1), indicating that
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the CB8-MV?* electrochemical assay can meet the therapeutic requirement for practical
sensing in pharmaceutical and clinical field.

Table 5.1 Minimum detectable concentration and linear detection range of example bio-

analytes achieved by 10 uM (20 uM) CB8-MV?* in PB solution (pH 7) and the corresponding
therapeutically relevant plasma concentration.

Analytes Minimum Qetectable Linear detection Therapeutically _relevant
concentration (uM) range (uM) plasma concentration (u M)
MEM 0.05 (1.0) 1-6(0-11) ~1 [213]
[I) ADA 0.07 (0.8) 0-6 (0 - 20) 0.6 _ 29 [196]
A RMD 0.05 (1.0) 2-8(0-20) 0.5 -3
PC 0.02 (1.6) 1-10 (4 - 40) 1283 — 2199" [223]
g TYP 0.02 (1.2) 224 (4-33) 40 — 80 [232]
A TR 0.05 (0.8) 1-19 (2 - 40) 5 — 151 [300]

*Dosage when it used as a local anaesthetic in human.

5.5 Interference tolerance of CB8-MV?* electrochemical assay
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Fig. 5.13 SWV curves of 1 mM of CB8-MV?* in absence (grey line) and presence (red line) of
1 equimolar of (a) rivastigmine (RTM) and (b) penicillin G Na (PCG) for the estimation of
their binding constants (logKs2) with CB8-MV?* utilizing the correlation proposed in Fig. 4.7b
in Chapter 4 5%, SWV curves of 20 uM of CB8-MV?* with successive addition of (c) RTM
and (d) PCG up to 10 equivalents. Insets are the chemical structures of (¢) RTM and (d) PCG.
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From the viewpoint of real applications, the target analyte is highly likely to coexist
with multiple molecules as a mixture, thus making it important and necessary for sensing assay
to tolerant interferents and generate selective sensing signals. We here chose MEM and PC as
representative analyte corresponding to IDA and ABA working format of CB8-MV?*,
respectively. Both MEM and RTM are drugs for the treatment of Alzheimer’s disease. It is of
certain possibility for dementia patient to consume medicine repeatedly and exceed prescribed
dose, thus it is probably for MEM and RTM to coexist in one test sample in real cases.
Therefore, we here selected RTM as the interferent for MEM sensing. In clinical cases, PC is
often used to mitigate the muscle pain caused by the injection of PCG, and moreover, PCG is
an antibiotic drug for the treatment of the bacterial infections, being of high possibility to be
prescribed after the patient finished dental operation that utilized local anaesthetic drug of PC.
Hence, PCG is of great chance to present with PC at the same time and of reasonability to be
chosen as the interferent for PC detection. Prior to the closer inspection on the interferent
tolerance, the binding properties of PCG and RTM with CB8-MV?* were investigation first
following the proposed electrochemical scheme in Chapter 4 9, As indicated by the SWV
results measured at the concentration of 1 mM, the binding constants (logKs2) of PCG and
RTM were estimated as 2.6 and 2.3, respectively (Fig. 5.13a-b). For further investigation,
SWV titration measurements of PCG and RTM based on 20 uM of CB8-MV?* assay were
performed (Fig. 5.13c-d). Neither the appearance of displaced MV?* reduction peak nor
pronounced peak potential shift was observed even with considerably excessive addition of
PCG/RTM, e.g. 10 equivalents of CB8-MV?*,
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Fig. 5.14 (a) Overlaid scatter plots of MVZ'MV** reduction peak current change (Alwva+mv+-)
against the concentration of memantine (MEM) in presence of 0, 1, 3, 5, and 9 equivalents of
rivastigmine (RTM) based on 20 uM of CB8-MV?*. (b) Overlaid scatter plots of peak potential
shift (AVec) against the concentration of procaine hydrochloride (PC) in presence of 0, 1, 5,
and 9 equivalents of penicillin G Na (PCG) based on 20 uM of CB8-MV?*. Electrolyte: 6.25
mM PB solution (pH 7).

After exploring the binding features of interferents, the ability of CB8-MV?* assay to
avoid influence from interferents during the molecular detection was inspected by performing
SWV titration experiments of target analyte (e.g. MEM and PC) in the presence of multiple
equivalents of interferents (e.g. RTM and PCG). When CB8-MV?* works as IDA, the SWV
titration measurements of MEM were carried out in the presence of 0, 1, 3, 5 and 9 equivalents
of RTM interferent (Fig. 5.14a). As expected, the key features and overall changing trend of
MEM titration figure plotted between displaced MV?* reduction peak current change
(Almva+mv+) and the concentration of MEM were still there regardless of the presence of
multiple equivalents of RTM interferent, allowing for CB8-MV?* IDA to avoid interferent
substances for biosensing. In addition to the IDA mode, the interferent tolerance of CB8-MV?*
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ABA was also monitored by performing SWV titration experiments of PC in the presence of
various equivalents of PCG interferent. As comparison among the overlaid scatter diagrams
plotting between the reduction potential shift of CB8-MV?*(AVec) and the concentration of PC
in Fig. 5.14b, no predominant difference in PC titration scatter diagrams was observed with
the introduction of multiple equivalents of PCG interferent into system, implying that CB8-
MV?2* ABA possesses satisfactory tolerance towards PCG interferent and maintains desired
sensing features (e.g. sensitivity and selectivity).

In a nutshell, CB8-MV?* possesses great specificity and selectivity towards the target
analyte by resisting the interference from potentially co-existing interferents in the system,
which is of promising meanings for practical sensing applications. Encouraged by these
findings, we then moved our attention to explore new possibilities in other biologically most
relevant media, such as urine, serum and even animal blood.

5.6 Binding constants estimation and biosensing using CB8-MV?
electrochemical assay in complex bio-media
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Fig. 5.15 UV-vis spectra of (a) SU, (b) HS, (c) FBS, (d) SB and (e) HB at a range of dilutions.
6.25 mM PB solution (pH 7) was employed to dilute these biological matrices. (f) From left to
right: photo of whole SU, HS, FBS, SB and HB.

