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Singaram et al, comprising of a derivatised pyranine fluorophore (ATPS-
DEGMA: pink) as the fluorescence reporter unit and a cationic BA-viologen
compound (blue) as the glucose receptor. The components are immobilised by
a single tether to allow for increased mobility within the hydrogel matrix.!”’

Figure 1.31. (A) Formation of BA viologen-BINOL fluorophore complex,
which is non-fluorescent. (B) Addition of glucose recovers fluorescence.
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Chapter 2: Direct Glucose Sensing: Probing Interactions Between Glucose and
Fluorescent Boronic Acids

Figure 2.1. (A) Concept of a smart-contact lens, functionalised with BA sensor.
(B) Mobile device is used to capture image of smart-lens while in eye. (C) Non-
Invasive and continuous glucose-sensing contact lens is coupled to an ICT
application. (D) The application evaluates and maps an optical response in the
lens to a specific glucose concentration. (E) Specific glucose concentrations can
provide an indication of hypo- or hyperglycaemic levels in diabetic patients,

allowing them to personally monitor their condition. 87
Figure 2.2. 'H NMR assignment for o-COOHBA. 91
Figure 2.3. Structure of 0-COOHBA found from mass spectrometry analysis,

[CisH17BNO4]". 91
Figure 2.4. "H NMR assignment for m-COOHBA. 92

Figure 2.5. Glucose sensing using both 0-COOHBA and m-COOHBA in

various pH buffer solutions ranging between pH 5.3-11.8. Left: Fluorescence
glucose-sensing using 0-COOHBA (0.5 mM) with 10 mM glucose. Right:
Fluorescence glucose-sensing employing m-COOHBA with 10 mM glucose,

where F) is the maximum fluorescence of the COOHBA derivatives in pH 7.4
buffer solution and F is the measured fluorescence of the COOHBA derivatives

in all other solutions. 95

Figure 2.6. (A) Excitation (green) and emission (blue) fluorescence spectra for
0-COOHBA, where the excitation wavelength is 380 nm and the corresponding
emission wavelength is 485 nm. (B) Excitation (green) and emission (blue)
fluorescence spectra for m-COOHBA, where the excitation wavelength is

390 nm and the corresponding emission wavelength is 465 nm. 97

Figure 2.7. (A) Fluorescence quenching of o-COOHBA (0.5 mM) on sequential
additions of glucose (0-50 mM) in pH 7.4 phosphate buffer solution. A decrease

in fluorescence intensity by 40% was observed at the emission wavelength

485 nm in the presence of 50 mM glucose. The excitation wavelength was

380 nm. (B) Fluorescence quenching of m-COOHBA (0.5 mM) on sequential
additions of glucose (0-50 mM) in pH 7.4 phosphate buffer solution. A decrease

in fluorescence intensity by 78% was observed at the emission wavelength 460

nm in the presence of 50 mM glucose. The excitation wavelength was 390 nm.

The insets for each graph show the COOHBA sensor response to glucose

between the concentration range of 0-10 mM. 98

Figure 2.8. Fluorescence quenching in the o-COOHBA doped PDMS ‘lens’ on
immersing the ‘lens’ in various pH 7.4 phosphate buffer solutions containing
glucose concentrations between 0-5 mM. The excitation wavelength used was

380 nm and the corresponding emission wavelength was 485 nm. 100
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Figure 2.9. 3D molecular models of COOHBA derivatives, produced using free
MolView software, shows the potential conformation of the COOHBA

derivatives before and after sugar binding. The N+-B- interaction is represented

by the dotted line. 101

Chapter 3: Intermolecular Quenching and Recovery of Fluorescence Using
Cationic Boronic Acid Derivatives for Indirect Glucose Sensing

Figure 3.1. Chemical structure of BA1, with labelled 'H atom assignments. 112
Figure 3.2. Chemical structure of compound 4. H atoms are labelled. 113
Figure 3.3. Chemical structure of BA2, with labelled 'H atom assignments. 113

Figure 3.4. Excitation and fluorescence emission spectra for 7HC (4 uM) in

pH 7.4 buffer solution, where the excitation wavelengths are 328 and 367 nm

and the emission wavelength corresponding to both excitation wavelengths

is 454 nm. 114

Figure 3.5. (A) Schematic for the fluorescence quenching of 7HC with BAT1.

(B) Excitation spectrum of 7HC (4 uM) with increased concentrations of BA1

(up to 0.48 mM; 120 eq.) in pH 8.12 phosphate buffer solution, showing

an excitation wavelength of 367 nm and a shoulder at 328 nm, corresponding

to the emission wavelength at 454 nm. (C) Emission spectrum of 7HC with
increased concentrations of BA1, displaying an emission at 454 nm when

excited at 367 nm. (D) Linear curve of 7HC (R? = 0.999), where each point

on the curve represents the average maximum emission point (n = 3) at

454 nm with increased additions of BA1. 117

Figure 3.6. (A) Excitation spectrum of 7HC (4 uM) with increased

concentrations of BA1 (up to 0.8 mM; 200 eq.) in pH 8.88 phosphate

buffer solution, showing an excitation wavelength of 367 nm, corresponding

to the emission wavelength of 454 nm (B) Emission spectrum of 7HC, showing

an emission wavelength at 454 nm, with increased additions of BA1, when

excited at 367 nm. Non-linear curve of 7HC with increased concentrations of

BA1 (R? = 0.980) is shown, where each point on the curve was the maximum
emission at 454 nm after each addition of BA1. 118

Figure 3.7. (A) Schematic of fluorescence recovery in 7HC, on dissociation of
7THC:BA1-complex in the presence of glucose. (B) Excitation spectrum of
7HC (4 uM) with BA1 (175 eq.; 0.7 mM) and increased concentrations of
glucose (0-5 mM) in pH 8.12 phosphate buffer solution, where the blue line
indicates the original excitation of 7HC before any BA1 additions. The peak

in the excitation spectrum was found at 367 nm, corresponding to an emission
at 454 nm. (C) Emission spectrum of 7HC and BA1 (1:175 eq.) with increased
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additions of glucose (0-5 mM), displaying an increase in emission intensity by

4%, where the emission wavelength was 454 nm, corresponding to an

excitation wavelength of 367 nm. (D) Fluorescence curve of 7HC and BA1

(1:175 eq.) with increased concentrations of glucose (0-5 mM). Each data

point curve was taken as the maximum intensity at 454 nm after each addition

of glucose. 119

Figure 3.8. Fluorescence quenching in neutral 7HC on increased additions of
BA2. 120

Figure 3.9. (A) Excitation spectrum of 7HC (4 uM) with increased
concentrations of BA2 (up to 0.3 mM; 75 eq.) in pH 7.4 phosphate buffer
solution (containing 40 uL. CH3OH in each 1.5 mL sample). The peak at

328 nm represents the neutral form of 7HC (yellow) and the peak at 366 nm
represents the anionic form of 7HC (blue). Both excitation wavelengths
correspond to the same emission wavelength at 454 nm. (B) Fluorescence
response of 7HC with increased additions of BA2, excited at 328 nm. Each data
point was taken at 454 nm corresponding to the maximum emission after
addition of BA2 (R?> =0.977 and 0.957 at 328 and 366 nm, respectively). (C)
Emission spectrum of 7HC showing an emission maximum at 454 nm, with
increased concentrations of BA2 when excited at 328 nm. (D) Emission
spectrum of 7HC showing an emission maximum at 454 nm, with increased
additions of BA2 when excited at 366 nm. 121

Figure 3.10. (A) Schematic of fluorescence quenching in anionic 7HC on
increased interactions with BA2. (B) Excitation spectrum of 7HC (4 uM)
with increased concentrations of BA2 (up to 1.2 mM; 300 eq.) in pH 7.4
phosphate buffer solution and CH3OH (1:1) (measured pH 8.6). The
excitation wavelength is shown as 370 nm with a shoulder at 328 nm,
corresponding to the emission wavelength 454 nm. (C) Emission spectrum

of 7HC with increased additions of BA2, showing an emission wavelength

at 454 nm, corresponding to the excitation wavelength at 370 nm. (D)
Fluorescence quenching of 7HC with increased concentrations of BA2, where
each point on the curve was taken as the maximum fluorescence intensity

at 454 nm after the addition of BA2 (R? = 0.970). 122

Figure 3.11. (A) Schematic of the fluorescence recovery in 7HC, on
dissociation of fluorophore:BA2-quencher ground-state complex in the
presence of glucose. (B) Excitation spectrum of 7HC (4 uM) with BA2

(20 eq.; 80 uM) and increased concentrations of glucose (up to 100 mM)

in pH 7.4 phosphate buffer solution and CH3OH (1:1) (measured pH 8.6).
The excitation wavelength was 370 nm with a shoulder at 328 nm,
corresponding to an emission at 454 nm. (C) Emission spectrum of 7HC and
BA2 (1:20 eq.) with increased concentrations of glucose. The emission
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wavelength was 454 nm. (D) Fluorescence curve of 7HC and BA2 (1:20 eq.)
with increased concentrations of glucose, where each point on the curve was
taken as the maximum intensity at 454 nm after the addition of glucose. 123

Chapter 4: Water-Soluble Polymerisable Boronic Acids: Combining an
Adaptable One-Step Synthesis with an In-Depth Understanding of pH and
Glucose Response

Figure 4.1. Monomeric BA derivatives 0-BA, m-BA and p-BA. 133
Figure 4.2. ''"B NMR of boric acid in D>O at pH 3.5 (bottom) and pH 14.2

(top). 138
Figure 4.3. "H NMR:s for all three BA monomers in D,0, o-BA (top),

m-BA (middle) and p-BA (bottom). 140

Figure 4.4. ''B NMR pH titration in D20 for m-BA (82 mM) in the absence

of glucose (A) and in the presence of 10 equivalents glucose (820 mM) (B).

The peak at ~19 ppm is the impurity boric acid. For details regarding the

boric acid peak refer to Figure 4.2. 140

Figure 4.5. (A) ''B NMR pH titration in the absence of glucose for 0-BA

(82 mM). (B) ''"B NMR pH titration in the absence of glucose for p-BA

(82 mM). (C) '"B NMR pH titration in the presence of 10 equivalents of

glucose (820 mM) for 0-BA. (D) ''B NMR pH titration in the presence of

10 equivalents of glucose (820 mM) for p-BA. The solvent for all titrations

was D,0. 142

Figure 4.6. Fluorescence emission in H>O of the three BA monomers

(1 mM) at approximately pH 4.0, 7.7 and 11.5, where the excitation

wavelength was 367, 372 and 370 nm for 0-BA, m-BA and p-BA,

respectively, corresponding to the anionic form of each BA. 143

Figure 4.7. Excitation and fluorescence emission spectra for m-BA (1 mM)

in H>O. (A) Excitation spectra as a function of pH showing maxima at

329 nm (low pH) and 372 nm (high pH), and an isosbestic point at

335 nm. (B) Emission spectra as a function of pH with Aex =372 nm,

showing fluorescence emission intensity increasing with pH, with

maximum emission at 466 nm. (C) The pK, for m-BA was estimated to be

8.7 from the emission spectra taken at 466 nm. (D) Photo showing the

fluorescence increase for m-BA solutions under 365 nm irradiation at pH
3.2,8.0and 11.5. 144

Figure 4.8. Excitation and fluorescence emission spectra for m-BA (1 mM)

in H20. (A) The excitation wavelengths were 329 nm (low pH) and 372 nm

(high pH). (B) The emission wavelength was 466 nm. The pK, calibration

for m-BA (inset B) was estimated to be 8.5. 144
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Figure 4.9. Experimental emission values taken at the emission wavelengths
for 0-BA, m-BA and p-BA at 460, 466 and 460 nm respectively, as a function
of pH and fit to a sigmoid model, to estimate the pKa for each BA derivative
(1 mM) in H>O; F'is the measured fluorescence intensity at excitation
wavelengths 367, 372 and 370 nm for the BA derivatives, respectively,

in the presence of glucose (10 mM), Fiin and Finay are the minimum and
maximum fluorescence intensities measured in each case.

Figure 4.10. Fluorescence emission spectra (A) and relative fluorescence
increase (B) for 0-BA (1 mM) with glucose (0-150 mM) in H>O at pH 8.0;
The emission at 460 nm was recorded using the corresponding excitation
wavelength (Amax®*) of 367 nm, showing a fluorescence increase of 13%

in the presence of 150 mM glucose. Fluorescence emission spectra (C) and
relative fluorescence increase (D) for m-BA (1 mM) with glucose (0-150 mM)
in H20 at pH 7.5; The emission at 466 nm was recorded using the
corresponding excitation wavelength (Amax®*) of 372 nm, showing a
fluorescence increase of 47% in the presence of 150 mM glucose.
Fluorescence emission spectra (E) and relative fluorescence increase (F) for
p-BA (1 mM) with glucose (0-150 mM) in H>O at pH 8.0; The emission at
460 nm was recorded using the corresponding excitation wavelength (Amax™)
of 370 nm, showing a fluorescence increase of 177% in the presence of

150 mM glucose. Inset F Shows a photo of the samples before (blue
fluorescent) and after the addition of 150 mM glucose (green fluorescent).
Fy is the initial fluorescence of the BA in the absence of glucose and

F is the measured fluorescence intensity of the BA in the presence of
glucose (0-150 mM).

Chapter 5: A Two-Component Fluorescent System for Sugar-Sensing

Figure 5.1. Indirect sensing system components; pyranine (left) and the
general structure of the BA monomers (right).

Figure 5.2. Absorbance spectra for pyranine (4 uM) (blue), pyranine and
0-BA (1:50) (pink) and pyranine, o-BA (1:50) and glucose (100 mM) (green)
in pH 7.4 buffer.

Figure 5.3. Excitation and emission spectra for pyranine (4 pM) with
increasing concentrations of 0-BA (0-200 uM), m-BA (0-160 uM) and p-BA
(0-1000 uM) in pH 7.4 buffer solution. The inset for m-BA shows an image of
this change under 365 nm UV irradiation.

Figure 5.4. Fluorescence quenching of pyranine (4 uM) with 0-BA
(0-200 uM), m-BA (0-100 uM) and p-BA (0-160 uM).

Figure 5.5. Left: Fluorescence recovery of pyranine (4 um) and 0o-BA
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(1:50), Right: Fluorescence recovery of pyranine and m-BA (1:20). 165

Figure 5.6. Left: Fluorescence emission spectra of the hydrogel cocktail;

containing acrylamide (100 mol%), MBIS (1 mol%) and pyranine (0.001

mol%) after titration with 0o-BA (0-5 mM) and right: normalised (Fo/F)

fluorescence emission of both hydrogel cocktails after titrations with 0-BA

(0-1.5 mM) and m-BA (0-1.5 mM) in DI H,O fitted with a model using

Equation 5.1. 166

Figure 5.7. Normalised emission data (n = 3) of hydrogel disks containing

pyranine (0.001 mol%) and o-BA (15 eq.) or m-BA (10 eq.) with varied glucose
concentrations (0-100 mM). (A) Shows the excitation and emission spectra for

the 0-BA hydrogels with increased fluorescence by 35% with 100 mM glucose

and (B) shows the emission calibration at 490 nm. (C) Shows the excitation and
emission spectra for the m-BA hydrogels with increased fluorescence by 45%

with 100 mM glucose and (D) shows the emission calibration at 520 nm. The

insets in (B) and (D) show images of the quenched hydrogel under 365 nm UV

light. The points on the curve represent the mean * standard deviation. 167

Chapter 6: Future Work: Sugar-Sensing Using Boronic Acid Polymers

Part A — Indirect Glucose Sensing in Ionogels

Figure 6.1. (A) Prototype holder; plastic slide holder with glass coverslip
sealed with parafilm, the ionogel sits inside with pH 7.4 phosphate buffer.
(B) 3D-printed cuvette style holder with fluorescein ionogel in pH 7.4

phosphate buffer solution. 180
Figure 6.2. 'H NMR assignment for m-MethylBA. 184
Figure 6.3. "H NMR assignment for o-AminoBA. 184

Figure 6.4. Ionogel 1 mobile components: Ps¢ 6,14 fluorescein IL and cationic
BA derivatives used for screening. 185

Figure 6.5. Structure of Ionogel 2 in pH 7.4 conditions, where X:Y:Z is
1:3:1 187

Figure 6.6. Proposed two-component glucose-sensing mechanism using

Ionogel 1. (A) Ionogel 1 in its initial fluorescent state; (B) Cationic BA

derivative diffuses in to Ionogel 1 to form a non-fluorescent ground-state

complex by electrostatic and nt-n stacking interactions; (C) Glucose diffuses

inside Ionogel 1 and binds to the BA derivative. BA group binds glucose,

leading to dissociation in BA-fluorophore complex to recover fluorescence. 189

Figure 6.7. Immersion of Ionogel 1 in a solution of 0o-AminoBA (10 mM)
in pH 7.4 phosphate buffer, resulted in a decrease in fluorescence (left).
Sequential addition of a glucose containing solution in pH 7.4 phosphate
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buffer (10 mM) caused restoration of fluorescence (right). 190

Figure 6.8. (A) Excitation and emission spectra of lonogel 1 in pH 7.4

phosphate buffer solution, where the excitation wavelength is 505 nm

and the corresponding emission wavelength is 565 nm. (B) Initial emission
spectrum for lonogel 1 in pH 7.4 phosphate buffer solution (red), lonogel 1

was immersed in a solution of 0-AminoBA in pH 7.4 phosphate buffer

(10 mM), demonstrating a decrease in the emission intensity by 26% after

12h (blue), Ionogel 1 was placed in a solution of glucose in pH 7.4

phosphate buffer (10 mM), exhibiting an increase in fluorescence intensity

by 16% after 12h (yellow). 190

Figure 6.9. Emission spectrum of Ionogel 1 when immersed in a solution

of m-MethylBA in pH 7.4 phosphate buffer (10 mM) at room temperature,

showing a fluorescence decrease by 72% over 4h (left). Emission spectrum

of Ionogel 1 when placed in a solution of glucose in pH 7.4 phosphate

buffer (44 mM) showing a fluorescence increase by 32% (right). 191

Figure 6.10. Immersion of Ionogel 2 (initially fluorescent, left) in a glucose
containing solution of pH 7.4 phosphate buffer (100 mM) resulted in a
decrease in fluorescence (right), where X:Y:Z is 1:3:1. 193

Figure 6.11. (A) Emission spectrum of lonogel 2 when immersed in

100 mM glucose solution in pH 7.4 phosphate buffer over 4 hours;

the excitation wavelength was 448 nm and the corresponding emission

wavelength was 557 nm. (B) Evolution of the emission at 557 nm in the

presence of 100 mM glucose over ~4h, where the initial blue points represent
stabilisation of the hydrogel in buffer before the addition of glucose. A decrease

in fluorescence intensity by 44% was recorded. F represents the initial

fluorescence of fluorescein and F corresponds to the measured fluorescence

after the addition of glucose. 193

Part B — Pyranine Fluorescence in the Prescence of Acrylic Monomers

Figure 6.12. Fluorescent pyranine monomeric cocktails in DI H,O, where

the colours range from green to blue depending on the acidic nature of the

solution. Left to right: pyranine, N-(3-(dimethylamino)propyl)methacryl-

amide (DMAPMA), N-(2-(dimethylamino)ethyl)methacrylate (DMAEMA),

sodium acrylate (Na-Acrylate), acrylamide, methacrylic acid (MAA),

acrylic acid (AA) and 2-hydroxyethylacrylate (HEA). 198

Figure 6.13. Pyranine acid-base equilibrium indicating switching from
blue to green fluorescent state. Adapted from reference 29. 199

Figure 6.14. Fluorescence quenching of pyranine (0.1 mM) in monomeric
cocktails with cross-linker MBIS (1 mol%) and acrylic monomers
(100 mol%); acrylamide, DMAEMA, DMAPMA, HEA and MAA, with
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increased concentrations of 0-BA (top) and m-BA (bottom) in DI H>O, fitted
with a model using Equation 5.1. The solution sample contains pyranine

(0.1 mM) and increased equivalents of the BA co-monomer only in DI water.
The emission wavelengths for the monomeric cocktails were; 510, 440, 517,
515, 436 and 440 nm for acrylamide, AA, DMAEMA, DMAPMA, HEA and
MAA cocktails, respectively. For spectral data on the excitation and emission
wavelengths see Appendix E.

Figure 6.15. Fluorescence emission curves for the acrylamide, AA and
HEA cocktails comparing the 0-BA and m-BA monomer fluorescence
quenching efficiency in pyranine (0.1 mM) in H2O. The acrylamide
cocktail is shown in blue, the AA cocktail is shown in green and the HEA
cocktail is shown in red. The o-BA equivalents to pyranine is represented
by the triangle and the m-BA equivalents is represented by the square.
The emission wavelengths were 510, 440 and 436 nm for the acrylamide,
AA and HEA cocktails, respectively. The data is fitted with a model using
Equation 5.1.

Figure 6.16. Fluorescence recovery in HEA cocktails with 0-BA (5 mM; top,
A-C) and m-BA (2 mM; bottom, D-F) in DI H>O. (A) Fluorescence emission
spectrum with emission peak at 492 nm, corresponding to an excitation wave-
length at 419 nm, showing fluorescence increase by 52% with 100 mM glucose.
(B) Fluorescence emission curve at 492 nm, where F is the initial fluorescence
of the cocktail before the addition of 0-BA and F is the measured fluorescence

after the addition of 0-BA. (C) Shows an image of the HEA cocktail before (left)

201

203

and after the addition of 0-BA (middle) and after the addition of 100 mM glucose

(right). (D) Fluorescence emission spectrum with emission peak at 492 nm,
corresponding to an excitation wavelength at 419 nm, showing fluorescence
increase by 25% with 100 mM glucose. (E) Fluorescence emission curve at 492
nm. (F) Shows an image of the HEA cocktail before (left) and after the addition
of m-BA (middle) and after the addition of 100 mM glucose (right).

203

Part C — Layer-by-Layer Films Composed of BA Linear Polymers and Poly(vinyl

sulfonate, sodium salt)

Figure 6.17. LbL assembly (A) and destruction (B) processes for insulin
drug delivery systems stimulated by glucose.

Figure 6.18. Assembly process of bilayers on to a quartz slide, where the
poly-BA is the BA linear polymer and the polyanion is PVS.

Figure 6.19. Disassembly process of the bilayers in saccharide containing
solutions.

Figure 6.20. Absorbance spectra for the assembly of the
(PEI/PVS)2(pBA LP/PVS);s film (left) and the average (n = 3) linear growth
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at 230 nm (right). 213

Figure 6.21. Assembly of the (PEI/PVS):(0BA LP/PVS)s film (Red circle o),
(PEI/PVS)>(mBA LP/PVS)s (green square =), and the (PEI/PVS),(pBA LP/

-PVS)s film (blue triangle square a), in triplicate, when monitored at 230 nm

(left). 214

Figure 6.22. Normalised absorbance (A/Ao) at 230 nm for the disassembly of

The BA films; oBA (), mBA (#) and pBA (a) with 10 mM fructose at pH 7.4,
where the blue circle (®) is the initial measurement for each film. The red

points represent stabilisation of the films in buffer before the addition of

fructose, where Ao is the last stable measurement in buffer and A is the

measured absorbance after the addition of fructose 215
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Danielle Bruen

Novel Chemical Sensors Based on Boronic Acids for Glucose Detection

Thesis Abstract

Boronic acid (BA) derivatives have been exploited for their strong and reversible
interactions with diol-containing compounds for the recognition of saccharides, such
as glucose. Combining BA groups and fluorescent moieties can allow for sugar
concentrations to be monitored by changes in fluorescence. In this thesis, two
approaches based on BA sensing capabilities are investigated. In a direct sensing
approach, the BA group is covalently attached to the fluorescent reporter group.
Conversely, in an indirect sensing approach, a two-component system is created
when the BA group and fluorophore are incorporated in to separate molecules.

A direct sensing approach is described in Chapter 2, where the BA derivatives
employed contain a quinoline-5-carboxylic acid functionality. These BA fluorescent
sensors were investigated for their glucose sensing capabilities in solutions of
various pH and when immobilised on to a ‘lens-like’ platform.

An indirect sensing approach is described in Chapter 3, where a BA-cationic
pyrimidinium molecule, induced fluorescence quenching in an anionic fluorophore
(7-hydroxycoumarin). On introducing glucose, the fluorescence was recovered. This
sensing system was investigated in solutions of various pH.

Chapter 4 details the synthesis of a new family of BA-monomers. These
monomers were characterised by "B NMR and fluorescence in the absence and
presence of glucose.

In Chapter 5, the BA-monomers described in Chapter 4 were investigated for
indirect sensing with the anionic fluorophore pyranine in solution and in hydrogels.

Finally, in Chapter 6, additional strategies for the integration of a two-component
sensing in to hydrogel matrices are investigated.

The aim of this research is the development of novel sensing systems that could
be integrated in to a continuous glucose-monitoring device. Such a platform could
offer diabetics personal control over monitoring their glucose levels, to aid the

prevention of the side effects associated with the disease.
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1.1 Introduction to Diabetes

Diabetes mellitus is an incurable disease!” resulting from an insufficiency of
insulin.* This disease causes classic elevated blood-glucose levels, known as
hyperglycaemia or reduced glucose concentrations known as hypoglycaemia due to an
insufficient insulin supply.’ Insulin is a hormone that is synthesised and secreted by
the pancreas to mediate metabolic reactions with glucose.!>? % In doing so, it signals
to cells around the body that require energy to uptake glucose, hence reducing glucose
concentrations in blood.* '© The malformation in these metabolic processes can
progress, regress or stay the same in the case of diabetes, meaning that early diagnosis
is imperative for preventing grave lasting side effects. As a result, diabetes is
associated with many complications including coeliac disease, cystic fibrosis,
tuberculosis and heart disease, promoting acute and chronic complications that can
result in retinopathy leading to blindness, nephropathy giving rise to renal failure,
peripheral nerve damage with increasing risks of foot ulcers, amputation,
cardiovascular diseases, cancer or kidney failure.>% "' Diabetes has been described
as a “silent epidemic” in a review detailing the origin of the disease by C. Nwaneri!’
and since its discovery, great efforts have been made to understand the disease in
order to achieve efficient diagnosis, monitoring and treatment. In the current chapter,
a review of diabetes summarising the history and treatments of the disease from past
to present is described.

A plethora of biosensors have been developed to provide diagnostic information
regarding a patient’s health status. Many different types of sensors have been
investigated, and a 2010 review by Toghill and Compton provides a great insight into
enzymatic and non-enzymatic electrochemical glucose sensing approaches studied
over the past decade.'® Spectroscopic methods for non-invasive glucose detection
have also been growing in popularity, with Raman and infrared spectroscopy being of
particular attention.!”-?! For applications of clinically relevant biosensors, the reader is
directed to excellent reviews by Corrie et al.?> and Yoo et al.?® However, the real
challenge that remains is the creation of biosensors for daily use by patients for
personalised monitoring.??

In order to fabricate a personalised monitoring device, the device design must be
fully understood and characterised. Several reviews focusing on sensor integration in

to wearable platforms have been published recently.>*2¢ Therefore, this present



review chapter will focus solely on recent advances made for monitoring glucose in
alternative biological fluids, such as interstitial fluid, sweat, breath, saliva and ocular
fluid, towards the aim of producing a non-invasive and continuous glucose monitoring

device for diabetics.