Bio-media, such as urine, serum and blood, are more physiologically and clinically
relevant with respect to simple buffer solution for biosensing in real cases but the precedent
research in this filed is still limited since complex substances in these bio-media can cause
strong background spectra shielding the target detection signals and/or generate competitive
binding with supramolecular-based assays interfering the binding of target analytes, for
example, the UV-vis spectra of five different bio-media, including synthetic urine (SU), fetal
bovine serum (FBS), human serum (HS), sheep blood (SB) and horse blood (HB) at different
dilutions in Fig. 5.15 shown strong and noisy absorbance. Although the Biedermann group
have reported sensing in SU, FBS and HS, these biofluids were required to be diluted by more
than 100 times before sensing [161:301.302] Thys, research regarding biosensing in concentrated
and even native bio-media without the introduction of biomolecules, such as antibody, enzyme,

200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
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aptamers, etc, is still relatively blank and needs to be further developed. Compared to
biosensing, it is even more tough to estimate binding constants of host-guest complexes in
complex bio-media, which is of particular importance and interests in supramolecular
chemistry area but has never been exploited yet to the best of our knowledge.

5.6.1 Synthetic urine
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Fig. 5.16 SWV titration curves of adamantylamine (ADA) based on 20 uM CB8-MV?* in (a)
1000x, (b) 100x, (c) 10x diluted and (d) whole synthetic urine (SU). Arrows indicate the peak
changing trend with increasing amount of ADA. Binding constants of CB8-ADA estimated by
fitting the peak current change corresponding to the reduction of displaced MV?* (Almva+mv--)
over the titration in (e) 1000x, (f) 100x, (g) 10x diluted and (h) whole SU into ‘one host-one
guest—one competitor’ model. Light red shadow indicates the linear detection range for ADA

in SU at different dilutions. Insets are the photo of SU at different dilutions where the SWV
titration performed.
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Fig. 5.17 SWV titration curves of procaine hydrochloride (PC) based on 20 uM CB8-MV?* in
(a) 1000x, (b) 100x, (c) 10x diluted and (d) whole SU. Arrows indicate the peak shifting trend
with increasing amount of PC. Binding constants of CB8-MV?2*-PC estimated by fitting the
peak potential shift amount (AVec) over the titration in SU at dilution ratios of (e) 1000x, (f)
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100x, (g) 10x diluted and (h) whole SU into ‘one host-one guest’ model by taking CB8-MV?*
as a host for PC. Light red shadow indicates the linear detection range for PC in SU at different
dilutions. Insets are the photo of SU at different dilutions where the SWV titration performed.

Compared to buffer solution like PB, synthetic urine (SU) is more physiologically
relevant. Although SU consists of multiple concentrated species, such as NaCl, KCI, NaH2POa,
creatinine, urea, uric acid and albumin, it is relatively less complicated than other bio-media,
such as serum and blood, thus being chosen as the starting point to explore the possibilities of
sensing and binding constant estimation of CB8-MV?* electrochemical assay in complex
biofluids. We employed ADA and PC as the example target analytes to be analysed via IDA
and ABA formats of CB8-MV?* electrochemical assay, respectively. We performed SWV
titration measurements for ADA and PC based on 20 uM CB8-MV?* in SU at different
dilutions, ranging from the 1000x, 100x, 10x diluted till native SU. It was observed that the
intensity of CB8-MV?* reduction peak reduced and became less sharp and clear as the
concentration of SU increased (Fig. 5.16-5.17), which could be resulted from the competitive
binding of concentrated salt ions like Na* in SU with CB8. Nevertheless, the key SWV features
of CB8-MV?* were still there even in native SU, allowing for CB8-MV?* to maintain its
functions of sensing and binding constant estimation in such concentrated SU. Notably, sub-
micromolar minimum detectable concentration and physiologically relevant micromolar linear
detection range for ADA and PC were achieved by CB8-MV?* in SU without any dilutions and
pre-treatment steps, and more surprisingly, the binding constants of CB8-ADA and CB8-
MV?2*-PC were determined in native SU (see detail values in Fig. 5.16-5.17).

5.6.2 Fetal bovine serum and human serum
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Fig. 5.18 SWV titration curves of adamantylamine (ADA) based on 20 uM CB8-MV?* in (a)
1000x, (b) 100x, (c) 10x diluted and (d) whole fetal bovine serum (FBS). Arrows indicate the
peak changing trend with increasing amount of ADA. Binding constants of CB8-ADA
estimated by fitting the peak current change corresponding to the reduction of displaced MV?*
(Almv2+mv+) over the titration in (e) 1000x, (f) 100x, (g) 10x diluted and (h) whole FBS into
‘one host-one guest—one competitor’ model. Light red shadow indicates the linear detection
range for ADA in FBS at different dilutions. Insets are the photo of FBS at different dilutions
where the SWV titration performed.
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Fig. 5.19 SWV titration curves of procaine hydrochloride (PC) based on 20 uM CB8-MV?* in
(a) 1000x, (b) 100x, (c) 10x diluted and (d) whole FBS. Arrows indicate the peak shifting trend
with increasing amount of PC. Binding constants of CB8-MV?*-PC estimated by fitting the
peak potential shift amount (AVec) over the titration in (e) 1000x, (f) 100x, (g) 10x diluted and
(h) whole FBS into ‘one host-one guest’ model by taking CB8-MV?* as a host for PC. Light
red shadow indicates the linear detection range for PC in FBS at different dilutions. Insets are
the photo of FBS at different dilutions where the SWV titration performed.

(c)

~N
o
S

My

//a~ CBS-MV>*
/ 7

\‘

N
=3
o

Current (nA)
-
o
o
-
]
o

Current (nA)

100

50
50
700 -600 -500 -400 -300 -200 700 -600 -500 -400 -300 -200 700 -600 -500 -400 -300 -200  -700 -600 -500 -400 -300 -200
Potential vs Ag/AgCl (mV) Potential vs Ag/AgCl (mV) Potential vs Ag/AgCI (mV) Potential vs Ag/AgCI (mV)
(e) (f) 80 (8) (h)4o
801 K =(1.09£0.24) x 10'M* . K=(5.4310.77) x 10° M* 404 K=(3.44£0.31) x 10° M K=(2.2940.08) x 10°M*
& 60 30
s £ c -
£ w0 £ 20
340 z g 320 H
3 5 i : §
3 s20 a 240 =10
20
_éﬂ 0
0 0 s 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
[ADA] (M) [ADA] (uM) [ADA] (M) [ADA] (M)

Fig. 5.20 SWV titration curves of adamantylamine (ADA) based on 20 uM CB8-MV?* in (a)
1000x, (b) 100x, (c) 10x diluted and (d) whole human serum (HS). Arrows indicate the peak
changing trend with increasing amount of ADA. Binding constants of CB8-ADA estimated by
fitting the peak current change corresponding to the reduction of displaced MV?* (Almva+mv-+)
over the titration in (e) 1000x, (f) 100x, (g) 10x diluted and (h) whole HS into ‘one host-one
guest—one competitor’ model. Light red shadow indicates the linear detection range for ADA

in HS at different dilutions. Insets are the photo of HS at different dilutions where the SWV
titration performed.