1.1.1 History of Diabetes Mellitus

The history of diabetes mellitus dates back to ancient Egypt circa 1500 BC.!>17-27

Although the Egyptians were the first to discover the disease, it was around this time
that physicians in India generated a crude test for distinguishing diabetic urine.!? They
were descriptive in noting that ants and flies were attracted to the sweetness of
diabetic patients’ urine,!” where this condition was referred to as ‘honey urine’.!%?’
The name diabetes mellitus originated from the Greeks, where diabetes is the Greek
word for ‘siphon’ or ‘drain’,?’ referring to the frequent ‘draining’ of urine from the
body, which was one of the main symptoms of the disease noted at the time.!”27 The
disease kept this name until the late 18" century, when a Scottish trained surgeon of
the British army paired diabetes with ‘mellitus’, meaning ‘honey’ and from then on
the disease was known as diabetes mellitus.'"-?’

It wasn’t until around 30 BC-50 AD that the first symptoms of diabetes were
recognised and reported by A. C. Celsus of Greece.”® He observed that excessive
urination in frequency and volume, as well as weight loss were the obvious side
effects of this disease. An Egyptian physician correlated these symptoms to Celsus’
analysis of excessive urination to the kidneys almost 180 years later and it was around
this time that the main characteristics of diabetes were labelled as excessive thirst,
increased urination and over eating.!”

The first crude treatment for the disease was publicized around this time as
dehydration and phlebotomy (bloodletting), due to a lack of information for
understanding the disease.!” These severe treatments increased further awareness of
diabetes and progressed research of the disease in to the mid-6" century, where the
use of emetic medicines for inducing vomiting or the use of laxatives, as well as
narcotics,!” like opium, were prescribed for the next 200 years.?’” During the period
between 980-1037, an Arabian clinical physician described that diabetes related to

complications of the nervous system as well as liver dysfunction. He encouraged his

patients to use emetic medicines as well as exercises to help manage the symptoms.



This slow evolution of diagnosing and treating diabetes only reached the UK in
1674, almost 2500 years later from the first discovery in ancient Egypt.?%-3° In 1674
an Oxford-qualified British physician, Thomas Willis, re-focused attention towards
the sweet urine of diabetic patients.?’3! At the time, the sweet substance was still
unknown and it was only in 1766 that Matthew Dobson in Liverpool, confirmed that
the sweet substance was sugar.>? Nearly 50 years later in Paris, Chevreul tagged this
sugar to be glucose.!> 7 He proposed that glucose was not synthesised in the kidneys,
as previously thought, but in fact was used by the blood and it was the misuse of
glucose by the blood that resulted in its accumulation in urine.

In 1840, a breakthrough was made by the physiologist Claude Bernard, who
concluded that glucose production was linked to the pancreas.!”> 3 Bernard
determined that glucose was absorbed from the intestines in to the liver where the
reversible conversion to glycogen was possible.>* Bernard also reported that sugar
was present in the blood of normal animals, even when fasting, as well as “enormous
quantities” of a starch-like substance in the liver. When tested, this substance was not
a true sugar, but found it could be transformed into one and therefore, it was named
glycogen.>* Bernard was the first to report on glucose metabolism, where he stated
that glycogen was produced from glucose in the liver, introducing the “glycogenic
theory”.!” The Bernard hypothesis resulted in an escalation of research in the areas of
diabetic ketoacidosis and diagnosing, as well as monitoring and treating diabetes,
which were all imperative for today’s understanding of the disease. Currently there is

no cure available for this life-threatening disease.!”3?

1.1.2 Types of Diabetes

Diabetes mellitus can be classified by three different types; type 1, type 2 and type
3, respectively, and it is known to affect people of all ages worldwide.* 3637 Type 1
diabetes is more commonly known as juvenile onset or insulin-dependent diabetes,
which has been correlated to an autoimmune dysfunction.* 3 In this case, the diabetic
patient can’t produce insulin due to an attack by antibodies on the islet B-cells of the
pancreas, known to stimulate insulin release.!® 3% Antibodies for islet cells, namely
insulin, glutamic acid decarboxylase and tyrosine phosphate TA-2 and IA-2 [ are
known to initiate attack on the islet B-cells.* As a result, diabetic ketoacidosis can
more easily manifest due to stress or infection.’ This immune-mediated disease has a

genetic correlation as well as environmental relations, where insulin is necessary to
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survive.* Approximately 5-10% of all diabetics suffer from type 1 diabetes,'® where
the strong genetic influences are mostly from Asian or African origin.* *°

Conversely, in type 2 diabetes, the body can produce insulin, but can’t use the
insulin effectively, either by deficiencies in insulin resistance or secretion.!** %8 Type
2 diabetes is known as non-insulin dependent diabetes or adult-onset diabetes, where
in most cases diabetics don’t require insulin to survive. Around 90-95% of people
suffering from diabetes are type 2 diabetics,'® 3® where these patients quite often
suffer with obesity and have some predisposition to diabetes.* Obesity can develop
from a diet of increased glucose intake and little exercise, where studies have shown
that a healthy diet and physical exercise can contribute to better management of the
disease.*>> 4! The build-up of adipose tissue in the abdominal region resulting in
obesity can cause type 2 diabetes, however when accompanied by an infection or
stress, ketoacidosis in these patients can be triggered.* On the other hand in patients
suffering from type 1 diabetes, although these patients are rarely obese, obesity can
lead to worsening of the disease.* In type 2 diabetes, the pancreas can become over
stimulated for insulin, due to the constant elevated levels of glucose present in the
blood. Failing to sufficiently produce these required heightened insulin levels,
increases the risk of vascular complications hence inducing cardiovascular disease.*

Type 3 diabetes is another branch of the disease relating to insulin resistance.’
Type 3 is suspected to link diabetes with neurodegeneration, which can ultimately
lead to complications such as Alzheimer’s disease.’ Evidence in the literature has
become increasingly suggestive that insulin resistance and Alzheimer’s disease are
strongly related, although this phenomenon has yet to be widely accepted.’

Gestational diabetes occurs more predominantly during the third trimester of
pregnancy.* 38 It is described as the onset or first recognition of glucose intolerance in
pregnant women, dismissing whether or not insulin or diet are factors for treatments.
Approximately 4% of all pregnancies in the U.S. are complicated by gestational
diabetes, which sums to near 135,000 pregnancies per year.* It has also been shown
that these women and their children are more likely to suffer from diabetes disease
later in life.*®

Other types of diabetes may be induced from a number of environmental or genetic
circumstances. Common genetic predispositions that increase the risk of diabetes

include endocrinopathies, mutations in the insulin-producing B-cell and genetic
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syndromes such as Down’s syndrome and Leprechaunism, that can lead to insulin
resistance.* Mutations in transcription factors during DNA replication can result in
abnormal glucokinase formation. Glucokinase has an important role in glucose
metabolism, converting glucose to glucose-6-phosphate for energy release and
stimulating insulin secretion.* Environmental factors such as contracting infections
and drug use are known to inhibit B-cell functioning, where this can lead to
diabetes.*> Many drugs or medications, such as steroids or pentamidine, a medicine
prescribed for pneumonia, are known to impair insulin activity. This becomes an issue
when some patients are predisposed to having an intolerance level for glucose referred

to as “pre-diabetes”, which could advance to the diagnosis of diabetes.*

1.1.3 Diabetic Ketoacidosis

Diabetic Ketoacidosis is commonly presented in diabetic patients that exhibit a

deficiency in insulin.* 3 343

It was discovered by William Prout in 1848 and since
then has been an important factor to consider in treating and monitoring the symptoms
of diabetes. Elevated levels of regulatory hormones such as glucagon, catecholamines,
cortisol and growth hormones, simultaneously result in an insulin deficiency due to
stress or infection.* 3> This combination of increased regulatory hormones and insulin
deficiency creates a catabolic state of gluconeogenesis and glycogenolysis, resulting
in heightened glucose levels in the kidneys and liver. Excessive production of glucose
combined with the breakdown of fatty acids generates elevated concentrations of
ketone bodies as by-products (Scheme 1.1).3% 4> 44 These raised levels of ketone
bodies can then enter into the bloodstream, where they migrate to adipose tissue for
storage or are expelled in urine or exhaled breath as volatile organic compounds
(VOCs).** % By entering the bloodstream, these VOCs can inhibit glycation of
insulin, where this is thought to explain insulin resistance® and also lower the pH of
blood, making it more acidic,** where the pH of blood is normally in the range of pH
7.35-7.45.2 The main symptoms associated with diabetic ketoacidosis are very
similar to diabetes mellitus, although since some of the ketone bodies have the ability
to cross the blood-brain barrier, these molecules can also affect the nervous system.
The three main ketone bodies produced in the liver are acetone, beta-hydroxybutyrate
and acetoacetate.> 4344

Beta-Hydroxybutyrate is the most prevailing ketone body. It is produced from the

reduction of acetoacetate (Scheme 1.1).** Ketone bodies are known to be present in
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high levels in the blood during fasting and prolonged exercise in both normal and

diabetic patients.’

>

TCA \
T~ Acetyl CoA @
_— Yy

Ketone Bodies l e

Acetoacetate
(AcAc)
;‘\\ / \
Urine :
3-B-Hydroxybutyrate ~ Acetone
Acetone Mitochondrion
Exhaled Breath ||Blood Hepatocyte

Scheme 1.1. Production pathways of ketone bodies occurring in urine and exhaled breath.
Adapted from reference 44.

Diabetic ketoacidosis is a common pathological cause of elevated blood-glucose
levels in diabetic patients, resulting from lipolysis in hypoinsulinemic conditions.
When this occurs, the ratio between beta-hydroxybutyrate and acetoacetate increases
from 1:1 to 10:1.° This can be detected in the blood of diabetic patients and has the
potential to be used as a diagnosis tool for diabetic ketoacidosis and diabetes
mellitus.>

Acetone is another ketone body that has been investigated for diabetes detection. It
is a colourless, sweet VOC that is exhaled in breath or excreted in urine.*>>* The
body naturally produces this 3-carbon ketone in a basal state, where it is formed from
the decarboxylation of acetoacetate by acetoacetate decarboxylase and from the
oxidation of non-esterified fatty acids.*>** A linear relationship between the breath
and blood acetone levels has been established, where breath analysing devices for

acetone levels have been considered for diabetes diagnosis (see Section 1.2.2.4).%

1.1.4 Treating Diabetes — From Ancient Times to Present

As previously mentioned, several distressing methods for ‘treating’ diabetes
mellitus were employed in ancient times.!” Initially narcotics and laxatives were
prescribed, however they fell short of showing any benefits. It wasn’t until the early

19" century that diet and exercise were discovered to alleviate some of the symptoms
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of diabetes.!”> 27 Towards the end of this century and in to the early 20" century,
pancreatic extracts containing insulin-producing islet cells were used in an attempt to
improve the quality of life for patients suffering from this disease. This idea first
originated from an experiment carried out by Mering and Minkowski in 1889, when
they surgically removed the pancreas of a dog. They found that the dog developed
diabetes without a pancreas.!”?” Mering and Minkowski’s experiment confirmed that
the pancreas played an important role in the disease. Thus, this discovery led to
another experiment whereby a pancreatic component of a codfish was injected in to a
dog, which was carried out by Rennie and Fraser in Aberdeen, in 1902. The dog died
soon after of suspected severe hypoglycaemia or anaphylactic shock, or both.!”- 27
George Ludwig Zeuler, a German physician, also carried out similar experiments on
dying diabetic patients. In 1908 he proved that the patient could be ‘cured’ of any
symptoms of diabetes, although high mortality rates accompanied when this approach
was performed on comatose patients.!” Tests were carried out weeks post-treatment,
which showed that the insulin-producing islet cells were still viable, although enzyme
destruction of the pancreatic duct post-transplantation was the main reason this was
not an applicable solution.!” 27 Other pancreas extracts for transplantation in dogs
were also attempted, however none of these approaches led to a cure for the disease.

Up until the early 1900s, insulin was described in scientific procedures but not
named or discovered.!”-?7 Banting and colleagues coined this term in 1921 when they
extracted and purified insulin by an acid-ethanol extraction from a dog’s pancreas,
making it available for the first time to people suffering with diabetes.!” This
important discovery was built on previous knowledge from different research groups
including Kleiner, at the Rockefeller Institute and New York Medical College in
1919, Baron in Minneapolis in 1920, the works of Paulescu in Bucharest in 1916-
1920 and the discovery of the ‘islet cells of Langerhans’ by Paul Langerhans in
1869.!7 This research won the Nobel Prize in Physiology and Medicine in 1923, after
a boy was successfully treated for diabetes using insulin.?’ The results showed a
reduction in ketone body concentration and glucose concentration in the boy’s blood
and urine.!”

This astounding revelation lead to the explosive development of drugs in an
attempt to control glycaemic blood levels.!” A wide variety of insulin-based drugs
were commercially identified that would revolutionise diabetes care. Insulin was

extracted from animals, such as cows, where this bovine insulin could be used to
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control glycaemic levels in humans over a prolonged period of time.!”-27 This lead to
the establishment of diabetic clinics, first in London, launched by the endocrinologist
Robert Lawrence, which further contributed to the establishment of insulin
pharmaceutical companies like Novo Company and Nordisk Insulinlaboratorium in
Denmark. These companies merged in 1923 to form Novo Nordisk, which is currently
the largest Insulin pharmaceutical company in the world.!”

In the 1950s, the first oral drugs to combat diabetes were produced.?’” They were a
class of sulphonylureas and were discovered by serendipity. When investigating the
antibiotic properties of sulphonamides on animals, these drugs demonstrated a
hypoglycaemic effect.!” The introduction of carbutamide, a well-known
hypoglycaemic agent, to the market in 1955 caused research on additional
medications (e.g. phenformin and metformin, types of glucosidase inhibitors and
insulin sensitizers) to exponentially increase.?’ It took another 30 years for the first
human insulin manufacture, by Graham Bell and a further two years for the first
biocompatible insulin known as humulin to be fabricated. Insulin could be
administered intravenously, where the elusive goal was to produce insulin in an orally
available drug.?” In the 1950s the production of hypoglycaemic agents was at its peak,
however since then no new medications have been developed. Due to the polypeptide
nature of insulin and its immediate metabolism by enzymes when orally digested,
producing a form of insulin that can be orally administered remains a major challenge.
Currently, an oral insulin drug for diabetes treatment is still desired to replace

repeated invasive injections of insulin.!”

1.1.5 Statistics

Between 1980 to 2014 the prevalence of diabetes was monitored (Figure 1.1).%
Research shows that in 1980, approximately 108 million people suffered from this
disease, where this number has nearly quadrupled to 422 million by 2014,
demonstrating its epidemic nature. It is thought that by 2025 diabetes will affect over
700 million people worldwide.”® Men currently exceed the amount of women
suffering from diabetes, where it is thought that men acquire higher risk factors for
the disease due to environmental habits such as smoking, little exercise and high body

mass index rates, leading to increased adiposity in the abdominal region.3%-4°
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1980 2014
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Figure 1.1. World population (%) for people suffering from diabetes in 1980 (left) compared
to the revised figures in 2014 (right) for the top ten countries with the highest prevalence of
the disease. Adapted from reference 39.

The regions of the world most affected by this disease are Polynesia and
Micronesia (the thousands of islands found in the sub region of the South and West
Pacific Ocean), The Middle East and North Africa, followed by India and China.*
The latter are spectated due to their ever-increasing populations.®® Currently, the U.S.
territory American Samoa, located in the South Pacific Ocean, holds the title for the
highest national prevalence of diabetics.? Half of the world’s population, comprising
China, India, USA, Brazil and Indonesia accounted for half of the world’s diabetic
populations in 2014, where this number is continually growing.*’

As predicted, diabetes has escalated in countries with low and middle-incomes
compared to that of countries with higher revenues.*® Recently, Indonesia, Pakistan,
Mexico and Egypt were deemed in the top ten countries with the highest number of
adults with diabetes, over European countries such as Germany, Ukraine, Italy and the
UK in previous years.*> 3® The main reasons for this is thought to result from a
number of factors, such as obesity, availability of medical supplies, genetic
susceptibility, dietary habits and physical activity.

Lifestyle choices and genetic influences are the two main factors known to affect
the predisposition to diabetes. Obesity is a major side effect of the disease, as
mentioned before, in particular for type 2 diabetics. High calorific intake and poor

dietary patterns can lead to adiposity. The lack of physical exercise can also play a
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role, where the rate of fat storage overcomes the rate of fat conversion to energy. The
second risk factor for susceptibility to this disease is a genetic influence, where certain
regions of the world are known for an earlier onset of the disease due to
environmental effects like poor nutrition in early-foetal and childhood development
stages, for example in Asian populations. A reason for this is thought to rise from a
lack of available medical services, where identifying B-cell dysfunction could act as a
preventative or earlier diagnosis test.>® Only few developed countries offer clinical aid
towards developing countries for the treatment of diabetes. This means that in
developing countries identifying the disease at an early stage, treatments and lifestyle
alteration guidelines are scarce, which could account for the high prevailing rate of
the disease. Monitoring diabetes for early detection and diagnosis has shown to be

expensive, especially in developing countries.*

1.2 Glucose Monitoring

1.2.1 Glucose Monitoring Methods in Blood from Past to Present

As a preventative treatment or cure for diabetes is yet to be developed, managing
the life-impeding conditions of this disease is currently the most successful means for
its control. Monitoring glucose levels in blood, as a disease marker, has proven to
prolong life expectancy by enabling diabetics to manage episodes of hypo- or
hyperglycaemia, hence providing better control over their condition and preventing
some of the debilitating side effects.!® 3 In addition, glucose monitoring can be used
to optimise patient treatment strategies, and provide an insight into the effect of
medications, exercise and diet on the patient.> Although blood-glucose monitoring is
the gold-standard medium for glucose sampling, measurements carried out in this
fluid are invasive.?3® Blood-glucose concentrations are typically in the range of 4.9
6.9 mM for healthy patients, increasing to up to 40 mM in diabetics after glucose
intake & 12.16,38.51

Clark and Lyons at the Children’s Hospital in Cincinnati proposed in 1962 the
first-generation of glucose biosensors.”? These sensors were initially based on an
electrochemical approach, which used the enzyme glucose oxidase (GOx).?
Electrochemical sensors were chosen for blood-glucose measurements due to their
high sensitivity, on the order of uM to mM, good reproducibility and ease of

fabrication at relatively low cost.*® GOx was employed as the enzymatic basis for the
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sensor, owed to its high selectivity for glucose. Less common enzymes, such as
hexokinase and glucose-1-dehydrogenase were also used for glucose measurements,>*
% but GOx can tolerate extreme changes in pH, temperature and ionic strength in
comparison with other enzymes. Withstanding these conditions can be important
during any manufacturing processes, making it a prime candidate for glucose
monitoring devices.>> 3

GOx catalyses the oxidation of glucose to gluconolactone in the presence of
oxygen, while producing hydrogen peroxide (H>O;) and water as by-products
(Scheme 1.2).23 Gluconolactone further undergoes a reaction with water to produce
the carboxylic acid product, gluconic acid. GOx requires a redox cofactor to carry out
this oxidation process, where flavin adenine dinucleotide (FAD™") is employed. FAD"
is an electron acceptor which becomes reduced to FADH, during the redox reaction.®’
Subsequent reaction with oxygen to produce H>O regenerates the FAD" cofactor.

This reaction occurs at the anode, where the number of transferred electrons can be

correlated to the amount of H,O, produced and hence the concentration of glucose.’’

Glucose Gluconolactone Gluconic Acid
HO HO HO
o GOx o o OH
HO HO 3 HO
HO OH / S" HO -0 H.0 HO
OH OH 2 oH ©
FAD* FADH, e
N
>—< >
0, H0,

Scheme 1.2. Conversion of glucose to gluconic acid using glucose oxidase. Adapted from
reference 58.

In the sensor design presented by Clark and Lyons, indirect quantification of
glucose concentrations was achieved by placing a thin layer of the GOx enzyme on a
platinum electrode via a semipermeable dialysis membrane. This sensor measured the
decrease in oxygen concentration and the liberation of hydrogen peroxide, which was
proportional to the glucose concentration.’? The main obstacle to overcome with this
approach was the interference of other electroactive species present in blood, such as
ascorbic acid and urea.?*>° This approach was further developed in 1975, when the

first successful commercial sensor based on GOx was made available.?* This sensor
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directly measured glucose concentrations by amperometric detection of hydrogen
peroxide. The electrochemical signal required a high operating potential and due to
the expensive nature of the platinum electrode used, the use of this device was strictly
confined to clinical settings.?? This led to the second generation of glucose-biosensors
in the 1980s.%

In the design of first generation sensors, oxygen was employed as the electron-
acceptor, which can result in errors from variations in oxygen tension and limitations,
known as the oxygen deficit.®° This deficit is caused by oxygen concentrations being
one order of magnitude lower than measured glucose concentrations. In order to
overcome these challenges, oxygen was replaced with a synthetic electron redox
mediator in second generation sensors.®® The evolution of this sensing approach also
led to the development of disposable enzyme electrode strips, which were

accompanied by a pocket-size blood-glucose meter.®!: 62

Each strip housed
miniaturised screen-printed working and reference electrodes, where the working
electrode was coated with the required sensing components; glucose oxidase, an
electron-shuttle redox mediator, stabilizer and linking agent. These revolutionary
second-generation glucose sensors directly resulted in the advent of self-monitored
glucose management, known as the “finger-pricking” approach.

Currently, the most widely used self-monitoring method involves this ‘finger-
pricking’ approach. It is enzymatic-based and involves sampling blood from a finger
via pricking, to be analysed by in vitro methods using test strips and a glucometer
(Figure 1.2).% 10,36, 51,63, 64 The effectiveness of this method relies on strict
compliance, which can be negatively influenced by time constraints, pain, and
inconvenience.® It is also not a continuous monitoring approach and needs to be
carried out at multiple intervals throughout the day to help manage elevated glucose

38,57 especially after meals,? exercise> '? and dosing of insulin medication.? !%

levels,
37.65 Moreover, a non-continuous method such as this can overlook periods of hyper-
or hypoglycaemia which occur outside of the sampling window.% Recent
developments in implantable sensors, on the other hand, can be used to incorporate

insulin pumps, which allow for immediate insulin administration, 2 3637, 64. 65
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Figure 1.2. Finger pricking device (left). (A) Lancet needle. (B) Blood sample on test-strip.
(C) Glucose meter displaying date and glucose concentration in mmol/L; Continuous glucose
monitor (right). Adapted from references 66 and 67.

In the early 1970s, Albisser et al.*® and Shichiri et al.*’ first introduced in vivo
continuous glucose monitoring using an artificial pancreas. The artificial pancreas
design was based on continuous glucose monitoring, where the device would remove
blood from the body to an external benchtop analyser that was connected to an insulin
pump. As this suggests, the device was not implanted and therefore not portable,
although it was named the ‘artificial pancreas’. This led to the development of a third
generation of glucose biosensor, which was subcutaneously implanted (Figure 1.2).
Although the device could analyse glucose concentrations in blood using GOx, this
was considered an invasive method.%® It wasn’t until the late 1990s that the first
commercially available personalised in vivo glucose monitor was launched by
Medtronic Minimed Inc. (Sylmar, CA, USA).> Unfortunately, the device could not
provide real-time information, with data being accessed every 3 days by a physician.?
Although implantable glucose monitoring systems offer regular glucose level
readings, this approach isn’t recommended for all diabetics, due to its invasive
nature®® and some continuous glucose monitoring methods have been reported to
show inaccuracies of up to 21%.% These inaccuracies are often attributed to sensor
drift, caused by changes in the catalytic performance of the enzyme. This requires the
device to be periodically recalibrated via the finger-pricking method.”® Despite

current commercially available glucometers, such as the Freestyle-Navigator by
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Abbott (Abbott Park, IL, USA), providing real-time measurements every 1-5 minutes,
the longest working model without calibration is approximately two weeks.
Consequently, there is high consumer demand for a continuous glucose monitoring
system, which can quantify glucose concentrations without frequent calibration.
Although blood remains the most studied body fluid for such measurements, other
more accessible biological fluids such as interstitial fluid, ocular fluid, sweat, breath,
saliva or urine have been investigated as alternative sample media for non-invasive
continuous monitoring (Table 1.1).162%26.38 Tt i likely that the development of a
device for glucose sensing with a working model of more than two weeks may target

one of these more accessible fluids.

Table 1.1. Summary of glucose concentrations postprandial and pH values measured in
physiological fluids of healthy and diabetic patients.

Physiological Biomarker Concentration for Concentration for H
Fluid Healthy Patients’ Diabetic Patients’ p
Blood Glucose 4.9-6.9 mM*® 2-40 mM'>® 7.35-7.45%

Int;fztiglal Glucose 3.9-6.6 mM”" 1.99-22.2 mM” 7.0-74%
Urine Glucose 2.78-5.55 mM*® >5.55 mM*® 4.5-8%
Sweat Glucose 0.06-0.11 mM" 0.01-1 mM” 4.5-7"
Saliva Glucose 0.23-0.38 mM” 0.55-1.77 mM” 6.2-7.67

Ocular Fluid  Glucose 0.05-0.5 mM>! 0.5-5 mM'>3! 6.5-7.6%
Breath Acetone 0.1-2 ppm’’ 0.1-103.7 ppm’ 7.4-8.17

1.2.2 Monitoring Glucose in Alternative Physiological Fluids

1.2.2.1 Interstitial Fluid

Interstitial fluid is the extracellular fluid which surrounds tissue cells. It has
significant potential for medical diagnostics as it possesses a similar composition of a
number of clinically important biomarkers to blood.?> >* Blood and the surrounding
vascularised tissue readily exchange biological analytes and small molecules by
diffusion with the interstitial fluid.>> As a result, the interstitial fluid can offer
valuable information about a patient’s health and has been used for minimally

invasive determination of inherited metabolic diseases, organ failure or drug efficacy.
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Consequently, substantial efforts have focused on non-invasive glucose sensing in this
physiological fluid to provide information regarding a patient’s glycaemic state.
Methods for monitoring glucose via the skin have become very popular in recent
years, where these approaches have been developed to counteract the challenges
associated with patient compliance and invasive monitoring.”* Some of these
approaches include sensing by optical detection such as light absorption or
fluorescence detection, ultrasound or sonophoresis, polarimetry, heat or thermal
emission, electromagnetic techniques, photoacoustic detection, Raman or
bioimpedance spectroscopy, electrochemical methods and reverse iontophoresis-
based electrochemical sensing, among others (Table 1.2).16 24 7981 A limitation of
reverse iontophoresis is that typically stable measurements can only be reliably
recorded for a period of 24h before calibration of the device is required. This is
thought to result from the initiation of the skin healing process as interstitial fluid
sampling is achieved by breaching the skin barrier.®’ The GlucoWatch was developed
as a wearable device, which was initially brought to market for non-invasive
continuous monitoring of glucose.® !> 36 37 82 Thig technique used reverse
iontophoresis to extract interstitial fluid through the skin, and measure glucose levels®
82 in a pH range of pH 7.2-7.4.22 Although the GlucoWatch was a considerable
advancement towards non-invasive and continuous glucose monitoring, the approach
was hampered by the need for periodic recalibration by the pricking method,?*- 3% 83
thereby resulting in an increase in costs for testing equipment and patient care.>” Other
drawbacks included long warm-up times, sweating and skin rash with irritation,

which subsequently resulted in this product’s removal from the market in 2008.23-24.7°

22



Table 1.2. Summary definitions of specialised approaches for glucose sensing in interstitial
fluid.