88



Supramolecular electrochemistry using cucurbiturils-based complexes for analytical and
sensing applications | Jia Liu

250

200

Current (nA)
@
g

=3
=3

=3
=3

hé— 50

50
-700 -600 -500 -400 -300 -200 -700 600 -500 -400 -300 -200 -700 -600 -500 -400 -300 -200 -700 -600 -500 400 -300 -200
Potential vs Ag/AgCl (mV) Potential vs Ag/AgCI (mV) Potential vs Ag/AgCl (mV) Potential vs Ag/AgCI (mV)
(e) (U] t] h)
409 K5, = (4.07£0.25)x 10°M* | | 204 Ke2=(7.59£0.93) x10'M* _ 5 20] Ke=(1.74£022)x10°M* g Koz = (9.62 £ 0.57) x 10° M™*
.e

o

6

e

1

o

o
\sun 1P 9000
o o
SH paangp owy
\
o o
.
—
. ‘ SH PP w0
-3
o
o o
K,\
<
o

g

[PC] (1M) [PC] (M) [PC] (M) [PC] (M)

Fig. 5.21 SWV titration curves of procaine hydrochloride (PC) based on 20 uM CB8-MV?* in
(a) 1000x, (b) 100x, (c) 10x diluted and (d) whole HS. Arrows indicate the peak shifting trend
with increasing amount of PC. Binding constants of CB8-MV?*-PC estimated by fitting the
peak potential shift amount (AVec) over the titration in (e) 1000x, (f) 100x, (g) 10x diluted and
(h) whole HS into ‘one host-one guest’ model by taking CB8-MV?* as a host for PC. Light red
shadow indicates the linear detection range for PC in HS at different dilutions. Insets are the
photo of HS at different dilutions where the SWV titration performed.

Following the SU research, we then took it a step further to explore possibilities of
sensing and binding constant estimation in serum, e.g. fetal bovine serum (FBS) and human
serum (HS), by CB8-MV?* electrochemical assay. As known, serum is normally composed of
multiple proteins, carbohydrates, hormones, fats, exogeneous species, antibodies, antigens and
S0 on, appearing more complicated but more physiologically relevant compared to SU. In an
analogous fashion, we performed SWV titration measurements of ADA and PC based on 20
uM CB8-MV?* in serum diluted by different times and its whole form without pre-treatment
steps like deproteinization. It was pleasingly found that the major SWV characteristics of CB8-
MV?2* were maintained in serum, especially when serum was diluted by more than 10 times
(Fig. 5.18-5.21). Even when serum was not diluted at all, the appearance and increase of
displaced MV?*/MV** peak (Almv2+mv+) with the addition of ADA and the reduction potential
shift of CB8-MV?* peak (AVrc) with the addition of PC were still observed (Fig. 5.18-5.21),
thus enabling in-situ biosensing in serum samples, which is of promising practical application
potentials.

Notably, the minimum detectable concentration and linear detection range of ADA and
PC were kept at sub-micromolar to micromolar range in the presence of complicated
interferents in serum. Moreover, the binding constants of ADA and PC were successfully
estimated by fitting the SW'V titration results into ‘one host-one guest-one competitor’ and ‘one
host-one-guest’ models, respectively. Compared to SU, it was observed that the weaking effect
on binding affinities caused by the interplay between assay and substances presented in FBS
and HS were more obvious; in particular, the binding constant of CB8-ADA and CB8-MV?*-
PC were weakened by two and one order of magnitude, respectively, when the concentration
of serum increased from 1000x diluted to native version (Fig. 5.18-5.21). Such increased
weakening effect observed in the case of serum can be attributed to the fact that there are more
types and more concentrated interferent species in serum with respect to SU, such as proteins.

5.6.3 Animal blood
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Fig. 5.22 SWV titration curves of adamantylamine (ADA) based on 20 uM CB8-MV?* in (a)
1000x and (b) 100x diluted sheep blood (SB). SWV titration curves of procaine hydrochloride
(PC) based on 20 uM CB8-MV?* in (c) 1000x and (d) 100x diluted SB. Arrows indicate the
peak changing trend with increasing addition of ADA or PC. Binding constants of CB8-ADA
estimated by fitting the peak current change corresponding to the reduction of displaced MV?*
(Almv2+mv+) over the titration in (e) 1000x and (f) 100x diluted SB into ‘one host-one guest—
one competitor’ model. Binding constants of CB8-MV?*-PC estimated by fitting the peak
potential shift amount (AVrc) over the titration in (g) 1000x and (h) 100x diluted SB into ‘one
host-one guest’ model by taking CB8-MV?* as a host for PC. Light red shadow indicates the
linear detection range for ADA or PC in SB at different dilutions. Insets are the photo of SB at
different dilutions where the SWV titration performed.
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Fig. 5.23 SWV titration curves of adamantylamine (ADA) based on 20 uM CB8-MV?* in (a)
1000x and (b) 100x diluted horse blood (HB). SWV titration curves of procaine hydrochloride
(PC) based on 20 uM CB8-MV?* in (c) 1000x and (d) 100x diluted HB. Arrows indicate the
peak changing trend with increasing addition of ADA or PC. Binding constants of CB8-ADA
estimated by fitting the peak current change corresponding to the reduction of displaced MV?*
(Almva+mv+) over the titration in (e) 1000x and (f) 100x diluted HB into ‘one host-one guest—
one competitor’ model. Binding constants of CB8-MV?*-PC estimated by fitting the peak
potential shift amount (AVec) over the titration in (g) 1000x and (h) 100x diluted HB into ‘one
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host-one guest” model by taking CB8-MV?* as a host for PC. Light red shadow indicates the
linear detection range for ADA or PC in HB at different dilutions. Insets are the photo of HB
at different dilutions where the SWV titration performed.

With the satisfactory results obtained in urine and serums, we then turned our attention
to an even more complex biofluid, e.g. animal blood, which presents highly challenging for
sensing and extremely sever for binding constant estimation, and thus no research has been
reported regarding binding constant estimation in blood yet. In addition to the compositions
presented in serum, blood also includes blood cells, platelets, thereby making it considerably
challenging to selectively detect the binding behaviours between supramolecular-based assays
and the target analyst but not the interferents. To explore the applicability of CB8-MV?*
electrochemical assay in blood, we here employed sheep blood (SB) and horse blood (HB) and
utilized them directly as received without any further treatments, we performed SWV titration
experiments of ADA and PC in SB and HB at different dilutions.

We observed that the SWV curve of CB8-MV?* appeared to be distorted when the
concentration of blood increased from 100x to 10x diluted version, indicating that the
capabilities of sensing and binding constant determination of CB8-MV?* are hard to display in
10x diluted blood. The obtained SWV titration curves and corresponding scatter plots of ADA
and PC in SB and HB were displayed in Fig. 5.22 and Fig. 5.23, respectively. Surprisingly,
although there are complicated biological interferents presented in SB and HB, down to sub-
micromolar minimum detectable concentration, together with micromolar linear detection
range for ADA and PC, were achieved by 20 uM CB8-MV?*. Additionally, it is notably to see
that the binding constants of CB8-ADA and CB8-MV?*-PC were also successfully estimated
in 100x diluted SB and HB. With these results, possibilities of sensing with desired properties
and binding constant estimation with acceptable error bars in complicated animal blood sample
were achieved by CB8-MV?* electrochemical assay.

5.6.4 Comparison and discussion
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Fig. 5.24 The relationship of (a) estimated binding constants and (b) Minimum detectable
concentration (MDC) of adamantylamine (ADA) and procaine hydrochloride (PC) against
dilution ratio of biological matrices. Concentration of CB8-MV?* assay: 20 M. Asterisk
represents the reported logK of CB8-ADA measured in 50 mM NaCD3sCO2-buffered D20
(pD=4.74) by NMR technique "4,

After exploring sensing and binding constants possibilities of CB8-MV?*
electrochemical assay in different biological matrices, including 6.25 mM PB solution (pH 7),
SU (pH 6.94), FBS (pH 7.47), HS (pH 7.48), SB (pH 7.54) and HB (pH 7.58), we then analysed
the influence of the type and concentration of bio-media on the binding constants by making
comparison among the obtained binding constants of CB8-ADA and CB8-MV?*-PC in
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different biological matrices at different dilutions (Fig. 5.24a). Considering the
electrochemical behaviours of CB8-MV?* are not prone to pH values and the pH of six
employed bio-media are not with huge differences, it is thus acceptable to ignore the effects on
binding constants brought by different pH values. As found in the scatter plot in Fig. 5.24a,
difference in binding constants caused by different types of bio-media are not significant when
they are at the same dilution ratio. Nevertheless, the binding constants seemed to be more
susceptible to the concentration of the bio-media, for instance, a general decreasing trend was
observed in binding constants as the concentration of bio-media increased (Fig. 5.24a),
attributed to the increasingly prominent competitive binding events taking place in
concentrated biological matrices. With this information, we can read and understand the results
obtained in real cases in a more clearly manner. In the concern of sensing sensitivity, Fig. 5.24b
summarized the minimum detectable concentration (MDC) of ADA and PC achieved by CB8-
MV?* as IDA and ABA, respectively, in different bio-media with different times of dilutions.
As can be seen, the LoD achieved in PB and SU were kept at a sub-micromolar level regardless
how concentrated the SU is. In the case of serum and blood, the LoD tends to show obvious
changing with the concentration of bio-media, which could be due to the fact that the interplay
between substances presented in serum and blood is more intense with respect to that of PB
and SU. Nevertheless, the LoD for ADA and PC detection in all bio-media achieved by CB8-
MV?2* electrochemical assay are at least at micromolar scale, where is of most physiological
interests in real cases.

Table 5.2 . Procaine hydrochloride (PC) detection in water, buffer and/or bio-media using
different techniques reported in literatures

Sensor type Matrix LoD Ref.
Electrochemical sensor PBS 0.2 uM [224]
PB buffer 0.02 uM
Whole sythentic urine 1 uM*
) Electrochemical Whole fetal bovine serum 8 uM* This
Electrochemical supramolecular sensor Whole human serum 8 uM*  work
sensor
100x diluted sheep blood 1 uM*
100x diluted horse blood 0.8 uM*
Electrochemical sensor PBS 10 nM [226]
Electrochemical SERS sensor KCl1 0.1 pM [303]
SIA-chemiluminescence sensor ~ Aqueous sulphuric acid 1.ImM [228]
Spectrophotometric sensor Glacial acetic acid 037mM  [229]
Optical sensor ) ) )
Colorimetric sensor Aqueous solution 0.9 uM [230]
SERS sensor H>0 0.1 nM [227]
urine 36.7nM
HPLC sensor [231]
plasma 3.67nM
Chromatographic 75% EtOH 0.37 uM
sensor . 73 to 85%
GC-MS sensor PC spiked plasma sample recovery  [225]
0,
PC spiked urine sample 78 to 86%
recovery
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Table 5.3. Adamantylamine (ADA) detection in water, buffer and/or bio-media using different
techniques reported in literatures

Sensor type Matrix LoD Ref.

Electrochemical sensor BR buffer 90 uM [198]

Electrochemical sensor PBS in EtOH/H20 (10 % v/v) 80 uM [199]

FIA-potentiometric sensor Deionized H2O 50 uM [304]

Potentiometric sensor Buffer 0.17 M [305]
) PB buffer 0.07 uM
Electrochemical Whole sythentic urine 0.8 uM*

Sensors
Electrochemical Whole fetal bovine serum 2 uM* This
supramolecular sensor Whole human serum 4 pM* work

100x diluted sheep blood 0.8 uM*
100x diluted horse blood 1.2 uM*

Electrochemical sensor Buffer 3.06nM  [306]
UV-vis and fluorescence sensor Chloroform 11.8 uM  [307]
FRET sensor Deionized H2O 882 uM  [205]
. Fluorescence sensor PBS 5 uM [206]
Optical sensor 5x diluted h i d
UV-vis and fluorescence sensor ~ oo MUmaLurinean 2 uM [207]
saliva
FIA-fluorescence sensor PBS 0.16 uM  [208]
Chromatographic HPLC-MS sensor 462x diluted serum 0.13mM  [200]
sensor HPLC sensor Rat plasma 0.17 uM  [195]
NMR sensor NMR sensor dimethyl sulfoxide (DMSO-d6) 0.24 mM  [202]
Magnetic-assisted ELISA PBS 4.2 nM [203]
Indirect competitive ELISA PBS 4.1 nM [204]
ELISA Buffer 2.1 nM [308]
Fenton reaction and AuNPs