Sensing Technique Explanation Reference

Reverse iontophoresis is the passing of a current over
the skin to drive ions from the interstitial fluid and on to

Reverse Tontophoresis the surface of the skin, where they can be analysed. This
results due to the increased negative charge across the
skin driving cations to the skin’s surface.

84

Thermal emission, infrared thermography, infrared
imaging or thermal imaging is a non-contact tool that

Thermal Emission  uses the surface body temperature to gain insight in to
the detection of diseases, flow of blood or muscular
performance of an individual.

85

Photoacoustic spectroscopy uses a form of light

absorption to detect an analyte concentration in a

biofluid, such as blood. Light from a laser source is
Photoacoustic absorbed by blood which generates heat in a localised 19

Detection region. The heat induces ultrasonic pressure waves in

blood, which can be detected by an ultrasonic transducer

and directly related to an analyte concentration that

absorbs at the laser wavelength.

Sonophoresis Transdermal delivery of drugs by ultrasound. 86

Sode et al¥” have also developed a self-powered implantable continuous
monitoring device called the BioRadioTransmitter for use in an artificial pancreas. In
this instance, the device is composed of a capacitor, radio transmitter and receiver. In
the presence of glucose, the capacitor of the BioRadioTransmitter device discharges a
radio signal, which is received and amplified by the radio receiver. The change in
transmission frequency is then related to the glucose concentration.?’

Microneedles and microneedle arrays have also garnered a lot of interest over
recent years for interstitial fluid sensing, since this approach can offer minimally
invasive methods for bio-sensing. This concept was used in the development of a
glucose-sensing patch by Jina e al.®° The device was designed in two compartments;
the first containing the microneedle array and glucose biosensor with the second
containing the electronics (Figure 1.3). This miniaturised device spans a total area of
6 X 6 mm in which it contains 200 hollow microneedles (300 um in length with a 50 %
50 pum lumen).®® Three screen-printed electrodes were used for quantifying glucose
concentrations in the interstitial fluid, including a Pt-C working electrode covered
with a layer of cross-linked bovine albumin serum and glucose oxidase. The sensing

device was attached to the skin by an adhesive layer contouring the perimeter of the
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sensing pod. Detection was performed upon glucose diffusion into the microneedle
array, wherein GOx could react to produce hydrogen peroxide. The production of
hydrogen peroxide detected by the working electrode was proportional to the glucose
concentration.®? The electronics module of this device required the use of an external

potentiostat, a microprocessor and a battery to power the device.*

Reference Electrode
B Working Electrode
B Counter Electrode

Sensing Chamber

Figure 1.3. Schematic of the microneedle glucose-sensing patch. Adapted from reference 80.

A microneedle patch platform allows the device to be in constant contact with the
skin, providing permanent access to the interstitial fluid, and enabling this device to
operate continuously.?® In this particular case, the short length of the microneedles
means that penetration is optimal for interstitial fluid sampling, as the microneedles
do not reach the dermis layer. This minimises any damage to blood-capillaries and
nerve endings found in the dermis layer. Moreover, as the microneedles penetrate the
skin, contamination by sweat is avoided.” Tests have shown that this device can
operate successfully for up to 72h with only a 17 min lag time caused by the passive
diffusion of analytes from blood in to the interstitial fluid matrix.?® To increase the
lifetime of the device, the skin healing process must be inhibited. This could
potentially be achieved by designing a sensing patch with microneedles of optimal
length, width, tip and pitch characteristics, and by coating the microneedles with a
biocompatible material exhibiting similar mechanical properties to that of biological
tissue. Currently, the device must be recalibrated daily by the finger-prick approach.®°
Potential clogging of the microneedles and the distortion of their shape upon

penetration of the skin can also affect the dynamics of sampling. Despite these
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shortcomings, this novel device holds great potential as a non-invasive continuous
glucose monitor.

Russell ef al.®

were the first to introduce a tattoo sensing technology using hydrogel
glucose-sensing microspheres. Zhi et al® further developed this technology by
encapsulating the sensors in a thin film, which offered the advantage of fast analyte
transport through the device. This was achieved by fabricating microvesicles through a
layer-by-layer approach, which encapsulated a fluorescent labelled protein as the
glucose receptor. When glucose bound to the protein, a conformational change was
induced in the protein, which increased the polarity of the sensing environment. As a
result, the fluorescence became increasingly quenched as the concentration of glucose
increased.®! These microvesicles were then implanted in to the dermis layer of the skin
in a mouse ear, and the fluorescence lifetime was measured for glucose concentrations
between the range of 1-100 mM. An advantage of measuring fluorescence lifetime
meant that important issues such as light scattering and photobleaching could be
avoided. This approach could also be designed for pancreatic islet transplants, which
are a known treatment procedure for type 1 diabetes patients. It is commonly seen that
these cells are subject to early destruction or rejection from the innate host immune
systems upon transplantation. To overcome this challenge, a biocompatible
encapsulation method using fluorophores with excitation wavelengths in the NIR
region holds the potential for improving the efficacy of this transplantation approach.
As cellular tissues are transparent to NIR light, measurements taken via the surface of
the skin could facilitate continuous non-invasive sensing.®!- % Other methods for
interstitial fluid sensing, which are currently under development, include sensors
based on impedance spectroscopy (Pendra, by Pendragon Medical Ltd., Zurich,
Switzerland) and optical transducers (C8 MediSensors Optical Glucose Monitor™

System, by C8 MediSensors, Inc., San Jose, CA, USA).

1.2.2.2 Urine

Since 1841, urine has been used as a diagnostic fluid for diabetes.”® It has been
extensively studied, as it can be easily and non-invasively collected.?> 3 Urine is
composed of metabolites, such as glucose, proteins and nitrates, as well as other
dissolved salts, such as sodium and potassium. As a result, the pH of urine fluctuates
between acidic pH 4.5 to basic pH 8.0.22 Due to the intermittent nature of this fluid,

where collection is required for sampling, it cannot be incorporated into a continuous
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glucose-monitoring device.”! Glucose can be found in urine when it is excreted from
blood in elevated levels and as a result, this fluid has been investigated for the
diagnosis of diabetes. A positive result occurs when the glucose levels in urine are in

the 2.78-5.55 mM range.>®

1.2.2.3 Sweat

Sweat is one of the most accessible body fluids, where its primary biological role is
for thermoregulation.”? Conveniently, for sampling purposes, eccrine glands that
excrete sweat can be found all over the body, where they are particularly concentrated
in multiple locations, for example in the hands, feet, lower back and underarm.’
Sweat has been exploited for diagnostic purposes, in particular for the detection of
disease markers such as sodium, potassium, calcium, phosphate and glucose.? It is
also known that small-molecule drugs and their metabolites are present in sweat,
thereby allowing the evaluation of drug efficacy.”®> Sweat can be continuously
accessed and its production can be stimulated on-demand at certain locations, for
example by iontophoresis.”* By placing sensors in close contact with the skin, sweat
samples can be processed rapidly without contamination.”® For many years, sweat has
been used as a sampling medium of interest in sensing devices for confirming
diseases, such as cystic fibrosis and for gaining other valuable information, relating to
electrolyte balance, diet, injury, stress, medications and hydration. The hydration
status of individuals has become a relatively new area of interest for monitoring
human performance, resulting in an increase in wearable smart devices on the global
market.?>** Most analytes contained in sweat tend to vary significantly between basal
and exercising states, as well as between individuals. The reported glucose level in
sweat for healthy patients is between 0.06 and 0.11 mM and between 0.01 and 1 mM
for diabetics.”® The fluctuations in analyte concentrations result in a broad pH range

93:96 which can impact on the

of sweat, typically between pH 4.0-6.8 during exercise,
effectiveness of chemical-sensing or bio-sensing techniques chosen for disease
diagnosis or monitoring.??

An example of a device developed for sweat sensing is SwEatch by Diamond and
co-workers.”? This device was designed for sodium analysis in sweat and was

fabricated using 3D-printing methods for the sensor casing and sensor connections

(Figure 1.4). The device was powered by a lithium battery that allowed the device to
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function continuously for up to 3h.°> This approach could be easily adapted for

glucose sensing in sweat by introducing a glucose sensor into the platform.

&

Figure 1.4. SwEatch: watch-sensing platform for sodium analysis in sweat. (1) Electronics.
(2) 3D printed casing. (3) Microfluidic chip and ion-selective/ion-specific electrode. (4) 3D
printed sweat harvester and sensor connections. Reproduced from reference 92.
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In 2010, Heikenfeld e al.®* began fabricating sweat-sensing patches that could
stimulate sweat production, measure analyte concentrations in sweat wirelessly, and
transmit that information to a smartphone. This research aimed to determine physical
fatigue in athletes by measuring their dehydration status using their sweat.
Dehydration is known to be a reoccurring problem for professional athletes and by
alerting an athlete of their oncoming over-exertion, instances such as cramping and
electrolyte imbalance could be avoided, while simultaneously prompting the uptake of
fluids.** Heikenfeld has written many reviews in this area, and his outlook for the
future suggests that technology is advancing towards glucose sensing in sweat.”* 9394

Wang et al.”” have also recently been working towards the development of a
continuous and non-invasive sensing device for detecting specific analytes in sweat
using electrochemical sensing. In their approach, they have investigated a range of
innovative sensing platforms, including wristbands,”® stick-on flexible sensors® and
traditional eyeglasses (Figure 1.5).°” By adapting spectacles, Wang ef al. have created
a device that can be easily integrated into an individual’s lifestyle. This device
contains an amperometric lactate biosensor connected on to one of the nose-bridge
pads and a potentiometric potassium ion-selective electrode on to the other (Figure
1.5).”7 Both sensors were interfaced with an electronic backbone on the glasses’ arms.

The device could successfully sense lactate and potassium ions in sweat for a few
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hours continuously. The positioning of the sensors on separate nose pads also
minimised cross-talk and facilitated separate fabrication and replacement. These
instrumented eyeglasses were coupled by Bluetooth wireless data to a remote mobile
host device for data analysis and visualisation. In this approach, the nose-bridge pads
were designed so that the pads could be interchanged with others for multifunctional
sensing applications.”” Wang and co-workers also demonstrated that by interchanging
the lactate sensing pad for a glucose sensitive one, the spectacles could be used to
monitor glucose concentrations in human sweat. The results showed good blood-
sweat glucose correlations in healthy individuals when the blood levels were

compared with a commercially available blood-glucose meter.®’
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Figure 1.5. Schematic representation of the eyeglasses biosensor system, which integrates a
wireless circuit board along the arms of the spectacles and two electrochemical sensors for
lactate and potassium on to the nose-bridge pads. A schematic of the lactate sensor (left) and
potassium sensor (right), along with the corresponding recognition and transduction events is
also shown. Adapted from reference 97.

Gao et al.'® recently reported a non-invasive and continuous wearable glucose-
sweat sensing device (Figure 1.6). Sensors integrated in to this Bluetooth-enabled
wristband detect skin temperature, sodium, potassium, lactate and glucose
concentrations in sweat.!” An advantage of this approach is the use of multiple
sensors which overcomes limitations of single, stand-alone sensors.’* 1% Due to the
complex nature of sweat, multiple sensors are required to provide a more
comprehensive profile of sweat composition and enable data cross-comparisons. For
example, it is known that the potassium concentration in sweat is quite stable during

basal and exercising states. As a result, potassium levels can be used as a reference for
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comparing the fluctuating concentrations of other analytes, such as glucose and enable
real fluctuations to be distinguished from artefacts.!”’ This device was designed to
exhibit similar form factors of existing devices, such as the fitness wristbands by
Fitbit Inc. (San Francisco, CA, USA), thereby encouraging user uptake to create a
pathway to commercialisation. The sensors were tested individually in situ and
collectively in the device. The device analyte readings showed good correlations to
the normal concentration ranges in sweat during exercise and the sensors could be
used for continuous operation for up to 2h before the glucose and lactate sensing units
were interchanged for fresh sensor arrays. A minimum of 10 pL of sweat was required
before any sweat analysis could be achieved.!® The sensors were placed close to the
skin, to allow for immediate analysis of sweat as it emerged. Sweat was absorbed into
a water-absorbent thin rayon pad for stable and reliable glucose readings, placed
between the electrode sensors and skin. This flexible wearable sensing system is a

promising platform for tracking multiple physiological analytes during exercise.
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Figure 1.6. (A) Flexible glucose sensor. (B) Glucose sensor integrated into a wearable
wristband for non-invasive sensing in sweat. Adapted from reference 100.

Rogers and co-workers,!%! have examined a range of porous materials that can be
used for optimising epidermal characterisation of sweat with the aim of developing
thin (1 mm thick), wireless, stretchable sensors for continuous monitoring. Some of
the soft materials investigated include recycled cellulose sponge, polyurethane
sponge, polyvinyl alcohol sponge, cellulose paper and silicone sponge. These
materials were chosen for their ability to absorb and retain sweat by capillary forces
when in contact with the skin, in order to optimise the handling and analysis of the

biofluid, by eliminating the need for complex microfluidic systems.!®! The substrate is
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skin-like in nature, which makes it conformable and comfortable to wear during
monitoring periods. It also is simple to integrate with a range of electronic sensors and
communication platforms, such as a smart phone for simple colorimetric

101 Moreover, by employing soft skin-like polymeric materials,

measurements.
irritation during long-term monitoring sessions could be reduced as direct contact of
the electrodes with the skin is prevented, by having the hydrogel sandwiched between
the skin on one side and the metal electrode substrate on the other. The device
developed by Rogers et al.'°! could successfully monitor the volume and pH of sweat,
as well as the physiologically relevant concentrations of copper (Cu®) and iron (Fe**)
ions (0.8—1 mg/L) for a period of 2h.

Rogers and co-workers,'”? have also investigated soft ferromagnetic materials for
skin-interfaced electrodes. This material was designed for intimate and adhesive
contact with skin, ensuring a device that is conformable and robust enough for
continuous operation compared to conventional hydrogel-based alternatives. The
device is also paired with a separate standing platform, to which the electrodes are
magnetically attached to facilitate cleaning or replacement of sensor units.!> The
main advantages of this approach included the conformability and resilience of the
sensors to allow for natural movements on body during sensing periods and direct
integration of the wireless electronics for data collection and communication.
Moreover, the sensors minimised noise from motion artefacts by incorporating a

magnetic bi-layer material.!®

In comparison to conventional hydrogels, which are
known to shrink or swell in response to certain analytes, this magnetic material
retained its shape when exposed to biofluids or air. Continuous operation of the

device was demonstrated for a period of two days (50h).!%?

Measurements performed
included electroencephalograms (EEGs) to monitor electrical activity of the brain,'®
electromyograms (EMGs) to detect electrical activity in  muscles,!%
electrocardiograms (ECGs)!'% and electrooculography (EOG).!% The designs are
compatible with the most sophisticated electrode potential monitoring systems that are
currently commercially available. The authors also suggest that the material can be
readily adapted for detecting other epidermal analytes of interest.!??

Overall, although sweat sensing for diagnostic data is very promising, there are
also some concerns associated with this sensing fluid.”* The main challenges include

(1) limited fundamental knowledge about the sensing fluid, compared to other

physiological fluids, such as blood which are much better understood; (2) sampling
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issues associated with sweat production by exercising, iontophoretic stimulation; heat
or carbon dioxide;” (3) the skin surface can also act as a contaminant; as sweat
traveling across the skin can mix with fresh emerging sweat and contaminate the
sample; (4) the pH range of sweat fluctuates over a wide range between pH 4.0-6.8,
which can interfere with some sensing approaches®® and; (5) the rate of sweat
production is variable and can be quite low (1 nL/min/mm?).”* However, this low
sweat rate can be compensated for by increasing the area sampled for sweat analysis.
Although most of these effects can be adjusted for in prototype technology
innovations, some biological factors such as the variable nature of sweat pH, and
variable concentrations of ions such as sodium and chloride remain a significant
hurdle. Broad pH ranges can affect enzymatic sensors and influence the concentration
of weak acids or weak bases in sweat, such as phosphates, chlorides or salts of
organic acids, such as lactic acid. Therefore, these concentrations may be observed at

slightly higher concentrations in comparison to other fluids, such as blood.” %7

1.2.2.4 Breath Analysis

Breath analysis is another means of tracking the health status of an individual.?% %
Volatile organic compounds (VOCs) are generated as by-products from metabolic
pathways within the body. These biomarkers migrate throughout the body via the
circulatory system, pass over the alveolar interface and are exhaled in breath.!%® A
molecular breath signature can be established by measuring the ratio between VOCs
in breath.*>> 1% This signature is composed of over 3500 VOCs, consisting of
hydrocarbons, ketones, aldehydes, alcohols, esters, nitriles and aromatic compounds,
whose concentrations can be affected by specific diseases.!® For example, 112 of
these VOCs have been found to be specifically related to cancer.*

Nanomaterials can be incorporated into sensing elements for monitoring acetone
concentrations in breath, as an alternative to glucose monitoring for diabetes.'®
Ethanol and methyl nitrite have also been identified as biomarkers for diabetes.!%®
Acetone levels in blood are approximately 330 times higher than in breath, at 0.1-2
ppm for healthy individuals’ post-glucose loading and reaching to up to 103.7 ppm in
critically ill diabetic patients.”” Therefore, the sensing units must have a high
sensitivity to detect VOCs in the nanomolar to picomolar concentration ranges, where
recent examples of such devices lack specificity for concentrations of biomarkers

relating solely to diabetes.”” Jiang and co-workers have reported a breath acetone
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analyser, which can detect acetone levels in diabetic patients.”” Unfortunately, the
device requires a controlled external atmosphere in order to diagnosis diabetes
accurately, where the reported diagnosis accuracy is estimated at 74%. However,
other factors can affect acetone levels, including fasting, exercising, dieting and intra-
individual variation, thereby limiting the use of acetone as a specific biomarker for
diagnosing and monitoring diabetes.**

For this technology to be fully efficient, the sensor must also integrate easily into a
portable meter, and provide a means for non-invasive, inexpensive and qualitative
monitoring to be implemented in to a rapid response tool for early-diabetes
diagnosis.*> #3- 198 Although breath can be more readily evaluated in comparison to
blood or urine, there are some shortcomings when attempting to design a device with
fast analytical responses to breath. The analysis of VOCs in breath is more
challenging due to external air interferents and the wide complex range of VOCs
detectable, although more comprehensive analysis techniques can be incorporated,
such as GC-MS, to provide rich-information regarding the breath composition.?> 4343
However, the device currently remains expensive and non-portable, although
significant advances in miniaturisation have occurred.

Electronic-nose (e-nose) technology has also been applied to continuous
monitoring of breath. These portable sensors were designed to mimic olfactory
sensing by breath analysis using sensor arrays that generate response patterns that can
be related to the composition of breath.”” E-noses have been primarily designed for
assessing volatile mixtures of biomarkers or VOCs in breath for lung diseases. The e-
nose generates response patterns when exposed to the breath samples, and these
patterns are compared to database libraries of molecular breath signatures for known
diseases, such as chronic obstructive pulmonary disease (COPD),!'!? upper respiratory
tract infections (URTI)!'! and pulmonary tuberculosis (TB).!''? Currently these
devices have found applications in the food,!'* environmental and chemical

4

industries,!'* as well as in clinical trials for the recognition of lung cancer,!!?

7 and diabetes.”” However, a major

asthma,!'® pulmonary arterial hypertension!'!
obstacle, which must be overcome before these devices reach the consumer market is
the elimination of issues involving external air contaminants. In order to standardise
the sampling procedure for accurate detection, stringent control to remove any
external air contaminants is necessary for background correction of the device. This is

not only related to the dead-space in the device, but also the atmosphere the patient is
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exposed t0.*> In order to reach its full commercial potential, further development and
standardisation must be implemented. Moreover, controversy still exists regarding the
reliability of this approach for accurate correlation of response patterns to underlying

health conditions.?>:*°

1.2.2.5 Saliva

Saliva is a complex fluid containing many analytes that permeate from blood,
thereby in principle providing a useful insight in to a person’s emotional, hormonal,
metabolic and nutritional state.?* ''® As a result, saliva has been investigated as an
alternative fluid for non-invasive glucose sensing, with glucose levels for a healthy
individual ranging from 0.23 to 0.38 mM and between 0.55 and 1.77 mM for
diabetics.”> Although a relationship between glucose levels in blood and saliva
obviously exists, it is not well understood, and relating saliva concentration to
therapeutic intervention is therefore more challenging. However, saliva offers many
advantages for diagnostics, the main benefit being that saliva can be collected in a
non-invasive fashion. As a result, there have been many emerging technologies
reported for continuous and non-invasive glucose detection in saliva, using everyday
dental platforms, including mouth guards and dentures, as well as novel devices, such
as dental tattoos.?* 1

Several research groups, including that of Kim er al.,** ''° have investigated the
potential use of a mouth guard as a minimally invasive continuous monitoring platform
for metabolite sensing in saliva. This sensing platform encompasses a printable
enzymatic electrode, based on lactate oxidase, for the detection of salivary lactate
(Figure 1.7) with high sensitivity, selectivity and stability in human saliva samples.!!”
This  amperometric  electrochemical  sensing approach uses a  poly-
orthophenylenediamine (PPD)/lactate oxidase reagent layer with a printable Prussian-
blue transducer, where the Prussian-blue reagent acts as the ‘artificial peroxidase’ to
offer a highly selective detection approach for hydrogen peroxide in the catalytic
reaction.!"” The Prussian-blue reagent was previously used for oral treatment of heavy
metal poisoning, such as thallium and caesium, for which it is widely accepted as safe
under physiological conditions and at high oral dosages. PPD has also been commonly
used for electropolymeric entrapment of oxidases, and its relatively low oxidation
potential in comparison to other electroactive species, such as ascorbic acid or urea,

facilitates protection of the biosensor surface, and enhances stability of the sensing
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components.'! This sensing approach also has the potential to be used for glucose
biosensing, by replacing the lactate sensor with a glucose sensor, as the sensing
principles of these electrochemical biosensors and their associated electronics are very

similar.
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Figure 1.7. Lactate sensing mouthguard for non-invasive continuous lactate sensing in saliva.
(A) Mouthguard sensing platform with integrated printable 3-electrode system, with enzyme
working electrode. (B) Enzyme coated working electrode with lactate sensing region.
Adapted from reference 119.

Intraoral dental accessories have also been of interest for non-invasive and
continuous monitoring to provide information regarding a patient’s health status. A
tooth has the potential to act as a continuous monitoring device as it is in constant
contact with the patient’s saliva. Mannoor ef al.'®® have developed a bacterial
detection approach whereby a graphene-based nanosensor was printed on to water-
soluble silk and transferred on to tooth enamel (Figure 1.8). This sensing tooth
incorporates a resonant coil to prevent the need for a power source and external
connections. The device operates by the self-assembly of antimicrobial peptides on to
the single sheet of graphene, where the bio-selective analysis of bacteria can be
performed at a single cellular level. Preliminary results showed great specificity,
response time and single-molecule detection abilities for this sensor, however this
sensing application must still be tested on-body for real-time analysis.!?® This

approach could potentially be adapted for detection of other analytes such as glucose,
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by means of a chemical glucose sensor immobilised on to a water-soluble silk layer

attached to the tooth enamel.

A B C

Figure 1.8. Glucose-sensing tattoo printed on to a tooth platform as a non-invasive
continuous monitoring device. (A) Graphene printed on bioresorbable silk with contacts
containing a wireless coil. (B) Biotransfer of sensor on to tooth enamel. (C) Magnified image
of the sensing unit with a wireless readout system. (D) Self-assembly of pathogenic bacteria
bound by peptides on nanotransducer surface. Adapted from reference 120.

Zhang and co-workers®® have fabricated a disposable microfluidic device that has
been developed as a diagnostic tool for quantifying saliva-glucose concentrations by
electrochemical methods. The glucose-sensing chip houses a working electrode, a
counter electrode and reference electrode.”® The intricate device design consisted of a
working electrode functionalised with single-walled carbon nanotubes, to promote
electron transfer for the glucose oxidase reaction. Gold nanoparticles were
incorporated to enhance this signal sensitivity, as well as to promote increased
enzyme attachment. Chitosan, a non-toxic biocompatible polysaccharide, was also
employed for promoting film formation and adhesion characteristics in order to
enhance glucose oxidase immobilisation.”® This device showed impressive linearity
for glucose detection in the range of 0.017-0.8 mM,” correlating to saliva-glucose

levels in healthy patients.

1.2.2.6 Ocular Fluid

The fluid surrounding the eye and ocular tissue, also known as the aqueous
humour, contains many analytes present in blood. This complex fluid can be excreted
from the body as an extracellular fluid in the form of tears. Analytes found in this
fluid, such as glucose, ascorbic acid, lactate, proteins, peptides, hormones,

carbohydrates, electrolytes, lipids and chloride, can offer great insight into an
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individual’s health status.?* 2! As a result, this fluid has been investigated for non-
invasive and continuous glucose monitoring.

Recently, the Google[X] lab (Mountain View, CA, USA) and Novartis (Basel,
Switzerland) have collaborated on the development of glucose sensing technologies in
the aqueous humour. The Google[X] lab was founded to “find new solutions to big
global problems” with diabetes in this category.!?? In 2014, they announced their goal
to create a smart-contact lens, which they hoped would overcome glucose-monitoring
obstacles associated with current methods, which are either invasive, in the case of
implanted wearable devices or non-continuous, in the case of the finger-pricking
approach. This novel technology incorporates an electrochemical battery-operated
enzymatic glucose sensor, utilising the enzyme glucose oxidase (GOx), in a microchip
sandwiched between two layers of a soft contact lens, as represented in Figure 1.9.2%
123 A tiny sensor relays data to a mobile device, from which the patient or medical
practitioner can read the corresponding glucose levels in the ocular fluid.!?*12 This
redox reaction is monitored through the production of hydrogen peroxide at the
working electrode to quantify the glucose concentration in the ocular fluid.!?’
However, there are disadvantages to an electrochemical sensing approach, which can
be related to the use of enzymes leading to the production of corrosive hydrogen
peroxide as a by-product or interference from electroactive species in the ocular fluid,
such as ascorbic acid, lactate or urea.!?!-12°> Blinking may also stimulate a movement
artefact in the wireless sensor signal. In addition to the battery source embedded in the
lens, an external power source must be provided for enabling efficient sensor function
and to facilitate wireless communication of the data. This is a very active area of
research, with multiple approaches under investigation in to the production of a safe
biocompatible battery powered device.!?® These include additional power sources
external to the device that would wirelessly transmit power, for example through
radio frequency induction, using solar cells to harvest energy, or using biofuel cells.
Biofuel cells could be used in a second wearable device to supply chemical energy,
which would be converted to electrical energy, to power the biosensor. This separate
power source would need to be within close proximity of the eye in order for the

smart-contact lens to function efficiently.!?
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Figure 1.9. Google and Novartis’ smart-contact lens. Adapted from references 126 and 129.