ELISA aggregation-based indirect 10% methanol in PBS 0.51nM  [201]

competitive ELISA

Indirect competitive
fluorescence ELISA PBS 0.230M  [209]
Fluorescent ELISA PBS 0.13nM  [210]

Multi-wavelength
fluorescence polarization 20x diluted human serum 0.12uM  [211]

Immunosensor
Immunochromatographic
Buffer 11.9nM  [212]
Immunosensor . senscl)r
Piezoelectric QCM PBS $.6nM  [197]
immunosensor
Magnetic separation-assisted

SERS immunosensor PBS 0.03 M [309]
SERS immunosensor PBS 0.03nM  [310]

* represents minimum detectable concentration
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In addition to the comparison made among the LoD achieved by CB8-MV?* in different
bio-media at different dilutions, LoD values of PC and ADA detection based on different
sensing assays and measuring techniques reported in literatures were reviewed in Table 5.2
and Table 5.3. As can be seen, only limited number of sensors are able to perform in-situ
sensing of ADA/PC in complex biofluids, and most of them need to dilute the biofluids before
sensing. It can be found that the reported LoD values in literatures achieved in biofluids are
comparable to ours, but the majority of precedent research was limited to urine and serum but
not included blood.

5.7 Real-time monitoring of continuous biological process by CB8-MV?
electrochemical assay

(a) (b)

Luner-to-MicroTight adapter

\
| ADA | ="
Syringe pump J
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Fig. 5.25 (a) Schematic representation of SWV real-time monitoring of adamantylamine (ADA)
continuous injection from syringe pump into 20 uM of CB8-MV?* solution. Electrolyte: 6.25
mM PB solution (pH 7). (b) Photo of the setup.

Driven by the excellent sensing performances achieved by self-assembly CB8-MV?*
electrochemical assay, its capability of real-time monitoring the continuous processes of
biomolecules, such as drug loading/releasing events, is of particular interest to be further
explored. We employed syringe pump to simulate the continuous ADA drug releasing process
and performed real-time investigation on it utilizing CB8-MV?* electrochemical assay. The
overall setup is schematically illustrated in Fig. 5.25a, corresponding to the photo in Fig. 5.25b.
In particular, the stock solution of target drug at a specific concentration (i.e. we here used 2
mM) was filled in the syringe and mounted onto the syringe pump prior to flowing through the
tubing into the electrochemical cell, and on the other hand, 20 uM of CB8-MV?* solution was
stocked in the electrochemical cell and connected to Gamry Potentiostat for measurement.
Ahead of the continuous recording of SWV, the injection speed and overall injection amount
of solution were set up as a fixed value to facilitate the data quantitative analysis.

Here, ADA and PC drugs were selected as representative analytes to be detected via
IDA and ABA working formats of CB8-MV?* electrochemical assay. SWV curves of 20 uM
CB8-MV?* during the injection of ADA or PC at a variety of injection speeds, ranging from 2
uL/min to 20 puL/min, were recorded at specific time intervals. The time intervals of
measurement were accordingly adjusted to a value at which the recorded frequency was neither
too lose to miss the characteristic SWV curves nor too dense to figure out the difference
between two adjacent SWV curves. For example, the time interval between each measurement
in the case of 20 uL/min was around 2 mins, which was wider than that of 2 uL/min (e.g. ~10
mins). The concentration of analyte injected into the electrochemical cell at each SWV
measurement point was estimated via the equation of ‘injection speed X injection time X the
concentration of stock solution stored in the syringe’. Considering the injection speed was
constant over the entire injection, thus the overall changing trends of Almva2+mv+ and AVec
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against the concentration of ADA and PC are expected to be comparable to the ones obtained
in titration experiments illustrated in Chapter 5.4.1 and Chapter 5.4.2. For the sake of easy
comparison, we overlaid scatter plots recorded at different injection speeds in Fig. 5.26.
Compared between the SWV titration scatter plots obtained at different injection speeds of
ADA and PC in Fig. 5.26a,c, no huge difference was observed, and the range of offset was
acceptable from practical viewpoint. On the other hand, Almv2+mv+ or AVpc was also plotted
against the injection time in Fig. 5.26b,d, which indicates that the faster the injection speed,
the quicker the indicative signal (i.e. Almv2+mv+ Or AVpc) changed, in line with expectation.
With these obtained results, CB8-MV?* electrochemical assay is expected to work as an
effective platform for in-situ monitoring of biological continuous processes, where the target
bio-analytes can either be strong binders or aromatic derivatives corresponding to two working
formats of CB8-MV?* assay.
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Fig. 5.26 Overlaid scatter plots of peak current change corresponding to the reduction of
displaced MV?* (A Imv2+mv+) under continuous injection of adamantylamine (ADA) at
different speeds (a) against the concentration of ADA and (b) against the overall injection time.
Overlaid scatter plots of peak potential shift (AVec) under continuous injection of procaine
hydrochloride (PC) at different speeds (c) against the concentration of PC and (d) against the
overall injection time. Stock solution in pump: 2 MM ADA or PC sample prepared in 6.25 mM
PB solution (pH 7).

The present results are still at a conceptual stage, suggesting the possibility for CB8-
MV?2* electrochemical assay to be utilized for real-time monitoring of continuous biological
processes. Optimization on recording intervals and parameters are necessary when studying
different dynamic processes. For example, if the kinetics of the target biological event is quick,
the time intervals for SWV recording should be shortened to avoid missing the point where the
key changes take place.
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5.8 Conclusions

This Chapter has discovered new possibilities of sensing, and especially, binding
constant determination, in complex bio-media, ranging from simple buffer solution, urine,
serum even to blood, by using CB8-MV?* as multi-functional electrochemical assay with the
aid of SWV titration approach. Redox active, environment sensitive and commercially
available MV?*was employed as indicator to generate characteristic responsive signals towards
the competitive binding and associative binding events, enabling CB8-MV?* to work in dual-
functional way, e.g. IDA and ABA. Gratifying to note that down to 10 M-l minimum
detectable concentration and linear detection range located within physiologically relevant
micromolar range have been achieved, and moreover, both minimum detectable concentration
and linear detection range showed adjustability upon easily changing the concentration of CB8-
MV?2* assay, thus being able to better cater for different requirements in real cases. In addition
to sensing, CB8-MV?* assay demonstrated binding constant determination capability in
complex bio-media (e.g. SU, FBS, HS, SB and HB) by taking advantage of its promising
interferent tolerance ability benefited from its superior binding specificity and selectivity,
which has never been achieved by conventional supramolecular titration methodologies to the
best of our knowledge and is of interests in the area of supramolecular chemistry. Moreover,
CB8-MV?* assay also showed ability to real-time monitor continuous injection of drug
molecules from syringe pump, indicating it possess promising potentials to be utilized for in-
situ monitoring of other continuous biological events, such as drug loading and releasing
process. In conclusion, the proposed self-assembly and multi-functional CB8-MV?*
electrochemical assay can greatly inspire the design of other versatile supramolecular-based
assays for a wide range of practical applications in biological and pharmaceutical fields.
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Chapter 6. Conclusions, limitations and outlook

This Chapter concluded what have been done and achieved by our research, what are
the major limitations of current research findings, and discussed what can be further
investigated based on present research outcomes in future.

6.1 Conclusions

Electrochemistry is known to be a powerful tool to provide information-rich features
when probing redox-active analytes, and supramolecular chemistry is a burgeoning area
investigating unique properties of free molecules imparted via molecular interactions between
host and guest molecules during complexation. Thus, combing supramolecular chemistry with
electrochemistry is expected to provide exceptional functions in the fields of analytical
chemistry and sensing, thus being of our research interest.

In this research, we have reported rigid macrocycles of cucurbit[n]urils (CBn, n =7, 8)
are amenable to modulate the electrochemical reactivity of redox-active resazurin guest upon
complexation. Notably, the modulation effect exerted by CB7 and CB8 were reverse, i.e. CB8
facilitated the irreversible reduction process of resazurin while CB7 hindered it, which was
rationalized by their different binding tightness. However, flexible hosts g-cyclodextrin (8CD)
and y -cyclodextrin (y CD) did not show any significant modulation effects on the
electrochemical reactivity of resazurin although their cavity size are comparable to CB7 and
CB8, respectively. The observed supramolecular modulation effect is expected to be extended
for studying other redox-active molecules to cater for different end applications.

Quantitative analysis of molecular interactions between host and guest is indispensable
for comprehensive understanding of host-guest complexes. Binding constant is a generally
utilized indicator to represent the thermodynamic stability of host-guest complexes. Diverse
methodologies have been proposed for the estimation of binding constants of supramolecular
complexes, among which titration approaches present most prevailing. However, titration
experiments suffer from several inherent limitations such as long experiment period, specific
requirement regarding the solubility and complicated data analysis, which were overcame by
our proposed electrochemical scheme. In particular, we reported a simple electrochemical
approach for estimation of binding constants (logKsz2) of CB8-MV?*-based ternary complexes
by uncovering the linear correlation with R? = 0.85 between ITC determined binding constants
and the electrochemically (e.g. cyclic voltammetry and square wave voltammetry) measured
reduction potential shift of CB8-MV?*-based ternary complexes with respect to CB8-MV?*
(AVe2). The rich information provided by electrochemistry help us to figure out which species
exactly exist in the system and avoid false-positive binding results. The precision and practical
accuracy in logKe2 of our scheme achieved + 0.03 and + 0.32, respectively, and the
measurement time was reduced to less than 10 mins by one-point measurement instead of
titration steps. Inspection regarding the mechanism underlying such linear correlation was
achieved by the convergence of experimental and computational results. It has been found that
the linear correlation tends to be rooted from the host-guest exchange scene taking place after
the electron transfer process. With this rapid electrochemical scheme, screening guest
molecules based on binding constants to meet the requirement for specific application is
achievable, providing a powerful premise for exploring the application of supramolecular
electrochemistry in multiple real cases. Ultimately, we demonstrated the wide applicability and
robustness of our scheme by estimating binding constants of a group of volatile and sparsely
soluble hydrocarbons, which are hard to be directly measured by conventional titration
methodologies otherwise, thus considerably broadening the range of quantitative analysis and
application potentials of host-guest systems. These findings are expected to inspire the
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application of electrochemistry in supramolecular analytical field to study other redox active
species involved systems, which can then be utilized in different scenarios. For example, a
redox active species with proper binding affinity can be selected among multiple candidates
using this scheme to work as sensing probe in electrochemical sensor.

Take it a step further from the rapid electrochemical scheme enabling estimate binding
constant in high-throughput fashion, with the aid of CB8-MV?* assay and electrochemical
titration protocol, we have brought binding constant estimation to a new era, e.g. determine the
binding constant in physiologically most relevant but highly complex matrices, such as urine,
serum and even blood, which has never been achieved yet to the best of our knowledge. With
this achievement, we could gain an understanding of how host and guest molecules interact
with each other in bio-media in the presence of multiple complex biofluid species like salts,
proteins, blood cells, etc, which could provide guidance on biological applications of
supramolecular electrochemistry.

Encouraged by this finding, the application potentials of CB8-MV?* in sensing area
were also explored. Other than the binding constant determination, the self-assembled CB8-
MV?2* assay demonstrates powerful biosensing ability. In particular, by employing redox active
and environmental sensitive MV?* as probe, CB8-MV?* electrochemical assay is capable of
integrating two working formats of IDA and ABA in one, allowing for the detection of analytes
with a wide range of binding affinities (108 M-*to 102 M-!) achieving down to 10-# M minimum
detectable concentration and linear detection range within physiologically relevant micromolar
range. Compared to conventional electrochemical sensors, this assay eliminated the need of
laborious electrode modification steps but did not sacrifice sensing sensitivity and selectivity.
To widen the application scope of CB8-MV?* assay from buffer solution to complex bio-media,
we tested its interferent tolerance by performing sensing for MEM and PC in the presence of
multiple equivalents of potential interferent biomolecules, e.g. RTM and PCG. Gratifying to
see that CB8-MV?* was able to maintain its major characteristic electrochemical profile for
sensing in the presence of interferent molecules. Encouraged by the desired interference
tolerance of CB8-MV?* assay, its ability of sensing in complex biological matrices were then
explored; in particular, it was investigated that CB8-MV?* held its great sensing properties in
both IDA and ABA modes in a group of different biofluids, including native synthetic urine,
whole fetal bovine serum, whole human serum and even animal blood, which was rarely or
never reported to the best of our knowledge, opening up a new venue for supramolecular
electrochemistry to apply in bio-sensing field. Moreover, the establishment of simple yet multi-
functional and robust CB8-MV?* electrochemical assay is expected to inspire the design of
diverse powerful molecular platforms with the aid of supramolecule and redox active species.