Using a contact lens as a sensing platform does hold many advantages, including
real-time continuous and non-invasive glucose monitoring, as the lens would be in
constant contact with the aqueous ocular fluid.!> 2! 139 Disposable contact lenses are
typically replaced every 24h, which is a reasonable period for reliable continuous
biosensor operation. Blinking and tear secretion also allow for natural, fresh sample
replenishment for accurate glucose concentration measurements throughout the
day.!'?! By incorporating a glucose sensor in to a commercially available lens, not only
could this lens provide a form of corrective vision but a monitoring function too.!? 12!
126 Tt is well known that critical side effects associated with diabetes are eye damage
or blindness,'? due to glycation of proteins in the blood vessels of the eye.!! To
account for such ocular deteriorations a detection function, potentially based on
imaging, for glycation of vascularised tissues could later be incorporated in to the
lens.

Other research groups, such as Yao et al®' have worked with Google, to
investigate the use of contact lenses as a biosensing platform for quantifying glucose
concentrations in the ocular humour. GOx was the enzyme employed in an
amperometric glucose sensor for this purpose. The sensor was immobilised as a
screen-printed structure on to a polymeric substrate in the shape of a lens (Figure
1.10).°! An amperometric sensing method was chosen since the oxidation and
reduction potentials of this reaction can be directly associated with a measurable
current signal, which is proportional to the concentration of the analyte being
quantified.!?! The preliminary results showed some promise, with the lens reported to
sense glucose in the range of 0.1-0.6 mM.”! This correlates with ocular glucose levels
of 0.05-0.5 mM for healthy individuals, increasing to up to 5 mM for critically ill

diabetics.'> The ocular glucose levels in comparison to blood-glucose levels are
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approximately 10 times smaller with a lag time of about 10 min.2> !2!: 131 Although
this smart lens showed rapid response time of up to 20 s and good reproducibility,®! it
did not manage to demonstrate non-invasive and continuous glucose-monitoring.
Many issues associated with tear fluid interference and challenges related to powering
the device are still under development.'?! Kagie et al.'3? and Iguchi ef al.'*! proposed
an alternatively designed sensor, using the same glucose sensing methodology, which
was inserted into the tear canal. Kagie et al.'*? showed that the sensor could be
fabricated by screen-printing approaches and Iguchi ef al.'*! demonstrated the sensor
production by microfabrication techniques. The sensors fabricated by both approaches
were reported to have high selectivity for ocular-glucose, but further tests are required
to determine the effects of interfering electroactive species such as ascorbic acid,

lactate or urea, all of which are present in the aqueous humour.!'3!> 132

A 30 pL solution of A layer of GOD/titania A spread of 30 uL Nafion® A transparent sensing area
glucose oxidase sol-gel membrane on a sol-gel membrane after rinsing with DI water

Figure 1.10. Sequence of images of the glucose-sensing contact lens during sensor
functionalization with GOx, titanium sol-gel film, Nafion membrane and rinsing with DI
water, respectively. Reproduced from reference 91.

Recently, Badugu er al.'? introduced an optical chemical sensor for glucose
detection in the ocular fluid. In this case, they used boronic acids (BAs) attached to a
fluorescent component to directly sense glucose by optical means.’> 12-14, 37,51, 133, 134
On interaction of the fluorescent BA sensors with increasing saccharide
concentrations, a decrease in the fluorescence intensity of the BA sensors occurred.
For example, when using a fluorescent quinoline moiety a decrease of ~30% was
observed upon introduction of 100 mM glucose.!> 3! This sensing mechanism was
attributed to fluorescence quenching via a charge neutralisation-stabilisation
mechanism. The anionic boronate ester formed on glucose binding was stabilised by a

positively charged N* atom in the quinoline structure, which consequently quenched

the fluorescence of the BA sensor.'> 3! The main advantage for using chemical
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sensors over enzymatic sensors is that the sensing detection and communication
mechanisms do not require any power. Chemical sensing by optical means, eliminates
the need for external energy sources to power the device when the material is
coloured and self-reporting. The concentration changes detected by the sensor induce
an optical change in the material, which are used to communicate the analytical
response. As a result, by using a chemical sensing approach the sensing components
can be greatly simplified. Moreover, the production of corrosive hydrogen peroxide
when using GOx is eliminated, overcoming a significant disadvantage of the
electrochemical sensing approach.'?

Other groups working towards non-invasive monitoring of glucose in the ocular
fluid include Jeong, et al. and Microsoft Inc. (Redmond, WA, USA) in collaboration
with Evans and co-workers. Jeong ef al.'3® have developed Raman sensitive, silver
plasmonic, nanostructures that are responsive to glucose. These nanostructures used
solvent-assisted nanotransfer printing to attach the plasmonic glucose sensing material
on to a commercially available contact lens. Nanotransfer printing in this way created
narrow passageways or ‘hot spots’ in the nanostructure, to take advantage of the
surface-enhanced Raman scattering in the sensing material to detect small molecules,
such as glucose, non-invasively in the ocular fluid. The approach is clever in that it
uses retina-safe laser excitation to measure glucose concentrations within the range of
0.1-10 mM.!%

Microsoft, in collaboration with Drew Evans’ group from the University of South
Australia (Mawson Lakes, SA, Australia), have designed hydrophilic organic
electrodes that could be incorporated in to flexible hydrogels, such as a contact
lens.!3® In their approach, they have fabricated polymeric coatings that were
engineered to be biocompatible and conducting, which could be grown directly on to
a contact lens. Evans and co-workers, deposited the conductive polymer poly(3,4-
ethylene-dioxythiophene) (PEDOT) on to the lens using oxygen plasma techniques.
This lens was designed to advance the development of silicone hydrogels with
technologically relevant properties, such as conductivity, to pave the way for
conductive hydrogel electrodes.!*¢ Ultimately, this lens would self-report relating
optical changes to glucose concentrations. An advantage of this passive device is that
no batteries or wireless connections are required to receive and transmit crucial
information. Currently, work is underway in the group to test the robustness of the

coatings, to further develop the lens towards disease diagnosis and monitoring, and
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other alternative applications for military camouflage apparel, where an electrical
current would induce a reversible colour change in the polymer from brown to
green.!'?’

Wearable sensors have the potential to play a major role in the continuous and non-
invasive monitoring of biomarkers for diabetes and other disease conditions. The
majority of sensors described so far in this chapter still require further clinical
evaluation before they can be approved for medical use. The interest of companies
such as Google, Novartis and Microsoft suggest there is really significant market
potential for new approaches to self-monitoring and diagnosing. A key enabling step
will be to create a clearer understanding of the relationship between the diagnostically
relevant concentrations of key disease markers in blood compared to other
physiological fluids. Existing wearable devices such as fitness bands and
smartwatches, which already dominate the consumer technology market, provide an
information base that can be expanded to encompass disease monitoring or diagnosis,
and provide a tangible impact on health and wellness. However, unless these wearable
technologies can provide additional insights into the wearer’s health, be integrated in
to clinical practices and promote actionable behavioural change, their positive impact

may continue to be limited.

1.3 Fluorescence Sensing

1.3.1 Phenomena of Fluorescence

Fluorescence is a type of luminescence, which is the emission of light from an
electronically excited state of a substance.!*® The Jablonski diagram illustrates various
molecular processes that can occur from excited states, where fluorescence and
phosphorescence are the most dominant processes of luminescence. Light is
commonly used as an excitation source for these processes when a large energy gap
exists between the ground electronic state and the excited electronic state. '8

The process of fluorescence begins with a molecule that exists in a singlet-ground
state (So) (Figure 1.11). In this state the electrons are paired by opposite spin.!*® When
a molecule is excited, the molecule absorbs this energy and is promoted in to the
singlet-excited state (S1). The excited state can then undergo relaxation by internal
conversion to the lowest energy vibrational state in the thermally equilibrated

electronic state of Si.!*% As a result of this spin pairing, this allowed process returns
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the excited state to the ground state accompanied by the swift emission of a photon.
The energy of this photon can be related to the excitation energy used to promote the
electron from S to Si. This process is known as fluorescence (Figure 1.11).!38
Phosphorescence is another type of luminescence. This type of photon emission
occurs when electrons in the S; state undergo a spin conversion by intersystem
crossing to a lower energy excited-triplet state (T1).!*® This process is recognised as a
forbidden transition. As a result, on transitioning back to the So ground state, the light
energy emitted is shifted to longer wavelengths of lower energy, corresponding to the
phosphorescence emission. Since both electrons have the same spin orientation as the
T: state, the emission process of the photon is considerably slower in the form of

phosphorescence. '8

Molecules containing heavy atoms, for example halides such as
ethyl iodide, often induce phosphorescence in rigid aromatic molecules, for example
in pyrene.!® This is due to the spin-orbit coupling within these molecules that induce
a quantum mechanical mixing of states, resulting in states of mixed multiplicity.
Consequently, large increases in the rates of spin-forbidden transitions occur in the
presence of molecules containing halides. As a result, the fluorescence intensity

0

decreases and the phosphorescence capability increases.!*® Fluorescence and

phosphorescence processes are depicted in the Jablonski diagram (Figure 1.11).!38
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Figure 1.11. The Jablonski diagram illustrating the excitation of a ground electronic state So
to the excited electronic states Si, S, or T, where on returning to the ground state Sy, energy
is emitted in the form of light as fluorescence or phosphorescence, respectively. Adapted from
reference 138.
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The excitation and emission processes are normally mirror images of each other
since the nuclear geometry of the material is not altered. The difference between the
excitation maxima (Aex) and the emission maxima (Aem) is known as the Stokes shift.
A Stokes shift greater than 100 nm has been proven to be ideal for sensing
applications, since minimal overlap between the excitation wavelength and emission
wavelength occur, meaning that energy loss is minimised.'*®

Emissive rates for fluorescence and phosphorescence differ due to the type of
transitions (allowed or forbidden) that occur. Since the transitions for fluorescence are
allowed, the typical emissive rates are near 10® s and the emissive rates for
phosphorescence are much greater, since these transitions are normally forbidden, in
the range of milliseconds to seconds.'*® Fluorescent lifetimes can also be measured
and these values range in the nanosecond region at approximately 1x10” s.13® The
lifetime of a fluorophore is the average time a molecule spends in the excited state,
where it can diffuse or interact with its environment. The lifetime measurement
provides information on the emissive rate of the fluorophore and the non-radiative

decay.

1.3.2 Mechanisms and Dynamics of Fluorescence Sensing

It is important to note that not all of the energy absorbed is emitted in the form of
light as fluorescence or phosphorescence. Some of this energy can be lost through

non-radiative deactivation, by photoinduced electron transfer (PET),!4!: 142

),138 internal charge transfer (ICT) or by

fluorescence resonance energy transfer (FRET
static quenching or dynamic quenching.!3®

Non-radiative deactivation is the relaxation of an electron through vibrational
states and in doing so thermal energy is released. Since the difference between these
energy levels is minimal, this process occurs much faster compared to that of radiative
decay by light emission. Solvent and environmental effects are the main causes for
this type of quenching.!8

PET often results in a quenched state of fluorescence in a fluorophore.'*® A typical
PET sensor is composed of a fluorophore-spacer-receptor system (Figure 1.12).'4!
One of the most popular fluorophores used for this sensing system is anthracene,
commonly linked to a receptor molecule, such as an aliphatic amine by a methylene

spacer. The length of this spacer is critical for the communication between the

fluorescent and receptor components and so this linker is generally short consisting of
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a one-carbon unit.!3® The process of electron transfer originates from the receptor.
When the receptor interacts with its target analyte, this can cause the transfer of an
electron from the lone pair on the aliphatic amine to the fluorophore, thus inducing
quenching in the fluorophore. This causes an ‘off’-state of fluorescence.'*! 142 The
fluorescence can be restored to an ‘on’-state by protonating the aliphatic amine or by
an analyte binding to the receptor to make it electron-accepting. In this case, the
electron from the lone pair may be transferred to the electron-accepting receptor,
hence causing an increase in the fluorescence intensity, by inhibiting the transfer of an

electron to the fluorophore (Figure 1.12).!%8
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Figure 1.12. PET fluorescence sensing mechanism. Electron transfer from an electron-
donating group/receptor to an electron-accepting fluorophore, which quenches the
fluorescence of the fluorophore by PET. Once an analyte binds to the receptor, this electron
transfer process is inhibited, which increases the fluorescence of the fluorophore. Adapted
from references 138 and 143.

Fluorescence resonance energy transfer (FRET) is another form by which energy
can be lost from a fluorescent species. In this case, the nonradiative energy is
transferred from a donor fluorescent species to another acceptor molecule by
collisional or dynamic quenching.!3: 44 This process transfers energy during the
lifetime of the excited state through contact with another molecule.!** This process is
dependent on the concentration of the acceptor molecule in solution, where the donor
and acceptor can be coupled by dipole-dipole interactions.!*® On contact between the
donor and acceptor (Figure 1.13), the donor species then returns to the ground state,

without the release of a photon and without fluorescence emission. A fluorescence
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emission in this case is only possible if transfer of energy between the donor and
acceptor molecules becomes disrupted.!** An example includes the energy transfer
from fluorescent electron rich fluorescein to electron deficient Rhodamide.'3® More

examples of this type of quenching can be found in Section 1.4.1.

FRET Fluorescence
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Figure 1.13. FRET fluorescence mechanism, whereby the emission of one fluorophore must
overlap with the absorbance of another in order for the energy to be transferred from one
fluorophore to the other. Adapted from reference 138.

For ICT, the receptor and fluorophore are covalently attached in a manner that
allows for efficient orbital overlap for electronic coupling (Figure 1.14).!%* As a result
of a ligand binding to the receptor, the wavelength of excitation and emission of the
fluorophore may be altered. Another example of ICT occurs if an electron is
transferred to a 2-(boronobenzyl)-6-methoxyquinolinium fluorophore; this causes the
fluorescence to become quenched due to a conformational change altering hybrization
around the boronic acid sugar receptor (Figure 1.14). However, if the electron is not
accepted, for example by 2-(boronobenzyl)-6-methoxyquinolinium, the fluorescence
remains unchanged.!?® This type of charge transfer can be seen in boronic acid sensors

that are discussed later in Section 1.4.1.
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Figure 1.14. ICT fluorescence mechanism, where the fluorescence is quenched based on a
conformational change in the molecule altering hybridisation. Adapted from reference 138.

Static and dynamic quenching are other types of quenching processes that may
occur in solution.!* For static quenching, a ground-state complex forms between the
fluorophore and quencher molecule, most commonly by n-r stacking interactions but
also through electrostatic interactions.!3® 45 The formation of this complex leads to a
stable non-fluorescent species. Dynamic quenching on the other hand causes
quenching by collisions between molecules based on diffusion. These collisions occur
in the excited state of the fluorophore, which deactivate the fluorescence upon
contact. One of the best-known quenchers for dynamic quenching is molecular
oxygen (02).!*% Since O is paramagnetic, meaning that it houses two unpaired
electrons, on collision of the fluorophore with O> an electron may be transferred to
initiate a quenched state of fluorescence. Oz can also cause the fluorescent species to
undergo intersystem crossing to the excited-triplet state that immediately becomes
quenched in aqueous solutions, rendering the fluorescent species non-emissive. !
Examples of this type of quenching can occur between cationic boronic acids
quenchers and anionic fluorophores.'*> More examples will be discussed later in

Sections 1.4.1 and 1.4.2.
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1.4 Boronic Acids

Boronic acids (BAs) are related to boric acid, belonging to a class of
organoboranes. They are unique acids due to their Lewis acidic properties, which
lends to numerous applications in a variety of different areas ranging from
purification of glycoproteins by affinity chromatography to acting as protecting
groups in carbohydrate chemistry. An interesting application is the use of BAs as
chemoreceptor molecules for sugars.!#® The boron-sugar bond is unique in that
although the interaction between the boronic acid and sugar forms strong covalent
hydrogen bonds, it is completely reversible, which allows for the development of
reversible and continuous sugar sensors. 40

BAs are composed of an electron deficient boron atom with two attached hydroxyl
groups.'* BAs are Lewis acidic molecules due to the vacant p-orbital in boron,
rendering this atom electron-deficient.!** As a result of their Lewis acidic properties,
BAs form strong interactions with Lewis basic diol-containing compounds, like
glucose, to form cis-1,2- or cis-1,3-diols (5 or 6 membered cyclic-boronate esters).>
147-151 Reversible binding is desired for sensing since the analyte is not consumed in

147 The typical pKa of a BA in aqueous media is ~9,'* meaning

the sensing process.
that sugar interactions preferentially occur under basic pH conditions.!*¢ In
comparison to the BA moiety, the sugar bound form shows a higher acidity with a
reduced pKa of ~6. This is a result of the greater electron-withdrawing effect of the
sugar in comparison to a hydroxyl group.!** 5% Therefore, BAs with a reduced pKa
would allow for the detection of glucose molecules in solutions closer to
physiological pH.!*® This concept allows for BA-fluorescent compound systems to be

used as attractive chemoreceptors for the optical sensing of sugars within a pH range

of pH 6-9 (Figure 1.15), which is well suited for physiological applications.!?
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Figure 1.15. BA equilibrium illustrating the conversion from the neutral trigonal planar sp*
hybridisation form to the anionic boronate tetrahedral sp* hybridised form, on binding glucose
in alkaline aqueous media. Adapted from reference 12.

As BA groups bind diol-containing compounds, they are not selective for one
sugar over another. Various physiological sugars exist, and some examples include,
glucose, fructose, galactose, sucrose, lactose and mannose. The binding strength
between specific saccharides and the BA moiety depend greatly on the orientation of
the electron-withdrawing hydroxyl groups on the sugar in aqueous solutions,!> as
well as the aromatic moiety to which the BA group is attached.!* BAs can bind to
furanose and pyranose saccharides, to form cis-1,2- and cis-1,3-diols in this order of
affinity (Figure 1.16).!133 Trans-1,2-diols can also form, however this formation is
least favoured due to steric hindrance between axial atoms and ring strain. For this
reason, BA binding to fructose can only occur 1:1, whereas a 2:1 binding with glucose
is possible.!>* Different orientations in the sugar can allow for stronger affinities to
certain diols. It is known that mono-BA groups preferentially bind with a higher
affinity to furanose sugars over pyranose sugars, where monosaccharides such as
fructose can bind preferentially over others like galactose, mannose and glucose, in

this order.'

The selectivity towards particular sugars is tuneable through the
incorporation of other functionalities,!® 44 151, 153. 155 for example, by altering the
aromatic group to which the BA is attached.!* This information is particularly useful
for designing a sensor with enhanced binding to a specific saccharide. Another design

tactic could incorporate more BA moieties, which would increase the sensor
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selectivity towards glucose. By introducing more BA groups, the number of sugar
binding sites becomes increased, which would allow for enhanced interactions to

glucose, as shown by Shinkai et al.!>

This allows the design of the BA sensors to be
tailored to applications for sensing glucose in the millimolar range, corresponding to
blood-glucose concentrations and the micromolar range, correlating to ocular-glucose

levels.
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Figure 1.16. The furanose forms of glucose and fructose sugars binding to a BA derivative,
where glucose binds in a bidentate fashion versus the monodentate binding of fructose.
Adapted from reference 155.

BA derivatives that possess two or more BA groups can be tailored for glucose
specificity over other sugars (Figure 1.16).!4-151.155 This has been shown to depend
on the linker length connecting the BA groups as well as the distance in space
between the two groups, where a carbon-chain of 6 or 7 units has been determined for
optimal glucose selectivity, while shorter or longer linkers are more suited towards
fructose or galactose binding.!4* 139 151,155 Ag mentioned previously, on coupling with
sugars, the pKa of the BA moiety is reduced, which can increase the binding affinity
towards glucose. This can lead to cooperative binding of glucose molecules, where
the binding of one glucose molecule will facilitate the binding a second, if multiple
BA groups are available for interaction.!>® Reducing the pK, of the BA group can also
be achieved by including electron withdrawing groups (EWGs) in the structure of the
BA derivative.!** In molecular biological systems, multivalent recognition sites are
utilised to transform weak binding-interactions into strong binding-interactions,
similar to that of the chelate effect in coordination chemistry. The chelate effect states
that a tridentate ligand can bind preferentially over three monodentate ligands.!> With

emphasis on cumulative binding, a weak interaction can result in a greater binding
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affinity from the same molecule, creating a strong and favoured binding interaction.
Shinkai and coworkers showed this concept in 1994, when they fabricated a bis-
phenylBA derivative that was designed for a glucose-sensing patch to monitor blood-
glucose concentrations.!>* Although ditopic BA sensors aren’t commonly described as
‘multivalent’ due to the divalent BA active sites, two BA moieties can bind to four
hydroxyl groups forming a 1:1 cyclic boronate ester with glucose. This cooperative
glucose binding can manifest as a multivalent interaction, which occurs in a greater
affinity for glucose compared to fructose.!>3

Boronic acid-containing polymers, nanomaterials and higher order boronic acid-
containing scaffolds have also been presented to show multivalent interactions with
monosaccharides, demonstrating an increased affinity for glucose over fructose.® 14
37,51, 133,134, 146 Thijg proves that the orientations of the BA moieties play a critical role
in sugar-selectivity on binding. A conformational change on glucose binding to a BA
derivative also plays a key role in terms of selectivity. This conformational change
differentiates the selective nature of sensors for specific monosaccharides, which has
been exploited throughout the years in the development of physiological based
glucose sensors.> !1-14:37.51.133. 133 Some of the characteristic methods used to quantify
this diol-sugar interaction include "B NMR, X-Ray crystallography, UV-vis and
fluorescence spectroscopy. !4

Fluorescent sugar sensing using boronic acids could be categorised in to direct and
indirect sensing systems. In a direct sensing approach, the BA moiety and the
fluorophore are included in the same structure, where the fluorescence becomes
quenched on glucose introduction. Conversely, in an indirect sensing approach, the
BA moiety and fluorophore are on separate molecules. A known fluorophore acts as
the fluorescent reporter group, which is typically negatively charged. The BA group is
typically attached to another positively charged molecule, which induces quenching in
the fluorophore on forming a non-fluorescent ground state complex by electrostatic
interactions. When glucose is then introduced in to the indirect sensing system, a
conformational change in the BA group is induced, which renders the BA group
anionic. As a result, the interaction between the fluorophore and BA derivative is
weakened on sugar binding, initiating dissociation in the ground-state complex to

release the fluorophore, therefore restoring the fluorescence.
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1.4.1 Direct Sensing

Incorporating BAs in to fluorescent moieties, for intra-molecular sensing is a
common approach for monitoring BA-sugar binding.> !!"!* The main three types of
mechanisms used for fluorescence sensing in the direct approach are internal
conversion, fluorescence resonance energy transfer (FRET) and internal charge
transfer (ICT), where these processes where first introduced in Section 1.3.2.

The first fluorescent BA sensors were synthesised by Yoon and Czarnik in 1992

)'3, 152 In

and it was composed of a BA functionalised anthracene moiety (Figure 1.17
this case, the BA group acted as the receptor and anthracene as the fluorophore. As
small polyol molecules, such as glucose, interacted with the BA receptor, the
fluorescence of anthracene decreased by a charge transfer mechanism. Boronic acids
in their neutral form possess a vacant p-orbital, which attributes to their Lewis acidity.
As a result, the BA group could readily accept electrons. On interacting with electron-
rich diol groups, the BA moiety became anionic. This caused a reduction in the pKa of
the BA group to ~6 and altered the hybridisation of the boron to tetrahedral sp?
hybridised.'*? Consequently, this hybridisation change of the BA group prevented
electron transfer from anthracene to boron, which led to a quenched state of
fluorescence in anthracene. This new conformation created an enhanced dipole
moment, which increased the affinity for dipole-dipole interactions with solvent
molecules. As a result, this interaction is highly dependent on the surrounding
environment, where the solvent can influence the stabilisation of the sensor leading to
significant fluorescent changes.!>® Consequently, the hybridisation change in boron
resulted in the quenched state of fluorescence by 30% on saccharide binding.'>?
Shinkai and co-workers then built on this work by synthesising a second sensing

system based on an internal conversion quenching mechanism.? 157- 158

HO . -OH

seonloes

Figure 1.17. The first fluorescent BA sensors synthesised by Yoon and Czarnik.'**

Two years later, another anthracene-based fluorescence system was developed by

Shinkai ef al.,® where they strategically placed an amino group in a 1,5-relation to the
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BA group (Figure 1.18). By positioning the amino group close to the BA group, it was
thought that internal B-N dative bond formation could stabilise sugar binding and
further lower the pK, of the BA group.'*3 %% In this sensing approach, the fluorophore
is attached to a BA receptor through an amine-spacer moiety.!#! Recently, this sensing
approach has undergone scrutiny where the fluorescence signal was previously
believed to result from a PET sensing mechanism, however now it is believed that an
internal conversion mechanism accounts for the enhanced fluorescence in the
presence of sugars.!”® James and Anslyn et al.'*® have proved this sensing approach
through solvent isotope-effects. Above the pKa of the boronic acid, solvent molecules
become inserted to transform the BA group to its sp® hybridised form. In water -OH
groups are inserted, however with sugars, in methanol or in D>O, -OCH3 groups or
-OD groups can be inserted, respectively. Upon replacing the hydroxyl groups, the
vibrational states in -OH become reduced, which leads to supressed internal

conversion and enhanced fluorescence.!®

Aggregation of the BA sensors in solution,
as well as collisional quenching, also contribute to the initial quenched state of
fluorescence. In the presence of sugars disaggregation results to enhance fluorescence
(Figure 1.18).13% This change was large enough to produce an on/off fluorescence

response.!4?
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Figure 1.18. Anthracene-based BA derivative, where its fluorescence is quenched due to
aggregation in the absence of fructose (left) and it becomes fluorescent in the presence of
fructose due to disaggregation (right). Adapted from reference 158.

Fluorescence resonance energy transfer (FRET) has also been employed to
modulate fluorescence of BA systems upon glucose binding. This sensing mechanism
requires the emission of one fluorophore to overlap with the absorbance of another, in

order for non-radiative energy to be passed from one fluorophore’s excited state
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(donor) to another fluorescent acceptor molecule’s ground state.'** For this process to
occur, both fluorophores must be in close proximity, where they are usually attached
to the same structure through a spacer.!** James et al.'** developed a bis-BA sensor
based on the fusion of two different BA-functionalised fluorophores, namely
phenanthrene and pyrene (Figure 1.19). The system operates based on the overlap of
the emission of phenanthrene with the excitation of pyrene, where phenanthrene acts
as the donor and pyrene as the acceptor.® '*® On binding to glucose in a 1:1 ratio, the
structure of the sensor becomes more rigid, which assists the transfer of energy from
phenanthrene to pyrene to enhance the fluorescence.® 4% As a result of exciting the
sensor at 299 nm, characteristic to phenanthrene, an emission wavelength of 417 nm
was observed, unique to pyrene.'*® Consequently, the fluorescence could be enhanced
by ~3.9 times on glucose binding. Moreover, this bis-BA sensor exhibited increased
fluorescence with glucose relative to fructose, due to the fact that glucose binds to the
sensor in a 1:1 ratio forming a cyclic complex, whereas fructose binds in a 2:1 ratio

forming an acyclic complex.!'*8

OH HO 299 nm 342 nm 396 nm 417 nm

| b4
{
Intensity (A. U.)