Furthermore, the potential of CB8-MV?* electrochemical assay to real-time monitor
continuous dynamic processes was also investigated by performing conceptual measurements
using syringe pump to mimic drug release event by continuously injecting drug molecules.
Inspired by the preliminary results obtained with the aid of syringe pump, application
capabilities of supramolecular-based electrochemical assay in real-time studying dynamic
processes, such as enzymatic reactions, drug loading and releasing processes, etc, were
confirmed, and future works can be done towards this direction.

The findings in terms of reactivity modulation, quantitative analysis of host-guest
interactions, and bio-sensing achieved with the aid of supramolecular-based electrochemical
platform in this work spark new possibilities in future development and practical applications
of supramolecular electrochemistry.
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6.2 Limitations of current research

Research in Chapter 3 demonstrated the supramolecular modulation effect on
electrochemical reactivity of resazurin, which was rationalized by the ease for water molecules
to approach the reaction centre on supramolecule encapsulated resazurin in photo transfer step.
Although the present mechanistic analysis was supported by computational simulations and
calculations, it would be better to gain supplemental evidence from experiments for in-deep
explanation. Moreover, the application potentials of such supramolecular widened redox active
window have not been investigated in this chapter, which deserve further research.

The application range of rapid electrochemical protocol for binding constant estimation
proposed in Chapter 4 is mainly limited to the CB8-MV?*-based ternary complexes and cannot
be directly utilized for other supramolecular systems. Although it is ready to be extended to
study other CB8-based hetero-ternary complexes with one redox active guest as first guest
upon performing similar electrochemical measurements to obtain corresponding linear
correlation functions, one redox active guest molecule is necessarily required in this protocol.
Whether such electrochemical approach is applicable for determining binding constants of
supramolecular ternary complexes based on different host molecules, e.g. cyclodextrins (CDs),
remains unclear, which deserves following studies. This should depend on whether an obvious
change in electrochemical features of the first redox active guest can be observed upon
supramolecular binding with second guest molecule.

CB8-MV?* electrochemical assay implemented in Chapter 5 is predominately for the
detection of the molecules which are required to be able to either from ternary complex with
CB8-MV?* or displace MV?* out of CB8 cavity, showing relatively limited application scope.
On the other hand, as CB8-MV?* assay is capable of detecting a group of molecules but not
exclusively designed for one specific target analyte, its sensing specificity and selectivity
appear to be less desirable compared to other biomolecule-based sensors, such as enzyme-
linked immunosorbent assay (ELISA) and immunosensors, which could hinder its diagnostic
applications. Moreover, although the minimum detection concentration of CB8-MV?*
electrochemical assay towards target drug molecules is located within physiologically relevant
micromolar range, it can still be not enough for clinical tests in real-world cases. In addition to
minimum detectable concentration, the recovery rate of CB8-MV?* bioassay has not been
evaluated in this work, which could be supplemented in the future. There are still limitations
need to be overcame if we would like to turn the established CB8-MV?* electrochemical assay
into a real commercial product for practical applications. Different practical application
scenarios often require different properties of sensor, which cannot be fully met by the present
CB8-MV?* electrochemical assay. For example, point-of-caring testing (POCT) often required
high specificity and sensitivity, real-time connectivity, quick measurements, portable devices,
ease of sample preparation; chip-based sensors for on-site detection often requires miniatured
devices performing localized detection with small sample volume and superior sensitivity and
selectivity; multiplexed detection often requires differential selectivity towards a group of
analytes with similar chemical structures. Generally, certain modification and optimization
steps are necessary to be taken to enhance the possibility of CB8-MV?* electrochemical assay
for real-world applications.

As for the ability of real-time monitoring of continuous biological processes, the results
achieved with the aid of syringe pump in Chapter 5 are still at preliminary stage, more work
needs to be done to verify whether the CB8-MV?* electrochemical assay is indeed capable of
monitoring real biological processes but not the mimic drug releasing process demonstrated by
syringe pump. Meanwhile, the design of the set-up and corresponding test parameters could be
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further optimized to increase the sensitivity and selectivity to better cater for different
proceeding speeds and rates of different real continuous biological processes.

6.3 Future work

Application of supramolecular electrochemistry in the areas of analytical chemistry and
molecular detection have been explored in this research. However, this research mainly focused
on using cucurbit[n]Juril (CBn) as supramolecular host and methyl viologen as redox active
reporter. Generally, potentials provided by other kinds of supramolecular hosts [*241 and redox
active guests remain unexplored and worth to be further studied. For example, inspired by the
findings achieved by MV?* in this work, other redox active species like viologen derivatives
which are of planar structures present as proper electrochemical probe for CBn-based systems,
and additionally, redox active ferrocene and cobaltocenium derivatives are also ready to be
encapsulated by CBn as electrochemical probe 71, Upon using redox probes with different
binding properties, the obtained supramolecular sensing assay can thus provide different
sensing specificity and selectivity towards different analytes, allowing for a wide application
range. In the concern of hosts, other synthetic hosts like calixarenes (CXs) and cyclodextrins
(CDs) demonstrating different binding properties towards analytes compared to CBs also show
promising application potentials in sensing and analytical chemistry [16-1°, In addition to one
single host, diverse mechanically interlocked molecular architectures based on several kinds of
hosts have been designed and utilized for sensing 132, i.e. rotaxane formed based on CB8 and
B CD reported by the Biedermann group shows ability of optical sensing in complex bio-media
[311 which can achieve improved sensing features by combining advantages of multiple hosts
with different geometries.