Wavelength (nm)

Figure 1.19. Structure of the FRET-BA glucose sensor designed by James ef al., using the
fluorophores phenanthrene (green) and pyrene (red) (left), where the emission of
phenanthrene at 396 nm overlaps with the excitation of pyrene (red) at 342 nm. Upon
excitation of the sensor at 299 nm, characteristic to phenanthrene, only an emission at 417 nm
is observed, characteristic to pyrene. Adapted from reference 148.

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-based dyes have also been
of interest, where Kikuchi er al.'®® have recently published a review based on the
current state of BODIPY-based probe developments for imaging of biomolecules in
living cells. BODIPY dyes are favourable for imaging purposes because they possess
relatively high photostability, a total neutral charge, high fluorescence quantum yields
and the controllability of their fluorescence by either PET or FRET fluorescence
approaches.!®® A challenge for bio-imaging using BODIPY-dyes remains their high
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hydrophobicity.!®® Nevertheless, some BODIPY-based probes have even emerged
commercially, such as ER-Tracker Green, valuable for mammalian cell tracking and
LysoTracker Red, used for labelling and monitoring the movement of acidic-based

cell organelles (Figure 1.20).'6°

Figure 1.20. Commercially available BODIPY probes ER-Tracker Green and LysoTracker
RED.'®

Various BODIPY dyes have also been modified to contain phenylBA functionality,
where these probes have been implemented for glucose sensing applications, !44 149161,
162 Hansen et al.'®' synthesised pinacol ester-BODIPY-BA derivatives (Figure 1.21),
where with increased sugar concentrations, an increase in fluorescence intensity of the
dye was observed. Similar to the PET quenching mechanism described earlier,
electrons can be transferred from the phenylBA ring in to the BODIPY rings to
quench the fluorescence. However, on coupling to sugars, this process is inhibited by
the electronic configuration change in boron to the anionic boronate form. As a
consequence, the fluorescence intensity increases.!®! The pitfall with this sensor
design is that monophenylBA derivatives are more selective for fructose over glucose.
Consequently, these sensors were not very receptive to glucose within the clinical
range, where the blood-glucose levels for diabetics are known to be between 2-40
mM.!4% 161 The sensor, however, showed slight sensitivity to glucose in the
hypoglycaemic range (0-1.6 mM) displaying a 20% fluorescence increase in buffered

solutions. 0!
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Figure 1.21. Structures of BA-BODIPY glucose sensors synthesised by Hansen et al.'®!

Further development in the BODIPY-BA sensor design by Hansen et al., showed
the effect of ortho substituents on the BA group. Using the BA version of the pinacol
ester-BODIPY probes previously employed, methyl- and fluoro-groups were used as
substituents in the ortho position to the BA moiety.!* It wasn’t surprising to find that
the fluoro-group showed an increased fluorescence response to glucose. This came as
a consequence of the electron-withdrawing ability of fluorine to decrease the pKa of
the BA group to 7.3, which ultimately enhanced its affinity for glucose.!*’ On the
other hand, the BA-BODIPY probe with the methyl substituent attained an increased
pKa of 10.7, which explained the low fluorescence increase on binding glucose.!¥
Importantly, the fluoro-probe showed to bind glucose in physiological relevant
concentrations as a result of the reduced pKa. It was also concluded that although
large EWGs, such as CFs-group, can further decrease the pK. of the BA group
relative to fluorine when ortho to the BA moiety, the attachment of bulky groups can
interfere by sterically hindering the binding of glucose.'* As a result, achieving a
balance between the electron-withdrawing effect and size of the ortho substituent is
crucial in the BA probe design.

Glucose sensors displaying intramolecular charge transfer (ICT) fluorescence have
also been of interest, where Badugu ef al. have developed a family of BA probes for
glucose detection that rely on this mechanism.’> 1-14.37.51. 133, 133 Tynically, quinoline
was the fluorophore employed and this was covalently bonded to a phenylBA group
via a methyl-linker (Figure 1.22). The sensors were investigated for any fluorescence
effect on the quinoline moiety by changing the positioning of the BA group in the
ortho, meta or para orientations as well as interchanging methyl- and methoxy-
substituents in the 6-position on the quinoline ring.’> 11-13:3751. 133, 134 Op interaction

with increasing sugars concentrations, a decrease in the fluorescence intensity of the
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BA sensors occurred.''"!'* As glucose binds to the BA moiety, the hybridisation
around boron conforms to the anionic boronate form.”- 12133751133 Thig induces a
geometry alteration in the BA group from trigonal planar to tetrahedral on converting
the BA moiety in to its anionic boronate form. This renders the BA group as no longer
electron withdrawing and as a result, an optical fluorescence response is observed due
to the ICT nature of the excited state.'* The negative charge on boron interacts with
the cationic charge on nitrogen in the quinoline ring to stabilise glucose binding and
neutralise the charge on boron. This is known as a charge-neutralisation stabilisation
interaction (Figure 1.23). The electron transfer from B~ to N* consequently quenches

the fluorescence. Similarly, the fluorescence is quenched with increased solution

7,12,13,37,51,133
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Figure 1.22. BA probes synthesised by Badugu ef al., where methyl- and methoxy-groups
attached on the quinoline ring are employed and the positioning of the BA moiety is altered
between ortho and meta to the N* quinoline substituent.'
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Figure 1.23. Scheme showing the charge neutralisation-stabilisation interaction, where the
BA derivative is initially fluorescent and on sugar binding, fluorescence quenching occurs.
Adapted from references 11, 12, 37 and 134.

Importantly, these BA-probes could detect glucose in solution, within an
appropriate physiological range relative to blood-glucose concentrations. Although a
fluorescence decrease by approximately 30% was shown, both probes concurred

similar findings.”!!-13-37-51.133 This wasn’t surprising since the pK, of the BA probes
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was reduced to < 7, to afford a higher affinity for glucose binding.’” However,
possessing only monophenylBA functionality, the sensors were more receptive to
fructose over glucose. o-MethoxyBA exhibited the greatest fluorescence quenching
by ~32% in the presence of 50 mM glucose and by ~14% with 5 mM glucose,
relevant for physiological blood and ocular glucose concentrations, respectively. This
improved sensitivity of the o-MethoxyBA compared to the m-MethoxyBA is possibly
owed to the increased ability for B-N" interactions when the BA is present in the
ortho position to the N* quinoline substituent.!?

To this end, glucose-sensing investigations have been carried out in solution.
Badugu et al. also determined the probes’ sensitivity to glucose using commercially
available contact lenses that were doped in a solution of the sensor. In this context, the
sensor was adsorbed to the surface of the lens.!? 37134 The BA probes best responded
to increased sugar concentrations by a decrease in fluorescence intensity in pH buffer
solutions between pH 6-9. This could be attributed to the difference in equilibria
between the pKa of the BA and the pK. of the sugar-bound boronate-diester form. o-
MethylBA probe was reported to have an optimal response to glucose in the lens,
where a quenched state of fluorescence by ~10% was observed with 1.6 mM glucose,
corresponding to hypoglycaemic glucose concentrations in diabetics.!?37 It was also
determined that considerable amounts of the fluorophore leached from the lens due to
non-covalent doping, which also contributed to the low fluorescence intensity.!? 37
Consequently, the 0-BA probes exhibited an optimised glucose response in contrast to
the m-BA counterparts, which was thought to reflect on the more accessible B-N*

interaction.

1.4.2 Indirect Sensing

Inter-molecular sensing using BAs has also gained attention in recent years for
modulating fluorescence as a function of saccharide concentration,!44 145, 163-169
Incorporation of a BA component into charged molecules can be used to induce
quenching in the emission of a fluorophore, thereby creating a two-component
sensing system. Cationic BA derivatives have been modelled as quenchers for known
fluorophores, such as pyranine derivatives, !4 163169170 flyorescent graphene quantum
dots!®* and PP-S-BINOL.!%” The signal transduction operates based on the initial
interaction between the fluorophore and BA quencher molecule, where the

fluorescence of the fluorophore becomes quenched. ! 163,164, 166,167,169, 170 The change
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in fluorescence intensity of the system is achieved via the formation of a ground-state
complex that is non-fluorescent, through electrostatic and n—n stacking interactions
between the fluorophore and BA-quencher. In the presence of saccharides, the
formation of a boronate diester results in the dissociation of the BA-quencher and
fluorophore ground-state complex, leading to a sequential recovery of
fluorescence, 145 163, 164, 166, 167, 169, 170

In 2001, Singaram and co-workers were the first to introduce this indirect sensing
approach for applications in real-time glucose monitoring in vivo.!4> 163169 They
reported pyranine derivatives as the anionic fluorescent reporter and a cationic BA-
appended viologen functioning both as a fluorescence quencher and sugar receptor
molecule. With increased concentrations of the BA quencher relative to the
fluorophore, a decrease in the fluorescence intensity of the fluorophore was observed.
On sequential addition of glucose, fructose or galactose, the fluorescence of the
fluorophore could be recovered, correlating to the specific sugar concentration. !4 163
169 Singaram et al. proved this two-component sensing mechanism by UV-visible
spectroscopy. Firstly, Singaram ef al. showed the ionic formation of a ground state
complex, as a photo-inactive compound, on electrostatic interactions between the
fluorophore and BA-derivative.'®® Using UV-visible spectroscopy, the presence of a
neutral zwitterionic species from the dicationic BA-viologen compound on sugar
binding was characterised.!®® On forming this zwitterionic species the loss of
electrostatic attraction between the fluorophore and BA viologen resulted in
dissociation in the non-fluorescent ground-state complex. Consequently, this restored

the fluorescence in pyranine.'®®

It’s important to note that this system is limited to the
photochemical properties of the fluorophore chosen, in terms of photostability and
excitation wavelength.'®® The pKa. of the substituents in the structure of the
fluorophore is also a consideration, since the pH of the sensing solution would
determine whether or not the fluorophore is present in its neutral or anionic state. It is
in one’s best interest when designing such a system for glucose sensing that uses BAs
to choose a fluorophore with a pK, within the range of pH 6-9.

Two years later, Singaram ef al.'%® reported on further developments on the same
bimolecular sensing system. Cationic viologen BA-derivatives were employed with

the same anionic fluorophore, pyranine, in a pH 7.4 buffer solution.!®> Figure 1.24

depicts the structure of pyranine and the BA molecules screened for the initial
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fluorescence quenching process. In this example, the quenched state of fluorescence
in pyranine was measured upon incorporation of the cationic BA molecule.!®® A non-
fluorescent ground-state complex resulted by electrostatic and n—n stacking
interactions between these two-components.!'®® A maximum of 92% and 83%
quenched state of fluorescence was observed in 0-PBBV?* and 0-BBV?*, when molar
ratios of 1:30 and 1:42.5 of fluorophore to BA species were employed,
respectively.'® On addition of glucose to the system, which bound to the BA moiety,
the BA group was rendered negatively charged. As a result, a neutral zwitterionic
component formed.!®® This initiated dissociation in the complex due to the loss of
electrostatic attractions between the fluorescent and BA components, to release the
fluorophore and restore the fluorescence intensity in pyranine on glucose addition by
4% using 0-BBV?* and 45% using 0-PBBV?*.1%6 o-PBBV?*, in this case is shown to
be more selective for glucose compared to 0-BBV?* since the geometry of the BA
groups allows for cooperative bidentate glucose binding over monodentate binding
between 0-BBV?" and glucose.!® It is known that the binding of multiple BA groups
to one glucose molecule is preferential to a 1:1 binding between a BA group and a
glucose molecule.® 157 171 172 For this reason, 0-PBBV?" can sense glucose more

selectively compared to 0-BBV?*,
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Figure 1.24. (A) Cationic BA molecules synthesised by Singaram et al. used to quench the
fluorescence of pyranine. (B) Pyranine equilibrium at pH 7.4, illustrating the two possible
anionic forms.'



In 2007, the Singaram group investigated the effect of substituents on the BA
component.'® In this example, they attached different substituents on to the BBV2*
molecule, as shown in Figure 1.25. Both an electron-donating group e.g. methoxy
group and an electron withdrawing group e.g. fluoride group, were attached to the m-
BBV?2* component in an attempt to understand the fluorescent quenching mechanism,
based on how the pK, of the BA group changed.!® Electron withdrawing groups
bonded to the same phenyl ring as the BA group where expected to pull electron
density away from the BA group. As a result, the BA group became more acidic, with
a reduced pKa,'”> '3 which enhanced the electrostatic attraction with the anionic
fluorophore and improved fluorescence quenching.!®® Conversely, electron-donating
groups increased electron density around the B atom, making it more basic. As a
result of this increased pKa,'”* the fluorescence intensity increased due to weakened
electrostatic attraction with the anionic fluorophore.'® Similarly, when the electron-
donating methoxy-group was positioned para to the BA group (in m-OMeBBV?*), the
pKa of the BA group was increased relative to m-BBV?*. In comparison, by adding an
alternative electron withdrawing group to form m-FBBV?, the net effect of both the

0 whereas the

N* moiety and the fluoro group lowered the pK. of the BA group,!’
methoxy-group by donating electron density counteracted the N* electron-
withdrawing effect.!® However, the attachment of both —F and —~OCH3 substituents
hindered the ground state complex formation, which interfered with fluorescence
quenching of the system.'®® Singaram et al. concluded that any change associated with
the electron affinity in the viologen would make the compound less efficient at
quenching the fluorescence of the fluorophore. This change for the most part can be
related to sterics, where it was thought that the attachment of the —F group sterically
hindered the efficient formation of the non-fluorescent ground state complex.'®’
Consequently, the glucose recovery in both m-FBBV?* and m-OMeBBV?* was also
lower in comparison to the m-BBV?" derivative. This was attributed to a stronger non-
fluorescent ground state complex formation between pyranine and m-BBV?' in
comparison to m-FBBV?" and m-OMeBBV?*, although the m-FBBV?* compound
showed a greater binding affinity for glucose, due to the lowered pK. effect on the BA

group.'®”
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Figure 1.25. Structures of m-BBV?" together with —F and —OCHj derivatives used to modify
viologen fluorescence in the indirect glucose sensing approach.'®

Structural differences between the BA derivatives affect the extent of quenching
and glucose recovery in this two-component sensing system. For an optimal
quenching interaction, the BA moiety must be covalently bonded to an electron
acceptor molecule.!®® From the work presented by Singaram et al., the viologen
structural framework was desired since it possesses two positive N* atoms (Figure
1.25). These charges facilitate two types of processes that are necessary for the
quenching of fluorescence by electron transfer and Coulombic or electrostatic
attraction.!%%: 170 TIncorporating electron withdrawing groups or increasing the
conjugation in the BA derivatives structure can improve the electron-accepting ability
of the molecule.'®% 172 By incorporating electron-withdrawing substituents, a decrease
in the electron density around the N* atom rendering it more electron accepting, can
result due to mesomeric effects. This is desired to enhance the extent of electrostatic
attraction between the anionic fluorophore and cationic BA group. This would allow
for a maximised quenching interaction, but also a reduction in the pK, of the B atom,
to enhance glucose binding!”? and restore fluorescence.!% 16

The orientation of the BA group in the ortho or meta position can also play a role
in the fluorescence restoration of the system.!3” It is known that the more acidic the
BA group, the greater the extent of glucose binding at neutral pH.!%® Fluorescence
recovery can be maximised in this way by attaching the BA group in an ortho
position, so that interaction with the positively charged nitrogen is permitted. On
forming the B-N interaction, the pKa of the BA group becomes even more acidic, with
an approximate pKa. ~3.7, since the B atom is directly connected to the electron
withdrawing pyridinium ring.'®® This accounts for enhanced glucose binding which is
necessary to restore the fluorescence intensity.

In 2013, Feng et al.'’° progressed to screen another BA-derivative for its ability to

quench the fluorescence of the same pyranine derivative employed by Singaram et al.
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The structures of both the fluorescent and BA components can be seen in Figure 1.26.
Noting the design of the #ris-pyridine BA component (p-TBPB), the BA groups are
directly attached to the pyridine rings containing the electron-withdrawing N* moiety.
This structural design had a considerable impact on lowering the pKa of the BA
group, and it aimed to enhance the electrostatic attraction between the anionic
fluorophore and cationic BA derivatives and also to improve glucose binding for
fluorescence recovery.!’” On investigating the initial quenching interaction using a
ratio of 1:4.4 fluorophore to BA derivative, Feng ef al. found an exponential decay in
the Stern-Volmer plot, indicating an amplified fluorescence quenching response by
~95%.170 The fluorescence recovery was calculated at ~28% with 100 mM D-glucose,
when 0.02 mM of the BA component with 4.0 mg/mL of pyranine-like polymer was
employed.'”? Feng et al. also screened a range of saccharides with this pyranine
fluorophore and p-TBPB in a two-component fluorescence switch, where they found
that this two-component sensing system was the most selective towards fructose.!”?
Overall, this sensing system showed optimum quenching and recovery results, since
only 0.02 mM of the BA component was required to quench the fluorescence by
~95%,'%8 which is a considerable smaller quantity in comparison to other reports from

Singaram et al. and others. !5 169
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Figure 1.26. Components used by Feng et al in the indirect glucose sensing approach:
Pyranine fluorophore and trispyridine-BA.'”

In 2013, Li et al.'% used fluorescent graphene quantum dots for bimolecular

glucose detection with Singaram’s BBV?" molecule. The structures are depicted in
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Figure 1.27. Fluorescent graphene quantum dots were chosen since they consist of a
single atomic layer of carbon with many unique characteristics that can easily be
tailored to a device design.!%* These carbon dots have a diameter < 10 nm, meaning
they possess strong quantum confinement, since their electronic and optical properties
differ greatly from the bulk material in which they are situated, providing them with
wavelength-dependant fluorescent properties.!®* As a result, these quantum dots
exhibit a high surface area, better surface grafting using a n—n conjugated network or

other surface groups,!® 174

as well as those unique physical properties of graphene
such as biocompatibility, low toxicity and chemical inertness.!”* !> Quenching by
80% in the fluorescence of the quantum dots on addition of 0.5 mM BBV?*" was
observed under UV light illumination.!®* This fluorescence was then restored by 33%
on sequential additions of glucose, when a ratio of 1:20 fluorophore:BBV?" was
employed.'® This two-component sensing system was most sensitive to glucose

within a concentration range of 0-60 mM,'®* which corresponds to the blood-glucose

concentration ranges in diabetic patients.!?
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Figure 1.27. Fluorescent graphene quantum dot and BBV** viologen compounds used in the
two-component glucose sensing system by Li and co-workers.'*

The only important disadvantage to Singaram’s approach is that viologens are

known to be very toxic!”®

and are therefore not suitable towards in vivo glucose
monitoring. This flexible two-component approach is very advantageous in that the
components can be modified individually to optimise the saccharide response in the

system. It is also beneficial for tailoring the synthetic design of the BA quenchers.
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The BA compounds could be fabricated so that they would possess water-solubility

properties for biological applications, anchoring groups for surface modifications or

polymerising groups for incorporation into polymeric substrates and gels.!”
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Figure 1.28. Anionic pyranine fluorophore and BA quencher viologens used in two-
component sensing system by Singaram and co-workers. Adapted from reference 166.

Singaram et al., have also built on their initial work by fabricating fluorescent
hydrogel glucose sensors using the same viologen compounds.!®® They fabricated a
thin-film hydrogel consisting of a co-polymerised fluorophore and BA compound. '
Pyranine was employed as the fluorescent component and a cationic viologen BA
derivative (0-BBV?*) was used as the glucose receptor (Figure 1.29). Glucose (20
mM) was successfully detected demonstrating a recovery of fluorescence of ~18%.!4°
As a result of covalently immobilising the fluorescent and BA components, their local
interactions were sufficient to form the non-fluorescent ground-state complex, which
dissociated upon binding with glucose. Moreover, they also found that in the gel
matrix these fluorescent changes were reversible, although the response was slow
(~30 minutes).'%3 The only disadvantage was that the fluorophore was found to be pH
sensitive within the physiological glucose sensing range.!”” This challenge was later

overcome by making a small modification to the fluorophore.!”’
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Figure 1.29. Singaram’s cationic BA viologen (blue) and pyranine fluorophore (pink)
immobilised in a hydrogel framework.

In 2009, Singaram et al.!”’ developed this system further. By interchanging the
-OH substituent in pyranine for an amine (-NH2) Singaram et al. produced a
fluorophore that was pH insensitive within the relevant pH range.!”” Moreover, they
found that simpler chemistry enabled them to attach a linker through the -NH:
substituent in comparison to the -OH substituent (Figure 1.30). Similarly, by
immobilising the fluorophore via a single tether in the -NH> gel, enhanced mobility of
the fluorophore inside the hydrogel matrix was permitted, in contrast to the hydrogel
depicted in Figure 1.29, which is immobilised through three linkers. This increased
flexibility allowed for improved interaction between 0-BBV?* and the fluorophore. As
a result, the 0-BBV?" component was modified to contain extra cationic pyridine
moieties for enhanced electrostatic interaction with anionic pyranine and a single
linker was incorporated in to the 0-BBV?" moiety to increase mobility (Figure 1.30).

Two different linkers were employed for immobilising the amine-derivatised
pyranine fluorophore inside the hydrogel matrix; pyranine-BuMA and pyranine-
DEGMA.!"7 Pyranine-BuMA was tethered with a butylmethacrylate chain, whereas
pyranine-DEGMA possessed a diethyleneglycolmethacrylate chain.!”” Figure 1.30
shows the structures for the pyranine-DEGMA:BA-viologen hydrogel, where this
combination exhibited optimal fluorescence responses. The fluorescence recovery
response of each pyranine fluorophore was compared when a ratio of 1:10 pyranine:o-

BBV?2* was polymerised inside the hydrogel matrix. The pyranine-BuMA fluorophore
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showed a fluorescence increase by 1.7 fold and the pyranine-DEGMA fluorophore
displayed the optimal fluorescence recovery by 2.8 fold, on addition of 20 mM
glucose.!”” The pyranine-DEGMA fluorophore was thought to respond better to
glucose due to its more hydrophilic polyethyleneglycol tether.!”’

Finally, Singaram and co-workers optimised the fluorescence modulation by
varying the ratios between the pyranine-DEGMA fluorophore and the viologen BA.
Hydrogels comprising of pyranine-DEGMA:BA-viologen 1:30 were synthesised.
Consequently, this gel exhibited a lower initial fluorescence in comparison to the
other hydrogels, due to the increased concentration of the BA-viologen. As expected,
a weaker fluorescence recovery of F/Fo = 1.9 was measured for the same
concentration of glucose (20 mM).!”” In this case, in order to observe an increased
fluorescence recovery, a higher concentration of glucose was required to overcome
the quenched state of fluorescence. This shows that the molar ratios between the
fluorophore, BA derivative and glucose are imperative for optimum sensing.
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Figure 1.30. Schematic structure of one of the hydrogels synthesised by Singaram et al,
comprising of a derivatised pyranine fluorophore (ATPS-DEGMA: pink) as the fluorescence
reporter unit and a cationic BA-viologen compound (blue) as the glucose receptor. The

components are immobilised by a single tether to allow for increased mobility within the
hydrogel matrix.'”’

A disadvantage to Singaram ef al.’s results were the long equilibrium times on

introducing glucose.!”” The shortest time encountered per addition of glucose was
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0.66h and the longest time was 2h.!”” The dimensions of the thin-film gels in this case
were 1 cm x 3 cm with a thickness of 0.25 cm. Equilibrium response times could be
accelerated by synthesising gels with smaller dimensions or increased pore sizes.!””
178

In comparison to the solution based studies,!® using the pyranine-OH fluorophore
and the 0-BBV?" viologen derivative, the BA-viologen showed improved
fluorescence recovery with glucose when immobilised within the hydrogel.!”” The
BA-viologen when investigated in solution exhibited a maximum glucose recovery of
F/Fo = 1.35 with the pyranine-OH fluorophore containing three polymerizable
groups.'%® Previously, when other similar BA-viologen compounds were investigated
for fluorescent glucose detection in solution the fluorescence intensity was much
higher in comparison to the hydrogel counterparts. On comparing the fluorescence
response of the immobilized pyranine-NHz and pyranine-OH fluorophores in the
hydrogels, pyranine-NH, was tethered by a single chain as opposed to pyranine-OH
that was secured by three polymerizable chains. The enhanced mobility of pyranine-
NHa, in comparison to pyranine-OH, allowed for optimised fluorescence quenching
with the BA-viologen compound. Consequently, the fluorescence recovery could also
be maximised from F/Fo = 1.18 for pyranine-OH to F/Fo = 2.8 for the pyranine-NHa,
when approximately the same concentration ratios of the fluorophores and BA-
viologen were employed.!+> 177

In 2011, the Singaram group continued using thin-film hydrogels for indirect
glucose detection by fluorescence. These gels were polymerised in a multi-well plate
and the fluorescence could then be conveniently read using a plate reader, allowing
for rapid fluorescence measurements. This approach meant that multiple assays could
be analysed in parallel for label-free high throughput assays or bioprocess monitoring

applications.!®3

The initial quenching interaction between pyranine with varying
concentrations of the BA-viologen (0-0.2 mM) was determined by synthesising
multiple gels with differing concentrations of the BA-viologen. A maximised
decrease in fluorescence of 93% using 8 equivalents of the BA-viologen was
established with 0.025 mM pyranine.!'®* Glucose recovery was then measured between
a glucose concentration range of 0-20 mM, corresponding to blood-glucose levels for
a healthy individual,!?> where an optimum recovery of ~32.5% was observed with 0.2

163

mM BA-viologen and 20 mM glucose. ®> The fluorescence response stabilised after

~30 minutes and remained unchanged for 8h.!%* Overall, Singaram et al. developed a
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method for the manufacture of glucose-sensitive hydrogels under ambient conditions,
where the fluorescence response can be read rapidly using a plate-reader.

In 2011, Feng et al., have also used Singaram’s viologen compound (0-BBV?") for
two-component sensing, where they employed 1,1°-bi-2-naphthol (BINOL) polymer
as the water-soluble fluorescent moiety (Figure 1.31).'” The fluorescence of BINOL
was modulated by a decrease in fluorescence with increased concentrations of the
BA-viologen.'®” A quenched state of fluorescence occurred due to electron-transfer
from the anionic PP-S-BINOL to the cationic BA-viologen. The fluorescence could
then be restored with glucose. Anionic sulphates and a polymerisable group were
incorporated in to the BINOL fluorophore, so that the fluorophore could be
immobilised inside a hydrogel. By assimilating anionic sulphate groups in the
fluorophore design, enhanced quenching in the fluorescence of pyranine was observed
due to increased electrostatic attraction with the 0-BBV?* component. These groups
also increased the hydrophilicity of the sensor. The extended m-system of BINOL was
also desired for m—m stacking interactions, which were required for enhanced
fluorescence quenching on interacting with the 0-BBV?" derivative. On increased
concentrations of the cationic 0-BBV?* component to the anionic fluorescent BINOL
polymer, a decrease of 97% was observed with 20 equivalents of the o-BBV?*
component.'®” Approximately, 100 mM (25,000 equivalents) of glucose was then
required to restore the fluorescence intensity by 25%.!67 Although this sensing system
showed sensitivity towards glucose, the system was in fact more responsive towards

other monosaccharides such as fructose > galactose > glucose, in this order.!'¢’

Figure 1.31. (A) Formation of BA viologen-BINOL fluorophore complex, which is non-
fluorescent. (B) Addition of glucose recovers fluorescence.
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1.5 Aim

To this end, chemical BA sensors have shown they can be used to monitor glucose
concentrations by changes in fluorescence. Two approaches have been described, a
direct and an indirect sensing approach. In the direct sensing approach glucose
concentrations are accompanied by a quenched state of fluorescence and conversely,
in the indirect sensing approach an increase in fluorescence is proportional to
increased concentrations of glucose.

In this context, my work, described in the next chapters of this thesis comprises the
synthesis and characterisation of novel BA sensors for direct and indirect glucose
monitoring.

In Chapter 2, a direct sensing approach is described, built on the work carried out
by Badugu and co-workers. In this approach, the BA moiety was directly attached to a
fluorescent quinolinium framework, where the fluorescence of these BA-derivatives
becomes quenched in the presence of glucose. The BA derivatives were investigated
for their direct glucose sensing capabilities in aqueous media of various pH.

In Chapter 3, indirect glucose sensing is realised upon integration of a BA moiety
and fluorophore into a two-component system. In this case, the BA moiety is attached
to a cationic molecule, which induces quenching in a commercially available anionic
fluorophore, namely 7-hydroxycoumarin (7HC). Novel bis-BA derivatives have been
synthesised that contain cationic pyrimidine nuclei in their structures, which would
allow for enhanced electrostatic interactions with 7HC. The BA glucose receptors
have shown to cause a quenched state of fluorescence in 7HC, where the fluorescence
can be effectively switched-off. This fluorescence can be recovered on introducing
glucose.

In Chapter 4, the synthesis of a novel family of polymerisable BA derivatives and
their characterisation with glucose is described in terms of ''B NMR and
fluorescence. The monomers differ in the positioning of the BA group, in the ortho,
meta and para position (0-BA, m-BA and p-BA). The pK. for each monomer was
determined by fluorescence, where this information is imperative for optimising
glucose sensing. All monomers displayed dramatic differences in excimer
fluorescence with increased concentrations of glucose that can be directly linked to
the positioning of the BA group, where p-BA showed optimum glucose-sensing

capabilities. Moreover, these BA derivatives contain polymerisable handles, which
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would allow for these glucose responsive molecules to be covalently polymerised
inside a hydrogel matrix.

In Chapter 5, the BA monomers (0-BA, m-BA and p-BA) described in Chapter 4
were investigated for their response towards different monosaccharides, such as
glucose, fructose and galactose, in a two-component sensing system. In this indirect
sensing approach, the fluorescence of pyranine was monitored. Initially, the optimum
fluorescence quenching of pyranine was determined by interchanging the BA
monomers. 0-BA and m-BA exhibited the most efficient fluorescence quenching
responses and were therefore further investigated for fluorescence recovery
measurements with the monosaccharides. Thereafter, this two-component system was
studied in a hydrogel matrix and later optimised in Chapter 6.

Finally, in Chapter 6, additional strategies for the integration of a two-component
sensing system in to hydrogel matrices were investigated. In Part A, an indirect
sensing approach is described, where a two-component sensor is incorporated inside
an ionogel matrix. A known fluorophore (fluorescein) is employed, which was
immobilised by electrostatic charges within the ionogel matrix. In Part B, monomeric
cocktails were screened with pyranine to optimise fluorescence quenching
interactions and hence, to maximise fluorescence recovery with monosaccharides. In
Part C, linear polymers obtained from the BA monomers described in Chapter 4 are
employed in the construction of sugar-sensitive layer-by-layer films.

In this thesis, both direct and indirect sensing approaches are compared for their
glucose sensing capabilities, where this project aims to incorporate BA derivatives on
to flexible polymeric substrates for continuous non-invasive glucose sensing. Such
platforms include sensing patches or smart contact lenses, where the design of the BA
sensors would allow for simple integration into wearable devices. Such a device could
offer diabetics personal control over monitoring their glucose levels, to aid the

prevention of the side effects associated with the disease.
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2.1 Abstract

Diabetes is an incurable disease known to have severe acute and chronic side
effects, namely blindness, heart disease or kidney failure, among others. While
monitoring the disease marker glucose in blood prolongs life expectancy, non-
invasive continuous monitoring systems currently aren’t available. The blood-glucose
range for a healthy person is ~3-8 mM, increasing to up to 40 mM for people with
diabetes, where the related glucose levels in the ocular fluid are approximately ten
times smaller, between 0.05-0.5 mM increasing to up to 5 mM for diabetics.
Consequently, there is considerable interested in using ocular fluid as a sample
medium for tracking the disease marker.

Herein, boronic acid (BA) sugar sensors have been investigated for their ability to
sense glucose in solution and when immobilised on to a polymeric
polydimethylsiloxane (PDMS) ‘lens’-like platform. The Lewis acidic BA moiety of
the sensor is known for its strong interaction with diols. On interaction with glucose,
the anionic boronate form is produced leading to a decrease in the fluorescence
intensity of the BA sensor with increasing sugar concentrations. In this chapter, the
synthesis and fluorescence studies of novel BA derivatives, 0o-COOHBA and m-
COOHBA, for fluorescence sugar sensing are presented. These BA sensors have been
synthesised via a one-step nucleophilic substitution reaction, where each sensor has a
carboxylic acid group incorporated (-COOH). This COOH functionality would allow
for these BA derivatives to be anchored on to flexible polymeric surfaces. The newly
synthesised BA sensors were compared in terms of their fluorescence, sensitivity to
glucose and their optimal pH sensing range. The sensors have proven efficient for

glucose sensing in the relevant physiological range of blood and ocular fluid.
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2.2 Introduction

In recent years the development of glucose sensors for diabetes has been an
important focus of the medical device community, as stringent control of glucose
levels can significantly minimize the risk of severe side effects and mortality.!-
Several approaches exist for glucose monitoring, based primarily on electrochemical
enzymatic sensing.!* 2 Although at present enzymatic glucose sensors remain
commercially unchallenged, they are not readily available for non-invasive wearable
technology integration.

Boronic acids (BAs) however have been acknowledged for their glucose sensing
capabilities.* As a result of their Lewis acidic properties, they form strong but
reversible interactions with diol-containing compounds, such as glucose.! Due to the
pKa of the BA and the sugar bound form, being ~9 and ~6 respectively, glucose
detection is possible between a pH range of pH 6-9, which is well suited for
physiological applications.’

Integration of BA moieties in to fluorescent frameworks, allows for BA-sugar
binding interactions to be monitored by fluorescence.® James et al., Badugu et al. and
others, have published numerous articles in this area.!?* In the work of Badugu and
co-workers, intramolecular charge transfer mechanisms account for a quenched state
of fluorescence on increased glucose binding to the BA receptor.!»23 They employed
cationic quinolinium fluorophores with a phenylBA substituent attached through a
methyl-linker. As glucose binds to the BA receptor, the BA moiety is transformed to
the anionic boronate form. Consequently, the negative charge on B™ can interact with
the positive N atom in the quinoline ring to quench the fluorescence.! 3

Badugu et al.’ and March et al.>* have previously introduced the idea of integrating
chemosensors within a contact lens sensing platform. Conveniently a contact lens
would allow for painless non-invasive continuous sensing since the lens would be in
constant contact with the ocular fluid. When paired with ICT-technologies, optical
changes in this functionalised lens captured by the smartphone integrated camera,
would allow for personalised monitoring with the use of a mobile phone application
(Figure 2.1). Moreover, since eye-damage and blindness are side effects of diabetes,

this smart lens could also act as a form of corrective vision.>: 142
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Figure 2.1. (A) Concept of a smart-contact lens, functionalised with BA sensor. (B) Mobile
device is used to capture image of smart-lens while in eye. (C) Non-invasive and continuous
glucose-sensing contact lens is coupled to an ICT application. (D) The application evaluates
and maps an optical response in the lens to a specific glucose concentration. (E) Specific
glucose concentrations can provide an indication of hypo- or hyperglycaemic levels in
diabetic patients, allowing them to personally monitor their condition.

In this chapter, two novel BA probes have been synthesised and their response
towards glucose characterised when in solution and when adsorbed to a ‘lens’-like
material. The probe design is based on that of Badugu ef al. which implements a
quinoline fluorophore attached to a phenyIBA ring.!>% 3 141618 The two novel sensors
differ in the orientation of the BA group in the ortho and meta positions. Conversely,
carboxylic acid substituents were employed in the 5-position on the quinoline ring, in
contrast to the methyl- or methoxy-substituents in the 6-position employed by Badugu
et al. The inclusion of the —COOH group allows for these BA-probes to be covalently
immobilised on to a flexible polymeric platform, such as a hydrogel contact lens or
sensing patch. The BA derivatives have shown to respond to glucose between a
concentration range of 0-50 mM, corresponding to the reported ocular glucose levels
(0.05-5 mM) and the blood glucose levels (2-40 mM) in diabetic patients. The BA
sensors were also investigated in aqueous media of varying pH, confirming that the
sensing range of the BA derivatives lies between pH 6-9, between the pK. of the BA
and sugar bound form. The aim of this research is to create a non-invasive continuous

monitoring device for diabetics. By immobilizing a BA sensor on to a polymeric
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platform it is possible to design wearable and conformable sensing devices for use as

smart-contact lenses or sensing-patches.

2.3 Experimental

2.3.1 Materials and Methods

All reagents were purchased from Fluorochem UK or Sigma Aldrich Ireland and
used as received. The polydimethylsiloxane (PDMS) elastomer (Sylgard 184) was
purchased from Dow Corning. Solvents used were methanol (CH3OH), anhydrous
acetonitrile (CH3CN) and anhydrous dimethylformamide (DMF). All reactions were
conducted under an inert atmosphere of nitrogen.

pH measurements were carried out on a VWR sympHony SP70P pH meter.
Structural 'H, ’C and '"B NMR spectra were recorded on a Bruker Avance
Ultrashield 600 MHz spectrometer or a Bruker Avance 400 MHz spectrometer, using
deuterium oxide (D;0), deuterated methanol (ds-CH3OH) or deuterated
dimethylformamide (d7-DMF) as solvents. !'B NMR experiments used BF; in ds-
CH;OH as an external standard. All reactions were monitored by thin layer
chromatography (TLC) that used basic silica plates and CH3OH:CH2Cl> (5:95) as the
mobile phase. High Resolution Mass spectrometry (HRMS) analysis was carried out
on an electrospray ionisation (ESI) mass spectrometer in deionised (DI) water or
CH30H. All fluorescence measurements in solution and doped PDMS-‘lenses’ were
carried out on a JASCO Spectrofluorometer FP-8300 in pH buffer solutions.

A range of buffers were prepared for solvents in spectroscopic analysis, where the
buffer compositions can be found in Table 2.1. Acetate salts were used for acidic pH
buffers (< pH 6), neutral buffers were prepared from phosphate and hydroxide salts
(pH 6-8) and carbonate and hydroxide salts were required for basic pH buffers (> pH

8). All buffers were made up to 200 mL using deionised water.
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Table 2.1. Buffer compositions for 200 mL of required pH buffer.

Acetate CH;COOH CH;COONa DI H,O
Buffers 0.2 M (mL) 0.2 M (mL) (mL)
pH 5.3 17.6 82.4 100
Phosphate KH;PO, NaOH DI H.O
Buffers 0.1 M (mL) 0.1 M (mL) (mL)
pH 6.3 100 19.4 80.6
pH 7.4 100 78.2 21.8
pH 8.12 100 93.4 6.6
Carbonate Na,CO; NaHCO:s DI H.O
Buffer 0.2 M (mL) 0.2 M (mL) (mL)
pH 8.88 4 46 150
Carbonate NaOH NaHCO:s DI H.0
Buffer 0.1 M (mL) 0.05 M (mL) (mL)
pH 11.12 454 100 54.6

2.3.2 General Procedure for the Synthesis of Carboxylic Acid-BA sensors
The carboxylic acid-BA sensors, 0-COOHBA and m-COOHBA, were synthesised

by a one-step nucleophilic substitution reaction, as depicted in Scheme 2.1 and 2.2,
respectively. The phenylBA component was dissolved in anhydrous DMF and
allowed to reflux before the addition of quinoline-5-carboxylic acid dropwise over
~30 minutes. On addition of quinoline-5-carboxylic acid, a colour change occurred
from pale yellow to dark yellow to orange, where the final colour of the reaction was
dark red. The reaction was left for 4 days and was monitored by TLC using basic
silica TLC plates as the stationary phase and CH3OH: CH>Cl, (5:95) as the mobile
phase. An iodine chamber was used to aid visualisation of the spots on the TLC plate.

Solubility tests were carried out on quinoline-5-carboxylic acid, where this
material dissolved in most solvents in a large volume to solid ratio when vigorously
heated; H>O, CH3OH, tetrahydrofuran (THF), CH;CN, DMF and toluene (tol.).

Quinoline-5-carboxylic acid was found to be insoluble in CH>Cl; and diethyl ether.
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2.3.3 Synthesis of 1-(2-boronobenzyl)-5-carboxyquinolin-1-ium bromide (o-
COOHBA)

SN (i) Br_N Ef_OH
+ | — > OH
B ~OH N Z
|
OH
Br HO” Yo HO” Yo
1 2 0-COOHBA

Scheme 2.1. Synthesis of novel BA sensor (0-COOHBA). (i) Anhydrous DMF, N», 80 °C for
4 days.

o-[2-(Bromomethyl)phenylboronic acid] (compound 1; 0.9926 g, 4.62 mmol, 1.8
eq.) was dissolved in anhydrous DMF (1 mL). Quinoline-5-carboxylic acid
(compound 2; 0.4596 g, 2.54 mmol, 1 eq.) was dissolved in anhydrous DMF and was
added dropwise to compound 1 via a syringe, while refluxing over ~30 minutes. On
addition of compound 2, the reaction changed colour from pale yellow to a dark
yellow and after an hour the reaction appeared orange. It was determined that the
reaction reached completion once the mixture appeared a rosewood red colour. The
reaction was refluxed at 80 °C for 4 days and kept under an atmosphere of No.

The reaction mixture was dried under reduced pressure and column
chromatography was performed using silica as the stationary phase and CH3;OH:
CH>Cl: (5:95) as the mobile phase. The product eluted last having the lowest Rr value
of 0.1. The fractions containing o-COOHBA were combined and concentrated under a
reduced pressure before drying. o-COOHBA was collected in a 4% yield as a
white/beige powder and its structure was confirmed by NMR. 'H NMR spectrum (600
MHz, 20 °C, D;0) &: 10.5 (1H, d, J =7 Hz, CH —j), 9.5 (1H, 5, CH — h), 8.5-8.6 (2H,
m, CH —c, a), 8.1-8.2 (2H, m, CH -1, b), 7.6 (2H, d, J= 53 Hz, CH — ¢, f), 7.3 (2H, s,
CH —d, g), 6.3 (2H, s, CH) ppm (Figure 2.2). 3C NMR (150 MHz, 20 °C, CD;OD,
DEPT) o: CH 123.9, 129.7, 130.2, 132.6, 133.4, 134.1, 135.8, 139.9, 147.8, 150.8,
COOH 168.1, CH; 62.9 ppm. "B NMR (192 MHz, 20 °C, CDs;0D) &: B(OH)» 27.3
ppm. HRMS (ESI-MS, D:0) calculated for [CigH17BNO4]" (Figure 2.3), m/z,
322.1245, found 322.1290. FT-IR spectrum for o-COOHBA showed peaks at 3365.19
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(C-OH), 2979.67, 2774.0 (B-OH, C=C-H), 1711.68 (C=0), 1607.95 (C=C) cm™.26
UV-visible spectroscopy found an absorbance peak at 320 nm. Excitation wavelength
was found at 380 nm with a corresponding fluorescence emission wavelength at 485

nm. For raw spectral data and supplementary information see Appendix A.
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Figure 2.2. 'H NMR assignment for Figure 2.3. Structure of 0o-COOHBA found
0-COOHBA. from mass spectrometry analysis,

[C1sH7BNOS]".

2.3.4 Synthesis of 1-(3-boronobenzyl)-5-carboxyquinolin-1-ium bromide (m-
COOHBA)

_OH
7
NS (ii) BN OH
+ —_— =
_OH
3 d 7
Br 3 OH
HO (0] HO (@]
2 m-COOHBA

Scheme 2.2. Synthesis of novel BA sensor (m-COOHBA). (ii) Anhydrous DMF, N,, 66 °C
for 4 days (61%)).

m-[3-(Bromomethyl)phenylboronic acid] (compound 3; 0.2 g; 0.9 mmol, 1 eq.)
was weighed in a glove box under N> and dissolved in anhydrous DMF (~2 mL).
Compound 3 was stirred under nitrogen and heated to 80 °C. The solution appeared
colourless. Compound 2 (0.165 g; 0.95 mmol) was dissolved in anhydrous DMF (~30
mL) and the reaction was heated vigorously. Compound 2 dissolved after ~3h and
appeared as a pale-yellow solution. Compound 2 was added sequentially via a

pressure-equalised dropping funnel to compound 1. The reaction appeared as a pale-
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yellow solution, which evolved to a dark red colour on reaction completion. The
reaction was left to reflux under N> at 66 °C overnight.

Compound 2 precipitated from the reaction and was filtered. The reaction mixture
was then dried under reduced pressure and DI H,O was added to dissolve the desired
product. Compound 2 possessed a very low solubility in water as determined from
previous solubility tests. The mixture was filtered to yield compound 2 as a
precipitate. The water filtrate was concentrated and dried under reduced pressure to
yield m-COOHBA as a white/beige powder in a 61% yield. "H NMR (400 MHz, 20
°C, D20), 6: 9.6 (1H, d, J=9 Hz, CH —j), 9.2 (1H, d,J=5Hz, CH-h), 8.2 (1H, d, J
=9 Hz, CH-1), 7.8 (1H, dd, J=3, 9 and 15 Hz, CH —¢), 7.7 (1H, d, /=7 Hz, CH —
a), 7.6 (1H, dd, J=1,9 and 16 Hz, CH - f), 7.3 (1H, d, /=7 Hz, CH — d), 7.3 (1H, s,
CH -b), 7.1 (1H, d, J= 8 Hz, CH —e), 7.1-7.0 (1H, m, CH — g), 5.9 (2H, s, CH>)
ppm (Figure 2.4). 3C NMR (100 MHz, 20 °C, D,0), &: CH 121.8, 122.7, 127.1,
128.4, 128.9, 129.3, 129.4, 131.8, 132.1, 132.3, 134.6, 135.0, 138.3, 146.8, 149.5,
CH2 31.1, 34.5, 61.8, COOH 163.6, 164.3, 169.2 ppm. FT-IR spectrum for m-
COOHBA showed peaks at 3248.49 (C-OH), 2921.71, 2851.57 (B-OH), 2372.06,
2152.91 (C=C-H), 1658.91 (C=0), 1469.53 (C=C) cm'.26 UV-visible spectroscopy
found an absorbance peak at 320 nm. Excitation wavelength was found at 390 nm
with a corresponding fluorescence emission wavelength at 465 nm. For raw spectral

data and supplementary information see Appendix A.
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Figure 2.4. 'H NMR assignment for m-COOHBA.

2.3.5 Immobilisation of 0-COOHBA on to a PDMS ‘Lens’-Like Polymeric Platform

A PDMS-‘lens’ was fabricated as illustrated in Scheme 2.3. For producing this
‘lens’-like structure, PDMS elastomer (Sylgard 184) was mixed with a curing agent

(10:1) and poured in to the desired ‘lens’ mould and cured at 60 °C for 12h. After this
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time, the ‘lenses’ were removed from the mould. Oxygen plasma was then performed
on the PDMS ‘lenses’ to cleanse the hydrogel and populate hydroxyl groups on its
outer surface, which were required for adsorbing o-COOHBA. Immediately after
performing oxygen plasma, the ‘lenses’ were immersed in a solution of o-COOHBA
(30 mM) dissolved in ethanol and DI water (1:1). Ethanol was used to allow for
increased diffusion of the BA sensing compound through the PDMS polymer
structure. The doped ‘lenses’ were then air dried and their fluorescence was recorded
using fluorometer. Alternatively, a light-emitting diode (LED) source could be used to

excite the fluorescent “lens-like” platform (Scheme 2.3).

Vacuum 1h; W
- - - Oven 60 °C 12h = = =

- - - ~— ~— ~— & “Lens” Mould

OH
OH
OH
\ oH | OH oH

_ PDMS
1.2 mm
| “Lenses”

Aex =380 nm ‘ Ay, = 485 minm

Doped in 0-COOHBA
EtOH:DI H,0 (1:1)

Scheme 2.3. Fabrication steps taken for producing a doped PDMS ‘lens’ with 0-COOHBA.

2.4 Results and Discussion

2.4.1 Glucose Sensing Mechanism

The equilibrium of BA groups binding sugars is quite complex. The BA group is
trigonal planar when neutral, however in basic pH solutions, the BA moiety is
transformed to the anionic boronate form, which has a tetrahedral geometry.’ As
previously mentioned, BA derivatives can sense glucose within a pH range of pH 6-9,
due to the pKa of the BA and sugar bound form. On formation of the boronate-sugar

complex, a conformational change around boron is induced. Sugar binding to the BA
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group is preferential when the BA moiety exists in its anionic form. Since the pKa of
the BA group is ~9, using BA derivatives for glucose sensing in solutions close to
physiological pH can be unfavourable. To overcome this challenge, electron-
withdrawing groups can be incorporated in to the structure of BA derivatives to lower
the pKa of the BA group and enhance sugar binding in solutions of pH 7.4.2? In this
context, a positively charged N* atom was included in the quinoline fluorophore,
which possesses electron-withdrawing properties.'> From the literature, this is known
to reduce the pKa of the BA sensors to < 7.1 When glucose binds, the BA group is
typically tetrahedral and anionic. Primarily as depicted in Scheme 2.4, the ortho
positioning of the BA group to the N* moiety is optimal for interaction with the
cationic fluorescent component of the molecule, for an intramolecular charge-transfer
interaction.’ This B-N" interaction is known to neutralise the anionic charge on boron
and also stabilise sugar binding.®> Consequently, this fluorescence quenching is
induced in the fluorescent-BA sensor on sugar binding, known as a charge
neutralisation-stabilisation interaction (Scheme 2.4).! % As a result, glucose
concentrations can be monitored by fluorescence quenching in the BA sensors. Since
the tetrahedral form of boron can be induced in basic solutions, quenching can also be

achieved by increasing the pH of the solution above the pK. of the BA derivative.

OH
Nt  B—OH I ol
B | (/) N"'\ ? O
OH —————= o
Z (ii) _
_O O _O O

Scheme 2.4. Charge neutralisation-stabilisation interaction on glucose binding to the
fluorescent 0-COOHBA sensor, forming the non-fluorescent boronate-sugar complex. (i)
Addition of glucose. (ii) Removal of glucose or addition of acid.

2.4.2 Determining the Sensing Range of 0-COOHBA and m-COOHBA

The pH sensing range of BA sensors has been defined between pH 6-9, due to the
pKa of the BA group and sugar-bound form.’ By investigating the fluorescence
response of 0o-COOHBA and m-COOHBA towards glucose in solutions of varying

pH, their sensing range can be determined. Consequently, when this interaction was
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monitored in pH solutions of less than pH 6 and higher than pH 9, fluorescence
quenching was not observed. As expected, in both COOHBA sensors, in pH solutions
of pH < 6 (pH 5.3), corresponding to the pK, of ~6 for the sugar-bound BA form, the
fluorescence intensity remained stable as the concentration of glucose was increased
(Figure 2.5). Similarly, in pH solutions greater than pH 9 (pH 11.8), corresponding to
the pKa ~9 for the BA form, increasing glucose concentrations showed to have no
effect on the fluorescence of the COOHBA derivatives. As expected, only within the
defined sensing range of pH 6-9 (e.g. pH 7.4), a decrease in the fluorescence intensity
was observed with increased concentrations of glucose (Figure 2.5). This
demonstrates that sensing in solutions close to physiological pH is possible,

highlighting that both COOHBA sensors could be implemented for biological sensing

applications.
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Figure 2.5. Glucose sensing using both 0-COOHBA and m-COOHBA in various pH buffer
solutions ranging between pH 5.3-11.8. Left: Fluorescence glucose-sensing using o-
COOHBA (0.5 mM) with 10 mM glucose. Right: Fluorescence glucose-sensing employing
m-COOHBA with 10 mM glucose, where Fj is the maximum fluorescence of the COOHBA
derivatives in pH 7.4 buffer solution and F is the measured fluorescence of the COOHBA
derivatives in all other solutions.

It was also notable that the fluorescence of 0-COOHBA was greater outside of the
sensing range in comparison to m-COOHBA. In pH solutions < 6, the F/Fo values for
0-COOHBA and m-COOHBA were ~0.5 and ~0.1, respectively and similarly, in pH
solutions > 9, the F/Fo values were ~0.7 and ~0.3 respectively. The higher F/F, for o-
COOHBA suggest that the orientation of the BA group in the 2-position enables an
optimal geometry for B-N" interaction to stabilise glucose binding. On forming this
interaction, the conjugated m-system in the BA derivatives structure can be elongated

to exhibit enhanced fluorescence in comparison to m-COOHBA, where the BA group
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is slightly hindered for a maximised interaction. In this meta orientation, solvent
molecules are required to bridge the spacial gap between B~ and N* to permit this
interaction.® > However, although optimised fluorescence quenching was expected
with 0-COOHBA, m-COOHBA exhibited the enhanced response possibly owed to
steric hindrance effects on glucose binding. Fluorescence in both COOHBA
derivatives however, is quickly quenched due to the intramolecular charge transfer
fluorescence quenching mechanism.

Further observations denote that the fluorescence was higher in basic solutions in
comparison to acidic pH solution. This result can be explained based on the high pKa
of the BA moiety (~8-9).> 22 For this reason, BA derivatives bind diol-containing
compounds in alkaline aqueous media more favourably than in acidic or neutral
solutions.” This can be related to the tetrahedral conformation of the boronate moiety
in basic solutions, which allows for sugars to bind rapidly. Recently, this has been an
area of great interest, where many research groups have attempted to synthesise BA
derivatives with a lower pKa,.!! Research has shown that by including EWGs into the
BA-sensor structure, the BA derivative can become more receptive to glucose in
neutral solutions.?! This approach aims to optimise glucose-sensing using BA

derivatives for physiological applications.

2.4.3 Fluorescence Glucose-Sensing Using 0-COOHBA and m-COOHBA

0-COOHBA and m-COOHBA have been investigated for their glucose sensing
capabilities in solutions of pH 7.4, close to physiological pH. As glucose binds to the
BA receptor, glucose concentrations can be measured by changes in fluorescence. An
intramolecular charge transfer quenching mechanism induces a decrease in the
fluorescence intensity as the glucose concentrations increase. The excitation of these
sensors was just outside the visible range of the electromagnetic spectrum, where the
excitation wavelength for o-COOHBA was 380 nm and the corresponding emission
wavelength was 485 nm (Figure 2.6A). Similarly, for m-COOHBA the excitation
wavelength was 390 nm and the emission wavelength was 465 nm (Figure 2.6B).
Both of these sensors exhibit a large Stokes shift between the excitation and emission
wavelength, which is desired for sensing applications. Moreover, since the excitation
wavelengths are in the blue-UV region, low cost, readily available blue LEDs could
be easily integrated as an excitation source into a sensing platform for the COOHBA

SENnsors.
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Figure 2.6. (A) Excitation (green) and emission (blue) fluorescence spectra for o-COOHBA,
where the excitation wavelength is 380 nm and the corresponding emission wavelength is 485
nm. (B) Excitation (green) and emission (blue) fluorescence spectra for m-COOHBA, where
the excitation wavelength is 390 nm and the corresponding emission wavelength is 465 nm.