With the investigated electrochemical activity modulation effect of CB7 and CB8
imposed on redox process of resazruin ([RZ-H] at pH 7) in Chapter 3, supramolecular
modulation effects on other photo transfer involved electrochemical reactions can be
investigated. Although the investigation of underlying mechanism has been discussed in
Chapter 3, more supportive experiments could be followed up to provide more evidence on the
conclusions draw from the computational simulations and offer more comprehensive
knowledge of such supramolecular-based reverse modulation effects. Such information can
better pave the way for investigations on other supramolecular-based redox active system. For
example, apart from this group of reaction, we can further widen our research scope to other
supramolecular modulation on electrochemical reactivity of encapsulated molecules based on
different mechanisms. Most of precedent examples regarding supramolecular modulation
effects on redox species are rooted from supramolecular preferable complexation between
reactants and products caused by the charge difference after electron transfer steps in
electrochemical reactions. Inspired by the reported mechanism of binding tightness and the
ease for water molecule to approach the reaction centre in this work, other possible mechanisms,
such as the supramolecular pre-organization effect, that can cause different modulation effects
are attractive to be explored, and meanwhile, mechanistic study is helpful to gain full
understanding and deep insight of the electrochemical reaction, facilitating applying it to
practical cases in a more proper way. In addition to the mechanistic analysis, the application
aspect of these supramolecular modulation effects can be explored. For example, the widened
redox window of the redox active indicator, e.g. [RZ-H]-, could make its detection range shift
to a different group of analytes when it works as tracer for biological sensors by using either
redox potential or redox-related fluorescent properties as indicative signals. Moreover, based
on such modulation, sensing platforms targeting redox active analytes could be implemented
by using supramolecule as the receptor and the reactivity changes as the responsive signals.
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With the proposed electrochemical scheme for rapid estimation of cucurbit[8]uril-
methyl viologen (CB8-MV?*)-based ternary complexes in Chapter 4, diverse practical
applications of supramolecular electrochemistry can be achieved. For instance, this scheme can
be utilized to screen multiple candidate probe molecules to select the one which can bind to
supramolecular host with a suitable binding affinity when designing a supramolecular-based
sensor for enzymatic reaction monitoring or supramolecular-based indicator displacement
assays (IDAs). Additionally, this scheme can be employed to identify a group of analytes which
possess binding affinities with certain degree of difference for supramolecular sensors to
perform multiplexing sensing. On the other hand, beyond the scope of CB8-MV?*-based
ternary complexes, future works can be done along this direction to design rapid and simple
binding constant estimation approach for other host-guest complexes, which can revolutionize
the quantitative analysis of host-guest interactions in supramolecular chemistry area and bring
new possibilities for the application of supramolecular-based systems. For example, similar
electrochemical measurements can be performed for other ternary complexes formed by
different host molecules (e.g. CB8, yCD, etc) and two guest molecules, of which one is fixed
and redox active, to see if any correlation can be observed between the change in redox peak
potential of the redox active guest and the binding constants of ternary complexes with different
second guest molecules. In addition to utilizing redox peak potential as indicative factor, other
electrochemical features are probably also suitable as tracing signals, such as the peak current,
when the target supramolecular systems are based on different working principles or using
different testing techniques (e.g. amperometry) instead of voltametric techniques.

Encouraged by the findings regarding the biosensing in complex biological matrices
enabled by CB8-MV?* electrochemical assay in Chapter 5, new possibilities of sensing small
molecules without complicated laboratory synthetic steps in complex bio-media emerged. With
such simple assay design strategy, a series of supramolecular-based electrochemical sensing
assay with improved sensing properties and multiple working modes, e.g. associative binding
assay (ABA) and indicator displacement assay (IDA), can be formed by using different kinds
of supramolecular hosts and electrochemical active reporters to detect target analytes that are
of different chemical and physical properties. Taking advantage of the design concept of such
electrochemical active ABA and IDA sensors, analytes which are electrochemical and
spectroscopic transparent can be sensitively detected. Although electrochemical detection of
small molecules in native serum have been achieved by this work, sensing in untreated and
undiluted blood sample remains challenging as multiple concentrated complex species, such as
salts, proteins and blood cells, presented in blood tend to interplay with sensing assay and blur
sensing signals. Hence, designing strategies for establishing sensing assays that can address
this remained biofluid challenge are of certain interests. For example, molecular engineering
can be employed to modify and/or fabricate unique hosts and/or redox active indicators to
effectively avoid biofouling and biofluids effects, enabling in-situ detection of small molecules
in real complex blood environment; electrode modification strategies are worthwhile to explore
to enhance the sensitivity and selectivity of electrode. Considering the practical applications of
biosensors, such as point-of-care-testing (POCT), chip-based devices, commercialized home
used product, there are lots of works need to be carried out to investigate and explore the
possibilities of the established CB8-MV?* sensor. Sensitivity and specificity are often of crucial
importance for diagnostic sensor, and short and easy measurement are also required for POCT,
which can be future optimization direction for our CB8-MV?* biosensor. For example,
modifying electrode surface by receptor molecules could be helpful to enhance the sensing
specificity; modifying electrode by nanomaterials can effectively improve sensitivity by taking
advantages of the large surface of nanomaterials. The possibility of CB8-MV?* electrochemical
assay to be miniaturized as chip-based devices for on-site detection could be explored by
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employing portable measuring potentiostat and screen-printed electrodes instead of Au disk
electrode in the future.

New possibilities of binding constant estimation in complex bio-media explored in
Chapter 5 could offer more in-situ information regarding the non-covalent molecular
interactions of the supramolecular system, providing more specific guidance for designing
supramolecular systems for applications involved with complex bio-media. Thus, more work
can be followed up to take advantage of such capability to design different supramolecular-
based systems catering for diverse applications.

Inspired by the preliminary results regarding real-time monitoring of continuous
adamantylamine (ADA) injection process achieved by CB8-MV?* electrochemical assay in
Chapter 5, application potentials of supramolecular-based electrochemical assays in
continuous monitoring of dynamic biological processes such as drug loading and releasing
processes as well as enzymatic reactions are attractive to be further studied. For instance, the
amount of loaded/released drug can be traced by the degree of increase/decrease in
electrochemical signals of supramolecular-based electrochemical assay upon capturing drug
molecule released into bulk solution to form inclusion complexes; the degree of enzymatic
reactions progress can be analysed when supramolecular-based electrochemical assay can
preferably bind with substrate molecule or reaction product molecule. Research regarding the
application possibilities of supramolecular-based electrochemical assay in real-time
monitoring of continuous chemical progresses done by this work remains in conceptual stage,
and proof-of-concept experiments are worthwhile to be performed in future. Along this
direction, drug loading/releasing systems such as nano-capsules, that are compatible with
supramolecular electrochemical platform are worthwhile to be designed in future work.
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