0-COOHBA and m-COOHBA have shown that they are responsive to glucose
within the clinically accepted physiological range for diabetic sugar concentrations.
The blood-glucose range for a healthy individual is ~3-8 mM, varying greatly in
people suffering with diabetes in a range of 2-40 mM.> 2! From Figure 2.7, a
quenched state of fluorescence in 0-COOHBA can be seen by 40% when 50 mM
glucose is introduced. In the case of m-COOHBA (Figure 2.7A), the fluorescence is
essentially switched-off as a decrease in fluorescence by 78% is observed in the
presence of 50 mM glucose (Figure 2.7B). Moreover, these COOHBA sensors are
particularly susceptible to the lower concentrations of glucose between 0-10 mM,
where this is important for monitoring hypoglycaemic states. Monitoring these low
glucose concentrations is particularly important in intensive care units in hospitals and
also for detecting glucose in alternative physiological fluids, such as ocular fluid,
where the glucose concentrations are approximately ten times smaller than the blood
glucose levels (0.05-5 mM in diabetic patients).> 2’ Since the emission wavelengths
for the sensors are in the visible region of the electromagnetic spectrum, quenching by
increased concentrations of glucose was visible by eye under a bench-top UV lamp.
The BA derivatives were also designed to contain a carboxylic acid anchoring group,
so that these sensors could be immobilised on to a flexible polymeric support, which
would allow for efficient integration in to a device. Under these conditions, the
sensors could be readily fabricated into a sensing platform for non-invasive and
continuous glucose detection in alternative physiological fluids such as ocular fluid or

sweat.
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Figure 2.7. (A) Fluorescence quenching of o-COOHBA (0.5 mM) on sequential additions of
glucose (0-50 mM) in pH 7.4 phosphate buffer solution. A decrease in fluorescence intensity
by 40% was observed at the emission wavelength 485 nm in the presence of 50 mM glucose.
The excitation wavelength was 380 nm. (B) Fluorescence quenching of m-COOHBA (0.5
mM) on sequential additions of glucose (0-50 mM) in pH 7.4 phosphate buffer solution. A
decrease in fluorescence intensity by 78% was observed at the emission wavelength 460 nm
in the presence of 50 mM glucose. The excitation wavelength was 390 nm. The insets for

each graph show the COOHBA sensor response to glucose between the concentration range
of 0-10 mM.

2.4.4 Immobilisation of 0o-COOHBA on to a PDMS ‘Lens-Like’ Platform and

Fluorescence Response to Glucose

0-COOHBA was chosen for immobilisation on to a PDMS ‘lens’-like polymeric
platform since this material had a higher fluorescence intensity in comparison to m-
COOHBA. A PDMS ‘lens’-like platform was fabricated as illustrated in Scheme 2.3
(Section 2.3.5). Upon 0-COOHBA (30 mM) doping in DI water and ethanol (1:1), the
‘lens’ was fluorescent, due to the presence of the BA group in its neutral trigonal

planar form.
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Scheme 2.5. Doped PDMS ‘lens’ with 0-COOHBA. The ‘lens’ is fluorescent due to the
presence of neutral BA group. When the ‘lens’ is then immersed in a solution containing
glucose, the ‘lens’ becomes non-fluorescent due to the conformational change in boron to the
anionic boronate form producing the boronate-glucose complex. (i) Addition of glucose (ii)
Removal of glucose or addition of acid.

On immersion of this ‘lens’ in solutions containing glucose, the fluorescence of the
‘lens’ became quenched (Scheme 2.5). The fluorescence of the ‘lens’ was initially
measured using a fluorimeter in a pH 7.4 buffer solution and then recorded when the
‘lens’ was immersed in glucose solutions (0-5 mM) in the same buffer. The PDMS
‘lens’ was placed on a glass slide at a 30° angle inside the quartz cuvette and the
fluorescence was recorded while the PDMS material was hydrated in solution.
Concentrations of glucose were increased in increments of 1 mM and fluorescence
measurements were recorded after each addition. When the ‘lens’ was placed in the
solution containing 5 mM glucose, the fluorescence was practically switched off
(Figure 2.8). The highest concentration of glucose employed was 5 mM glucose, since
this concentration range can be correlated with the ocular glucose concentration range
in diabetic patients.>!” The aim of this research was to propose the applicability of the
0-COOHBA sensor in a non-invasive and continuous sensing platform, such as a

contact lens.
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Figure 2.8. Fluorescence quenching in the 0-COOHBA doped PDMS ‘lens’ on immersing
the ‘lens’ in various pH 7.4 phosphate buffer solutions containing glucose concentrations
between 0-5 mM. The excitation wavelength used was 380 nm and the corresponding
emission wavelength was 485 nm.

2.5 Conclusions

In recent years, sugar detection has been exploited by an array of different sensing
methods with an end goal of producing a non-invasive and continuous monitoring
device for diabetics to control their glucose-levels. Currently, such a device does not
exist. An optical approach, such as variations in colour or fluorescence, using
chemosensors is thought as the solution for overcoming monitoring device challenges
to reach this elusive goal.

BA derivatives can bind diol-containing molecules, like glucose, which is the
reason many BA-containing compounds have been synthesised for glucose
monitoring applications. It has been shown in this chapter that the o-COOHBA and
m-COOHBA sensors can be used for monitoring glucose concentrations by a decrease
in their fluorescence within the determined pH sensing range of pH 6-9. Moreover,
these sensors have shown that glucose detection is possible in the lower glucose
concentration ranges correlating to the accepted glucose levels for diabetic patients in
the aqueous ocular humour (0.05-5mM). The 0-COOHBA sensor was chosen for

immobilisation on to a flexible polymeric platform, similar to that of a contact lens. In
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comparison to the solution-based studies, the fluorescence of the 0o-COOHBA doped
‘lens’-like platform was quenched as the concentration of glucose was increased. The
fluorescence of the ‘lens’ was practically switched off in the presence of 5 mM
glucose in pH 7.4 phosphate buffer solution. These results demonstrate that the newly
synthesised BA sensors have the potential to be employed in future physiological

glucose-sensing devices for glucose monitoring in the aqueous ocular humour.

2.6 Future Work

Further research in this area currently involves investigating glucose binding
efficiency between the ortho and meta derivatives. Due to the intramolecular N*-B-
interaction that can occur, it would be expected that the ortho derivative would show
the enhanced fluorescence response, however in this study the meta derivative showed
a greater decrease in fluorescence. This can be explained by steric effects preventing
desired binding of glucose. Further investigations by NMR and molecular modelling

are underway to prove this theory.

0-COOHBA

m-COOHBA

So@e,
2 OgOQJ
J ) &) 5
e

Figure 2.9. 3D molecular models of COOHBA derivatives, produced using free MolView
software, shows the potential conformation of the COOHBA derivatives before and after
sugar binding. The N"-B" interaction is represented by the dotted line.
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The covalent immobilisation of the COOHBA sensing components on to the
convex side of commercially available contact lenses is also being investigated.
Badugu et al., have introduced before the concept of attaching a BA fluorophore to a
contact lens, for fluorescence sensing of glucose.! % 3 17 Several immobilisation
strategies involving a tether motif are likely to be employed to attach the COOHBA
derivative to a polymeric surface, in order to study the influence of the fluorophore-
surface interactions, the optimal spacer length and the optimal density of
fluorophores. Polyethylene glycol derivatives are of interest in this context as
anchoring spacers due to their hydrophilicity and biocompatibility. A polymeric brush
approach, whereby multiple BA binding sites are available for glucose interaction is
also envisioned, since it is known that glucose binds more favourably to bis-BA
derivatives over mono-BA ones.

We would attempt to improve the system reported by Badugu ef al. by selectively
attaching the BA sensors in desired patterns on the convex side of the commercial
contact lens, rather than non-covalent doping by absorption of the contact lens with
the BA derivatives.!: %> 17 This aims to avoid important issues such as leaching of the
dye and direct contact of the BA probes with the eye, minimizing potential toxicity
effects of these sensing lenses, while simultaneously allowing diabetics to
continuously and non-invasively track their glucose levels in real-time. The smart-
contact lens aims to report obvious colour changes or changes in fluorescence and
therefore provide continuous information on glucose levels in the ocular fluid. In
conjunction with ICT-technologies this functionalised lens could evaluate and map an
optical change in the lens to a specific glucose concentration, on capturing an image
of the lens while in the eye. This could offer convenience and practicality when
monitoring glucose levels. The ultimate goal would be to produce an application for
smartphones to track glucose concentrations via optical changes in contact lenses
captured using the smartphone’s integrated camera. This application will allow data to
become available to patients, doctors and careers, which would contribute to
increased patient compliance® 2 and citizen focused management of personal health

through the use of a non-invasive optical sensor.
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3.1 Abstract

Lewis acidic boronic acids (BAs) are well known for their strong, but reversible
interactions with diol-containing compounds like glucose. In this context, a two-
component sensing system comprising of 7-hydroxycoumarin (7HC), a commercially
available negatively-charged fluorophore and cationic BA molecules, have been
investigated for indirect glucose sensing. In this system, the fluorescence of 7HC is
monitored. On increased concentrations of the cationic BA derivative to the anionic
fluorophore, the formation of a non-fluorescent ground-state complex results by
electrostatic and n—mn stacking interactions. On glucose addition, dissociation in the
complex is initiated to restore the fluorescence of 7HC, acting as a molecular switch.

In this chapter, the synthesis of novel cationic BA fluorescence quencher
molecules, 1-(2-boronobenzyl)-5-bromopyrimidin-1-ium bromide (BAl) and 1-(3-
boronobenzyl)-5-(3-hydroxy-3-methylbut-1-yn-1-yl) pyrimidin-1-ium bromide (BA2)
is presented. BA1 and BA2, respectively, are then used in conjunction with 7HC in a
two-component system to provide a fluorescence response to glucose. Both BA1 and
BA2 induce a quenched state of fluorescence in 7HC. 125 equivalences of BA1 in pH
8.12 phosphate buffer caused a quenched state of fluorescence in 7HC by 24%, where
this fluorescence was restored by 4% on introducing 5 mM glucose. On the other
hand, 300 equivalences of BA2 induced a decrease in the fluorescence intensity of
7HC by 98% in a solution of pH 8.6, where 33% of this fluorescence could be
recovered on sequential additions of glucose up to 100 mM. From these results, it was
deduced that by working in a pH solution slightly more basic than the pK, of the
fluorophore (~7.7), fluorescence quenching interaction could be optimised. The
glucose sensing range for BA1 was determined to be between 0-5 mM glucose, which
lies within the clinical range for ocular-glucose concentrations in diabetic patients
(0.05-5 mM). On the other hand, the glucose sensing range for BA2 is between 0-50
mM, which corresponds to the recognised range for blood-glucose concentrations in

diabetics, known to be between 2-40 mM.
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3.2 Introduction

Boronic acids (BAs) can act as sensors for recognising sugars. Due to their Lewis
acidic properties,'-? BAs are capable of strong, reversible interactions with electron
withdrawing diol-containing compounds, such as glucose.> This allows for the
formation of cis-1,2- or cis-1,3-cyclic boronate diesters on sugar binding under
alkaline conditions due to their basic pKa.!**> BAs typically have a pKa close to 9,
however when situated close to an electron withdrawing group, such as a N* moiety
or when bonded to hydroxyl groups in a saccharide molecule, the BA becomes more
acidic with a reduced pKa to ~ 8 or ~6, respectively.®> As a result, BAs are suitable
for bio-sensing, as the pH of physiological fluids, such as blood, sweat or tears, lies
within this range.

In 2002 Singaram and co-workers were the first to introduce an indirect sugar
sensing concept of monitoring glucose concentrations by changes in fluorescence.” In
this research, the fluorescence quenching in pyranine was reported, on interacting
with a cationic BA viologen compound to form a non-fluorescent ground state
complex.” The fluorescence restoration was then accomplished by the addition of
glucose, fructose or galactose, that induced a conformational change around boron to
the anionic boronate species on saccharide binding.> 7 Singaram and co-workers
initially studied this sensing interaction in solution and more recently when the two-
component system was immobilised inside a hydrogel matrix.>> 7! Feng et al.'*'*
and Li et al.! have also proposed two-component sensing systems utilising the same
BA viologen compounds proposed by Singaram and co-workers. The main
disadvantage to Singaram et al’s approach is that viologen-compounds exhibit
biological toxicity.!> There are several advantages for indirect sensing over the direct
sensing approach described in Chapter 2. The main benefit is that the BA component
can be modified separately to obtain enhanced selectivity for glucose over other
sugars, such as fructose, without altering the structure of the fluorophore reporter
unit,> % 12

Fluorescent dyes are complex organic molecules, which can be used to induce an
optical response in a sensing system.> They are sensitive to discreet alterations in their
chemical structure, which makes them desirable as fluorescent reporter units.’
Therefore, the use of commercially available, well-studied fluorescent units in a two-

component sensing approach, is considered an advantage over covalently attaching
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BA components to fluorescent structures in a direct glucose-sensing approach.’
Utilising two-components also allows for a screening process of other BA molecules
with a chosen fluorophore and vice versa, to achieve an optimised quenching
interaction and hence, to maximise fluorescence recovery in the presence of sugar
molecules.®

In this context, the syntheses of two novel fluorescent BA-molecules, BA1 and
BA2 are presented and the sensors are investigated for their ability to detect glucose
in a two-component sensing system. In this case, the BA molecule acts as the glucose
receptor and fluorescence quencher. The BA molecules contain a positively charged
pyridinium nucleus to promote electrostatic interactions with an anionic fluorophore
to induce fluorescence quenching.” This quenching process is achieved based on an
electrostatic interaction, where an anionic fluorophore interacts with a cationic BA
molecule.? Photophysical characterisation shows that upon increased concentrations
of a cationic BA-derivative to 7HC, an efficient and sequential decrease in the
fluorescence intensity of 7HC can be observed by the formation of a non-fluorescent
ground state complex, through electrostatic and n-r stacking interactions.> '# In the
presence of saccharides, the anionic boronate ester form is produced, which causes
dissociation of the BA-molecule and fluorophore ground state complex, leading to a

sequential restoration of fluorescence. !> > 1112, 14,17

3.3 Experimental

3.3.1 Materials and Methods

All BA reagents were purchased from Fluorochem, UK and all other reagents were
acquired from Sigma Aldrich, Ireland. All reagents were used as received. Solvents
used were methanol (CH3OH), anhydrous acetonitrile (CH3CN), anhydrous
tetrahydrofuran (THF) and anhydrous dimethylformamide (DMF). All reactions were
conducted under an inert atmosphere of nitrogen.

pH measurements were carried out on a VWR sympHony SP70P pH meter. 'H and
BC NMR spectra were recorded on a 400 MHz or 600 MHz Bruker NMR
spectrometer, using deuterium oxide, deuterated methanol (ds-CH3OH) or deuterated
dimethylformamide (d7-DMF) as solvents. ''B NMR experiments were carried out on
a Bruker Avance Ultrashield 600 MHz NMR spectrometer. BF3 in deuterated

methanol was used as an external standard for !'B experiments. All reactions were
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monitored by thin layer chromatography (TLC) that used basic silica plates and
CH30H: CH2Cl> (5:95) as the mobile phase. All fluorescence measurements were
carried out on a JASCO Spectrofluorometer FP-8300 in pH buffer solutions using a
quartz Suprasil cell with a pathlength of 10 mm and a volume of 1.4 mL. Parameters
for fluorescence measurements were; medium sensitivity, 2.5 nm bandwidth, 1 nm
data interval, 1 second response time and 500 nm/min scan speed.

A range of buffers was prepared for spectroscopic analysis, where the buffer
compositions can be found in Table 3.1. Both phosphate buffers were prepared for
solutions of pH 7.4 and pH 8.12 and a carbonate buffer was prepared for the pH 8.88
solution. The phosphate buffers used were 0.1 M potassium dihydrogen phosphate
(KH2PO4) and 0.1 M sodium hydroxide (NaOH) salts, while the carbonate buffer was
composed of 0.2 M sodium carbonate (Na2COs3) and 0.2 M sodium hydrogen
carbonate (NaHCO3) salts. All buffers were made up to 200 mL using deionised
water. The pH of all solutions was measured using a VWR sympHony SP70P pH

meter.

Table 3.1. Buffer compositions for 200 mL of required buffer.

Phosphate KH;PO4 0.1 M NaOH 0.1 M DI H,O
Buffers (mL) (mL) (mL)
pH 7.4 100 78.2 21.8
pH 8.12 100 93.4 6.6

Carbonate NaxCO;3 0.2 M NaHCO3 0.2 M DI H,0
Buffer (mL) (mL) (mL)
pH 8.88 4 46 150




3.3.2 Synthesis of 1-(2-boronobenzyl)-5-bromopyrimidine-ium bromide (BA1) and 1-
(3-boronobenzyl)-5-(3-hydroxy-3-methylbut-1-yn-1-yl) pyrimidine-1-ium bromide
(BA2)

3.3.2.1 Synthesis of BAI

IIB,OH
. OH
NN (i) Nl“N+ _
g-OH  + v > H/ Br
1
H Br Br
Br ©
1 2 BA1

Scheme 3.1. Synthesis of BA1. (i) Diethyl ether, 20 °C for 24h.

BA1 was prepared by a one-step nucleophilic substitution reaction, depicted by
Scheme 3.1. 0-[2-(Bromomethyl)phenylboronic acid] (compound 1: 0.5069 g; 2.3593
mmol, 2 eq.) was dissolved in diethyl ether (2 mL). 5-Bromopyrimidine (compound
2: 0.1875 g; 1.1791 mmol, 1 eq.) was dissolved in diethyl ether (2 mL) and was
added drop-wise to compound 1 while stirring. The reaction was stirred at room
temperature for 24h. The reaction was cooled to 0 °C and a white precipitate formed,
affording BA1. The precipitate was collected via vacuum filtration and the white solid
was washed with diethyl ether. BA1 was collected in a 44% yield as a white powder
and its formation was confirmed via '"H NMR (400 MHz, 20 °C, D>0), : 9.0 (1H, s,
CH-c¢), 8.9 (2H, s, CH-D), 8.5(2H, s, CH—a), 7.1 (2H, s, CH —a), 5.7 (2H, 5, CH>)
ppm (Figure 3.1). "B NMR (192 MHz, 20 °C, D;0), &: 27.9 (B, s, B(OH)>) ppm.
HRMS (m/z) calculated for [Ci2Hi3BBrN>O]" (monomethylether) 307.0250, found
307.0249. FT-IR for BA1 found peaks at 3166.17 (B-OH), 2832.65 and 2353.51
(C=C-H), 1574.05, 1445.0 (C=C) and 752.3 (C-Br) cm™".!® UV-visible spectroscopy
found an absorbance peak at 285 nm. Fluorescence spectroscopy found an excitation
peak at 338 nm and a corresponding emission peak at 380 nm. For raw spectral data

and supplementary information see Appendix B.
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Figure 3.1. Chemical structure of BA1, with labelled 'H atom assignments.

3.3.2.2 Synthesis of BA2

Scheme 3.2. Synthesis of BA2. (i) PACIy(PPhs),, Cul, diethylamine, Ar, stirred at RT for 24h.
(i1) Anhydrous THF, Ny, reflux at 80 °C for 5 days.

A two-step reaction process was required to synthesize BA2. A Sonogashira
coupling reaction was first completed to produce 2-methyl-4-(pyrimidin-5-yl)but-3-
yn-2-ol (compound 4), which then underwent a nucleophilic substitution reaction to
yield BA2 (Scheme 3.2). 5-bromopyrimidine (compound 2; 6.09 g, 38.30 mmol, 11.3
eq.), PdCl2(PPhs), (0.30 g, 4.31 mmol, 1.3 eq.), Cul (65 mg, 3.40 mmol, 1 eq.) and 2-
methyl-3-butyn-2-ol (compound 3; 4.40 mL, 45.4 mmol, 13.4 eq.) were dissolved in
diethylamine (90 mL) and bubbled under Ar. The reaction mixture was stirred under
Ar overnight at room temperature. The solvent was then removed in vacuo and the
mixture was dissolved in CH»Cl,. Addition of CH30H precipitated the desired
product and the product was filtered and washed with CH3OH. Compound 4 was
collected as light brown crystals (66%). M.pt: 114-118 °C. '"H NMR (400 MHz, 20
°C, CDCl3) 8: 9.16 (1H, s, CH —a), 8.79 (2H, s, CH — b), 2.17 (1H, s, OH), 1.67 (6H,
s, CH3) ppm (Figure 3.2). *C NMR: (150 MHz, 20 °C, CDCls,) &: 158.6 (2C, b),
156.6 (1C, a), 119.2 (1C, Cguavary1), 100.9 (1C, Ar-C=C-), 75.3 (1C, Ar-C=C-), 65.4
(1C, Cquatary), 31.0 (2C, -CH3) ppm (Figure 3.2). HRMS (ESI-MS, CHCI3) calculated
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for CoH11N2O, [M+H]" m/z, 163.0871, found 163.0866. FT-IR for compound 5 found
peaks at 3256 (C-OH), 2932, 2671, 2489 (C=C-H), 2161 (Alkyne C-C-H), 1555, 1475
and 1397 cm™! (C=C).!"® UV-visible spectroscopy in methanol found an absorbance
peak at 245 nm. Fluorescence spectroscopy found an excitation wavelength at 283 nm
and the corresponding emission wavelength was 311 nm. For raw spectral data and

supplementary information see Appendix B.

g N
B‘OH
a a
a c
NIQN NSNS
b\# b p LA b Br
OH OH
Figure 3.2. Chemical structure of comp- Figure 3.3. Chemical structure of BA2,
ound 4. H atoms are labelled. with labelled 'H atom assignments.

BA2 was prepared by a nucleophilic substitution reaction, as depicted in Scheme
3.2. m-[3-(bromomethyl)phenylboronic acid] (compound §; 0.5116 g; 2.3813 mmol,
2.3 eq.) was dissolved in anhydrous THF (~5 mL). Compound 4 (0.1705 g; 1.0514
mmol, 1 eq.) was dissolved in anhydrous THF (~10 mL) and was added drop-wise via
a pressure-equalised dropping funnel to compound 6 while refluxing over 30 minutes.
The reaction was refluxed at 80 °C for 5 days and kept under N». After 5 days, the
reaction appeared as a red/brown solution containing a tan precipitate. The tan
precipitate was isolated via vacuum filtration as BA2 (30%) and washed with cold
THF. NMR confirmed the structure of BA2 and the proton assignments can be seen in
Figure 3.3. '"H NMR (600 MHz, 20 °C, DMF-d>), é: 8.7 (1H, s, CH — ¢), 8.2 (2H, s,
CH-b),79(2H,d,J=7Hz,CH-a), 7.7 (1H,d,J=8 Hz, CH—a), 7.4 (1H, t, J =17
and 14 Hz, CH - a), 3.6 (2H, s, CH»), 2.9 (3H, s, CH3), 2.7 (3H, s, CH3) ppm. (Figure
3.3). 3C NMR (150 MHz, 20 °C, DMF-d5), &: 28.8, 28.9, 29.0, 29.1, 29.2, 29.3, 29.5,
29.6 (CHas), 34.3, 34.4, 34.6, 34.7, 34.8 (Cquavary1), 47.1, 47.1, 47.3, 47.4, 47.6, 47.7,
47.9, 48.3, 48.6 (Ar-C=C-), 162.6, 162.8, 163.0 (CH) ppm. FT-IR for BA2 found
peaks at 3359.27 (B-OH), 3188.03 (C-OH), 2920.99, 2851.27 (C=C-H), 2020.05
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(Alkyne C-C-H), 1645.55, 1632.29 cm™! (C=C).!® UV-visible spectroscopy found an
absorbance peak at 370 nm for 2.5 mM BA2 in CH3;OH. Excitation wavelength was at
430 nm and the corresponding fluorescence emission wavelengths were at 484 nm

and 533 nm. For raw spectral data and supplementary information see Appendix B.

3.4 Results and Discussion
3.4.1 Fluorescence Spectroscopy

To evaluate the effectiveness of fluorescence quenching of 7HC in the case of both
BA sensors, BA1 and BA2, fluorescence measurements in different pH buffer
solutions were carried out. 7HC is known to emit a strong blue fluorescence at ~460
nm, when excited at ~328 nm (in its neutral form) or ~370 nm (in its anionic form).
Solutions used for these fluorescence experiments included pH 7.4 phosphate buffer,
pH 8.12 phosphate buffer and a mixture of pH 7.4 phosphate buffer with methanol
(1:1) with a measured pH of 8.6. The pH of the buffer solutions was imperative for
these tests due to the pK, of 7HC being ~7.7.!° In tests conducted at pH 7.4 the neutral
form of 7HC (Figure 3.4, yellow) was predominantly present while in solutions of pH
8.12 and pH 8.88 the anionic form (Figure 3.4, blue) was dominant. Both forms of the
fluorophore were determined spectroscopically, where in the excitation spectrum the
neutral form of 7HC appeared at 328 nm and the anionic form at 367 nm, respectively
(Figure 3.4).

L0
HO o" o

3500 17

328 nm 454 nm
3000 A N
2500 7 367 nm

2000 A

1500 A

Intensity (A. U.)

1000 -

500 A

0 T T T T T T 1
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Wavelength (nm)

Figure 3.4. Excitation and fluorescence emission spectra for 7HC (4 uM) in pH 7.4 buffer

solution, where the excitation wavelengths are 328 and 367 nm and the emission wavelength
corresponding to both excitation wavelengths is 454 nm.
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In this work, the cationic BA-components BA1 and BA2 were synthesised to
contain a positively charged N atom, in order to promote electrostatic interactions
with the anionic fluorophore 7HC, to form a photo-inactive ground-state complex.> >
4 On glucose additions to this two-component system, glucose bound to the BA
moiety, which induced a conformational change around boron to the anionic boronate
form. This resulted in the dissociation of the ground state complex, demonstrating the
reversible restoration of fluorescence in 7HC.

Two types of quenching can occur when using a cationic BA molecule to decrease
the fluorescence of an anionic fluorophore, namely static and dynamic quenching.
Static quenching includes electrostatic and n-m stacking interactions,!? while dynamic
quenching involves fluorescence deactivation due to collisions with other molecules
in the excited state in solution.” Static quenching interactions are the main
intermolecular interactions of interest in this two-component fluorescence quenching
mechanism, due to the structure of the components containing conjugated m-systems
and ionic charges.? > 7-12:20 At pH values above the pKa of 7HC (> 7.7), the 7HC
fluorophore is anionic and the BA components are cationic, which allows for
electrostatic interactions, as well as m-m stacking interactions, as both compounds
contain benzyl ring functionalities. A Stern-Volmer plot permits the study of an
intermolecular deactivation process, such as fluorescence®2° and when only one type
of quenching process occurs, this is usually depicted by a linear Stern-Volmer plot in
the fluorescence curve, corresponding to Equation 3.1.>2° On the other hand, where
two intermolecular interactions take place, i.e. both electrostatic and m-m stacking
quenching processes, this is represented by an exponential decreasing trend in the
fluorescence curve, corresponding to Equation 3.2.% 121420 In static quenching, the
fluorophore is quenched based on the formation of a ground-state complex, which is
not dependant on diffusion or molecular collisions. In order to achieve the optimal
quenching parameters for this study, both electrostatic and m-n stacking quenching
interactions are required. This would ensure for an effective fluorescence decrease
and hence fluorescence restoration, in order to maximise the fluorescence response for
glucose detection.

Fo/F =1+ K,[Q] (3.1)
Fo/F = (1+ K;[Q])e"1®! (3.2)
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3.4.1.1 Fluorescence Spectroscopy of BAI

The fluorescence of 7HC was measured in a pH 8.12 phosphate buffer solution.
With increased concentrations of BA1 the fluorescence of 7HC became quenched
(Figure 3.5A). Since the pH of the working solution was slightly higher than that of
the pKa of the fluorophore (~7.7), the fluorophore was present mostly in its anionic
state.!” Therefore, electrostatic quenching between the negatively charged fluorophore
and cationic BA-derivative was permitted. From Figure 3.5 (B and C), the excitation
and emission spectra for 7HC with increased concentrations of BA1 is illustrated,
where the excitation wavelength of 7HC was 367 nm and the corresponding emission
was at 454 nm, corresponding to literature reported values.!” From the excitation
spectrum, it can be confirmed that the fluorophore is present largely in its anionic
state by displaying one predominant peak at 367 nm. A slight shoulder can be seen at
~328 nm, characteristic for the neutral form of 7HC (Figure 3.5B).> ¥

From the fluorescence curve in Figure 3.5D, a linear trend (R? = 0.999) can be
seen, which denotes a single type of quenching resulting from the ground state
complex formation between the fluorophore and BA-derivative. This type of
quenching is most likely a result of electrostatic interactions between the fluorophore
and BA derivative, since the pH of the solution is slightly higher than the pK. of the
fluorophore, meaning the fluorophore is mainly in its anionic form. It is believed that
the bulky electron withdrawing —Br substituent attached to the pyrimidine ring, in this
case prevents efficient overlap between the fluorophore and BA-quencher molecules
for sufficient mn-m stacking interactions to result in an exponential decrease of

fluorescence.
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Figure 3.5. (A). Schematic for the fluorescence quenching of 7HC with BA1. (B) Excitation
spectrum of 7HC (4 uM) with increased concentrations of BA1 (up to 0.48 mM; 120 eq.) in
pH 8.12 phosphate buffer solution, showing an excitation wavelength of 367 nm and a
shoulder at 328 nm, corresponding to the emission wavelength at 454 nm. (C) Emission
spectrum of 7HC with increased concentrations of BA1, displaying an emission at 454 nm
when excited at 367 nm. (D) Linear curve of 7HC (R? = 0.999), where each point on the curve
represents the average maximum emission point (n = 3) at 454 nm with increased additions of
BAL.

When this same interaction, between 7HC and BA1 was investigated in a more
basic buffer solution of pH 8.88, an enhanced quenching result was obtained. From
Figure 3.6, the excitation and emission spectra for 7HC (left) in the higher pH 8.88
buffer solution can be seen, where the excitation was at 367 nm and the emission was
at 454 nm, similar to fluorescence measurements at pH 8.12. The fluorescence
quenching profile was also similar to that at pH 8.12, since the fluorophore was
present mostly in its anionic form, corresponding to the peak at 367 nm in the
excitation spectrum. A non-linear quenching trend (R? = 0.980) in 7HC by BA1 was
observed indicating an enhanced interaction between 7HC and BA1 at the higher pH
of 8.88 (Figure 3.6C). As the fluorophore was present in its anionic form, it was
expected that electrostatic interaction with BA1 would be enhanced. Similarly, by

incorporating an electron-withdrawing bromo group, the electron density around the
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N* atom was expected to decrease, to render the BA derivative more electron
accepting. However, on comparing both of the fluorescence quenching experiments at
pH 8.12 and pH 8.88 at 120 equivalents of BA1, a decrease in fluorescence in 7HC by
28% and 56% were observed, respectively. As a result, by working in a buffer
solution slightly above the pKa of the fluorophore (~7.7), a more enhanced fluorescent
quenching interaction can be observed. Moreover, it was deduced that the bulky
bromo group in the BA molecule sterically hindered the quenching interaction with

7HC by preventing efficient n-n stacking overlap.
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Figure 3.6. (A) Excitation spectrum of 7HC (4 uM) with increased concentrations of BA1 (up
to 0.8 mM; 200 eq.) in pH 8.88 phosphate buffer solution, showing an excitation wavelength
of 367 nm, corresponding to the emission wavelength of 454 nm (B) Emission spectrum of
7HC, showing an emission wavelength at 454 nm, with increased additions of BA1, when
excited at 367 nm. Non-linear curve of 7HC with increased concentrations of BA1 (R* =
0.980) is shown, where each point on the curve was the maximum emission at 454 nm after
each addition of BAI.

Glucose addition to the system resulted in the dissociation of the ground-state
complex formed between 7HC and BAI, restoring the fluorescence in 7HC (Figure
3.7A). Since the most effective fluorescence quenching in 7HC by BA1 was 28%,
which was represented by a linear static quenching trend in Figure 3.5D, it wasn’t
surprising to find that the recovery of fluorescence was also limited to 4%, when 5
mM glucose was employed at pH 8.12 (Figure 3.7C). In order to improve this
recovery, the quenching interaction between 7HC and BA1 would need to depict an
exponential trend in the quenching curve, i.e. representing both electrostatic and n-nt
stacking interactions. A possible reason for only one type of static quenching
occurring could be due to the bulky electron withdrawing —Br substituent attached to

the pyrimidine ring. It’s possible that this halogen group is preventing effective n-n
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stacking interactions between 7HC and BA1 due to steric hindrance and as a result,
only electrostatic interactions are permitted. For this reason, in place of the —Br
substituent, the second BA-derivative, BA2, was designed to contain an extended
pyrimidine m-system, consisting of an alkyne group, which would enhance =m-m

stacking interactions with 7HC for an exponential quenching of fluorescence.
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Figure 3.7. (A) Schematic of fluorescence recovery in 7HC, on dissociation of 7THC:BA1-
complex in the presence of glucose. (B) Excitation spectrum of 7HC (4 uM) with BA1 (175
eq.; 0.7 mM) and increased concentrations of glucose (0-5 mM) in pH 8.12 phosphate buffer
solution, where the pink line indicates the original excitation of 7HC before any BAIl
additions. The peak in the excitation spectrum was found at 367 nm, corresponding to an
emission at 454 nm. (C) Emission spectrum of 7HC and BA1 (1:175 eq.) with increased
additions of glucose (0-5 mM), displaying an increase in emission intensity by 4%, where the
emission wavelength was 454 nm, corresponding to an excitation wavelength of 367 nm. (D)
Fluorescence curve of 7HC and BA1 (1:175 eq.) with increased concentrations of glucose (0-
5 mM). Each data point curve was taken as the maximum intensity at 454 nm after each
addition of glucose.

3.4.2.2 Fluorescence Spectroscopy of BA2

In order to improve the quenching interactions between 7HC and BA1 and hence
fluorescence recovery, a second BA molecule was synthesised, BA2 (Figure 3.8).

BA1 contained a —Br substituent that was thought to sterically hinder effective n-nt
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overlap between 7HC and BA1 to produce an exponential decrease in fluorescence.
BA2 was synthesised to overcome this challenge by replacing the —Br group in the 3-
position on the pyrimidine ring with a 2-methylbut-3-yn-2-ol substituent. The alkyne
substituent was expected to allow for efficient n-m stacking interactions, since this
group extended the m-conjugation from the pyrimidine ring. BA2 also differs in the
positioning of the BA groups from ortho to meta. The sugar selectivity is dependent

on the orientation of the BA groups.
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Figure 3.8. Fluorescence quenching in neutral 7HC on increased additions of BA2.

On determining the quenching efficiency of BA2 with 7HC, in a pH buffer
solution of pH 7.4, it was clear that both the neutral form (Figure 3.9, yellow) and the
anionic form (Figure 3.9, blue) of the fluorophore were present, as shown by the two
peaks observed in the excitation spectrum in Figure 3.9A.%!° The two forms co-exist
because the pKa of 7HC is approximately 7.7 and the pH of the solution was pH 7.4.
When the pH of the solution is equal to the pK. of the fluorophore, it can be said that
half of the concentration of the fluorophore exists in its anionic form and the other
half is present in its neutral form.* Since the pH of the solution (pH 7.4) is slightly
lower than that of the pKa of 7HC (~7.7), the neutral form of the fluorophore is
dominant and this is observed as the more prevailing peak in the excitation spectrum

at 328 nm.
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Figure 3.9. (A) Excitation spectrum of 7HC (4 uM) with increased concentrations of BA2 (up
to 0.3 mM; 75 eq.) in pH 7.4 phosphate buffer solution (containing 40 uL. CH3OH in each 1.5
mL sample). The peak at 328 nm represents the neutral form of 7HC (yellow) and the peak at
366 nm represents the anionic form of 7HC (blue). Both excitation wavelengths correspond to
the same emission wavelength at 454 nm. (B) Fluorescence response of 7HC with increased
additions of BA2, excited at 328 and 366 nm. Each data point was taken at 454 nm
corresponding to the maximum emission after addition of BA2 (R? = 0.972 and 0.957 at 328
and 366 nm, respectively). (C) Emission spectrum of 7HC showing an emission maximum at
454 nm, with increased concentrations of BA2 when excited at 328 nm. (D) Emission
spectrum of 7HC showing an emission maximum at 454 nm, with increased additions of BA2
when excited at 366 nm.

The solutions containing both 7HC (4 uM) and BA2 (up to 75 eq.) were then
excited at both excitation wavelengths to determine the optimal excitation wavelength
to monitor the fluorescence quenching by the BA molecule. When the samples were
excited at 328 nm, corresponding to the neutral form of 7HC,' a quenched state of
fluorescence by 70% was observed (Figure 3.9C). This was represented by a
decreasing non-linear trend (R? = 0.972) (Figure 3.9B). In comparison, when the
samples were excited at 366 nm, corresponding to the anionic form of the
fluorophore,'® a linear decrease of fluorescence by 33% was observed (R? = 0.957)
(Figure 3.9D). From these results, it could be concluded that both m-m stacking

interactions and electrostatic interactions between 7HC and BA2 were enhanced to
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exhibit a 70% decrease in fluorescence at pH 7.4. In contrast, the maximised
quenching response using BA1 at pH 8.12, showed a 28% decrease in fluorescence
intensity. This enhanced quenching ability of BA2 was thought to depend on the
elongated alkyne m-system in BA2 in comparison to the bromo group in BAI1. This
experiment also supported that under these pH conditions, n-n stacking interactions
play an important role in the quenching interaction between 7HC and BA2, since the
neutral form of 7HC demonstrated the most effective quenching when the samples

were excited at 328 nm.
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Figure 3.10. (A) Schematic of fluorescence quenching in anionic 7HC on increased
interactions with BA2. (B) Excitation spectrum of 7HC (4 uM) with increased concentrations
of BA2 (up to 1.2 mM; 300 eq.) in pH 7.4 phosphate buffer solution and CH3OH (1:1)
(measured pH 8.6). The excitation wavelength is shown as 370 nm with a shoulder at 328 nm,
corresponding to the emission wavelength 454 nm. (C) Emission spectrum of 7HC with
increased additions of BA2, showing an emission wavelength at 454 nm, corresponding to the
excitation wavelength at 370 nm. (D) Fluorescence quenching of 7HC with increased
concentrations of BA2, where each point on the curve was taken as the maximum
fluorescence intensity at 454 nm after the addition of BA2 (R? = 0.970).

The effect of BA2 on the fluorescence of the anionic form of 7HC was then
investigated in a pH 8.6 solution (Figure 3.10A). As the pH of the solution is higher
than the pK, of 7HC (~7.7), the anionic form of 7HC is dominant. By employing the

anionic form of 7HC it was expected to optimise the quenching interaction between
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7HC and BA2 by favouring both electrostatic interactions, as well as n-m stacking
interactions, to observe an exponential decreasing trend in the Stern-Volmer plot. The
excitation spectrum of 7HC in Figure 3.10B confirms this, where one prominent
absorption peak can be seen at 370 nm representing the anionic form of 7HC.! The
shoulder at ~328 nm represents the small presence of the neutral form of 7HC. The
exponential decreasing trend in Figure 3.10D (R? = 0.970) denotes that both
electrostatic and n-m stacking quenching interactions are occurring. As a result, the
fluorescence of 7HC is switched off, on quenching the fluorescence by 98% with up
to 300 equivalents of BA2 (Figure 3.10C). This change in fluorescence was visible by
eye under a UV lamp (Figure 3.10C, inset).

A 3000 -
Q 2500
B3
1 0 =
OH = 2000 A
<
> 1500 -
N/§N+ §
' ¥ N N g 1000 -
\ o -
|| 0 o0 500
0 T T T T T T
OH 250 280 310 340 370 400 430

Wavelength (nm)

O
O

— 3000 + 14 -

>

< 2500 - € 1.35 ¢ -

- 100 mM Glucose c 13

= <

a 2000 . @ 1.25 + ‘Q

i 33A) no1.2 4

£ 1500 £

g 54115

< 1000 0 <~ 11

2 / ©105

g 5004 / =

E ’ 11

-0 T T T 5 0.95 T y r T .
400 450 500 550 600 -5 15 35 55 75 95

Wavelength (nm) Glucose Concentration (mM)

Figure 3.11. (A) Schematic of the fluorescence recovery in 7HC, on dissociation of
fluorophore:BA2-quencher ground-state complex in the presence of glucose. (B) Excitation
spectrum of 7HC (4 uM) with BA2 (20 eq.; 80 uM) and increased concentrations of glucose
(up to 100 mM) in pH 7.4 phosphate buffer solution and CH3OH (1:1) (measured pH 8.6).
The excitation wavelength was 370 nm with a shoulder at 328 nm, corresponding to an
emission at 454 nm. (C) Emission spectrum of 7HC and BA2 (1:20 eq.) with increased
concentrations of glucose. The emission wavelength was 454 nm. (D) Fluorescence curve of
7HC and BA2 (1:20 eq.) with increased concentrations of glucose, where each point on the
curve was taken as the maximum intensity at 454 nm after the addition of glucose.
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As anticipated, a greater increase in fluorescence could be observed with BA2
compared to the employment of BA1 in a similar system. On glucose addition, the
conformational change around boron to the anionic boronate form,?! initiated
dissociation in the fluorophore:BA photo-inactive complex, to restore the
fluorescence intensity in 7HC (Figure 3.11A).2 7 As a result of an exponential
decrease of fluorescence in 7HC when using BA2 at pH 8.6 (Figure 3.10D), a greater
recovery of fluorescence was predicted on glucose additions to this system when
compared to the use of BA1l. 300 equivalents of BA2 were required to effectively
switch-off the fluorescence of 7HC and 50 mM glucose was used to partially recover
this fluorescence by 33% at pH 8.6 (Figure 3.11C and D). BA2 compared to BA1
proved to be superior, where 125 equivalents of BA1 (0.5 mM) was required to
quench the fluorescence of 7HC by 28% and 5 mM glucose was used to partially
restore the fluorescence by 4% at pH 8.12. Conveniently, a lower concentration of
BA2 (0.1 mM; 25 eq.) was required to induce a quenching effect of 45% in 7HC, in
comparison to a decrease of 28% by BAI. Therefore, by employing BA2 this
fluorescence quenching interaction can be enhanced.

To summarise, a two-component sensing system was described that can be used for
glucose detection in solution. This bimolecular switch operates by initially quenching
the fluorescence of a known fluorophore using a cationic BA molecule, to then restore
the fluorescence with increased glucose concentrations.> > 7 On increased
concentrations of the BA-molecules (BA1 and BA2, respectively) to 7HC, a non-
fluorescent ground state complex is formed by either electrostatic or m-m stacking
interactions or both. This complex formation is dependent on the pH of the buffer
solution, which deems the fluorophore in its neutral state when working below the
pKa of 7HC (~7.7) or anionic when working in more basic solutions. When glucose is
then added to the system, the fluorescence can be recovered.? >’

This two-component glucose sensing system has several advantages over the direct
approach described in Chapter 2. In indirect glucose sensing, an increase in
fluorescence is detected as opposed to a decrease in fluorescence using a direct
sensing approach. By recovering the fluorescence, this sensing system can also offer
better means of visualising the fluorescence response compared to a quenched state of
fluorescence for direct sensing.

Compared to a direct sensing approach, an indirect sensing system can much more

efficiently be tailored towards the detection of saccharides. In an indirect sensing
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system, the fluorescent component or the BA moiety can be interchanged with other
similar molecules to enhance the optical response.’ This allows for an independent
screening process for the fluorophore and the BA derivative to determine the optimum
sensing conditions,’ as opposed to a direct sensing approach, where the single sensing
component must fulfil all functionalities, such as an efficient fluorescent species,
effective B™-N" interaction and selective glucose binding.> A two-component sensing
system can be better configured towards a certain application, for example where pH

or biocompatibility are sensitive factors.

3.5 Conclusion

The two-component system presented functions in an aqueous buffer solution,
where the fluorophore and dicationic BA compounds are water-soluble. The sensors
operate over important physiological glucose concentration ranges, where BA1 is
more suited towards ocular glucose sensing because of its sensitivity to glucose in a
range of 0-5 mM corresponding to the ocular fluid glucose concentration ranges of
diabetic patients.> 22 On the other hand, BA2 is desired for blood-glucose or
interstitial fluid sensing in a glucose range of 0-50 mM, corresponding to diabetic
blood-glucose levels.>?? When combined with the anionic water-soluble fluorescent
dye 7HC in the absence of glucose, the novel BA molecules formed a photo-inactive
complex in the ground state by static interactions, which greatly reduced the
fluorescence intensity of 7HC. Upon glucose binding to the BA molecules, a
negatively charged boronate diester was formed. This weakened the association
between 7HC and the BA molecule to restore the fluorescence intensity. The recovery
of fluorescence was dependant on glucose concentration. BA2 showed a greater
ability to quench and recover the fluorescence of 7HC compared to BA1. Further
studies are underway to evaluate the binding ratio of BA2 with glucose, as well as
screening these BA molecules with other anionic fluorophores, such as fluorescein or
pyranine, for optimum performance in physiological pH conditions. Future work in
this area is described in Chapter 6, which involves the immobilisation of the sensing

components inside a hydrogel matrix.
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Chapter 4

Water-Soluble Polymerisable Boronic Acids:
Combining an Adaptable One-Step Synthesis with an
In-Depth Understanding of pH and Glucose

Response*

*This chapter has been submitted for publication as “Water-Soluble Polymerisable
Boronic Acids: Combining an Adaptable One-Step Synthesis with an In-Depth

Understanding of pH and Glucose Response”, Danielle Bruen, Colm Delaney,

Dermot Diamond and Larisa Florea, Org. Lett., 2018.

**The boronic acid compounds synthesised in this chapter are covered under GB
Patent, GB1805226.6, “Boronic Acid Derivatives for Sugar-Sensing Hydrogels”,

Colm Delaney, Larisa Florea, Danielle Bruen and Dermot Diamond, March 2018.
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4.1 Abstract

Diabetes is one of the leading causes of death every year due to the associated
chronic complications including heart disease, kidney failure, blindness and
amputation. It is well accepted that these risks can be reduced by monitoring
physiological glucose levels, where glucose monitors account for approximately 85%
of the global biosensor market. Chemical sensing using boronic acids (BAs) has
attracted much attention over the last few decades, where most of these BAs have
been paired with fluorophores to exhibit dramatic optical changes directly related to
glucose concentrations. More recently, fluorescent BA derivatives with a propensity
to aggregate have offered a viable solution to small-molecule chemical glucose
detectors for real-time monitoring of glucose. Only a handful of groups have
developed charged saccharide sensors in this regard, where they have all been coupled
with fluorescent moieties, such as pyrene.

In this chapter, three monomeric BA derivatives (0-BA, m-BA and p-BA) are
described that display an innate fluorescence on aggregation in the presence of
glucose. These monomers contain no fluorescent moieties in their acetylcholine-like
structure, where the increased fluorescence is based solely on aggregation of the
zwitterionic monomers on glucose binding. An adaptable methodology for
synthesising polymerisable boronic acids is described through which we have
generated this new family of fluorescent, water-soluble, zwitterionic BA monomers.
The glucose binding ability of these monomers has been characterised using
fluorescence and '"B NMR spectroscopy. "B NMR spectroscopy allowed for
characterisations of the neutral and anionic form of BA, across a pH range of 3-13, in
the absence and presence of glucose. Similarly, fluorescence spectroscopy allowed for
the pK, of each BA monomer to be estimated for optimised glucose sensing. The p-
BA monomer exhibited the largest fluorescence increase upon glucose addition, of
177% at pH 7.4 in the presence of 150 mM glucose. Using these novel polymerisable
BA derivatives would enable charged boronic acid monomers to be produced that are

tailored for the incorporation in to glucose responsive polymeric matrices.
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4.2 Introduction

Boronic acids (BAs) are abiotic compounds that can be considered ‘green
compounds’ with low-toxicity.! As a result, BAs have been widely studied for their
chemo-sensing abilities under physiological conditions.>* BAs are electron deficient,
thereby rendering the boron atom Lewis acidic.* The trigonal planar geometry in the
BA group, arising from the low energy p-orbital orthogonal to the boron atom,
supports the formation of strong, reversible interactions with diol-containing
compounds, such as saccharides, neurotransmitters like dopamine, other bio-analytes
including amino alcohols, a-amino acids and o-hydroxyl acids, as well as anions such
as cyanide and fluoride.! 3-® This binding is reversible and consequently has attracted
much attention over the last decade for glucose sensing applications.” '3

Typically, the pKa of a phenyl-BA moiety is approximately 8.7.'* When the BA
group is close to electron-withdrawing groups, the pKa can be reduced and similarly,
when the BA group is near electron-donating groups, the pKa can be increased.* A
reduction in the pKa of phenyl-BA moieties is favoured for sensing glucose close to
physiological pH. Binding glucose allows for the formation of cis-1,2- or cis-1,3-
cyclic boronate diesters, preferably under alkaline conditions due to the basic pKa of
the phenyl-BA moiety.!!"!3 Due to the mild electron-withdrawing capability of diols,
the pKa of the BA-ester is reduced typically by 2-3 units, upon sugar complexation.*
As sugar binding preferentially occurs close to the pK, of the BA-ester, performing
measurements around this pH is optimum for sensing applications.'?

Variations in the molecular structure of BA derivatives upon sugar binding, can be
used to probe saccharide-BA interactions using various spectroscopic approaches,
such as infra-red,!> UV-visible,!'®!7 fluorescence,'® ! Raman?® and nuclear magnetic
resonance spectroscopy.!”>2! Some of these approaches are also being investigated for
use in continuous non-invasive sensing platforms.?? In particular, "B NMR
spectroscopy has been used by Anslyn e al.?>?* for rapid understanding of diol-
binding to BAs, by monitoring the B-N interaction in protic and aprotic media.

Other recent related investigations have involved monitoring changes in
fluorescence to track BA-sugar interactions. Primarily, this type of sensing has been
carried out in solution, using direct (in which the fluorophore is a component of the
BA derivative) and indirect (in which the fluorophore is a separate entity from the BA

derivative) sensing approaches.!!:1%:2%-24 Tn a direct sensing approach as described in
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Chapter 2, the BA moiety and the fluorophore are incorporated within the same
structure, and the fluorescence of the fluorophore is modulated by the presence of the
diol moiety.!!- 1920, 24

In contrast, with the indirect sensing approach, the BA moiety and fluorophore
exist as two distinct molecules, as described in Chapter 3.2° Commonly, a cationic BA
is used to induce quenching in an anionic fluorophore through the formation of a non-
fluorescent ground-state complex. Upon the introduction of glucose, this electrostatic
interaction is inhibited, thereby initiating dissociation of the ground-state complex and
restoration of the fluorescence.?® Singaram and co-workers have pioneered this idea,
and have successfully immobilised this sensing arrangement within a hydrogel.?’

Recently, several groups have also turned to supramolecular interactions, through
the intelligent design of boronic acids with a propensity to aggregate, as a means to

1,8 used a

generate excimer formation in the presence of saccharides. Liu ef a
polythiophene matrix, containing a zwitterionic boronic acid appended to a Cs chain,
to exploit saccharide-induced changes in fluorescence caused by multivalent binding.
Similarly, Yam ef al.,”® employed a combination of a water soluble boronic acid
polymer and a pyrene-based fluorophore substituted with a quaternized ammonium
chain. Upon glucose binding, creation of a polyanion within the boronic acid chains
induced aggregation via electrostatic interactions, thereby resulting in a strong
excimer fluorescence. The 1:2 glucose:BA interaction was a significant factor
favouring aggregation as this brought the BA moieties into close proximity.
Extending this multi-linkage interaction between saccharide and boronic acid was
achieved very elegantly by Jiang ef al.** using a pyrene fluorophore attached to a
cationic pyridinium BA via a short alkyl amide linker. Pyrene excimer emission
occurred in the presence of glucose, leading to a significant increase in fluorescence.
Measurement of the hydrodynamic diameter confirmed that in the presence of
glucose, rather than fructose, a higher degree of aggregation occurred, which was
attributed to the 1:2 glucose:BA interaction.

Comparatively, few examples exist of BA-fluorescence sensing in gel matrices,
most likely due to the scarcity of polymerisable fluorophores and charged BA
monomers.?”> 3! This has motivated us to investigate new approaches for creating
building blocks of fluorescent BA polymeric materials that respond to glucose.

Herein, we report facile and highly-adaptable, one-step procedures for producing
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cationic, water-soluble, monomeric BA derivatives (0-BA, m-BA and p-BA, see

Figure 4.1) that exhibit an innate fluorescent response to glucose.

OH HO\B,OH

0-BA m-BA p-BA

Figure 4.1. Monomeric BA derivatives 0-BA, m-BA and p-BA.

4.3 Experimental

4.3.1 Materials and Methods

2-(Bromomethylphenyl)boronic acid (100%), 3-(bromomethyl-phenyl)boronic acid
(95%) and 4-(bromomethylphenyl)boronic acid (95%) were acquired from
Fluorochem, UK and used as received. 2-(Dimethylamino)ethyl methacrylate (98%),
anhydrous acetonitrile (CH3CN) and anhydrous dichloromethane (CH>Cly) were
purchased from Sigma Aldrich, Ireland and used as received. Solvents used were
methanol (CH3OH), acetonitrile (CH3CN) and dichloromethane (CH2Cl,). Deionised
water (18.2 MQ.cm-!) (DI H20) used was purified using a Milli-Q Water Purification
System (Merck Millipore, Darmstadt, Germany). All reactions were conducted under
an inert atmosphere of nitrogen.

Structural 'H, *C and "B NMR studies were carried out on a Bruker Avance
Ultrashield 600 MHz spectrometer. ''B NMR experiments used BF3 in deuterated
methanol as an external standard. Deuterium oxide (D,0O) was the solvent used for all
NMR measurements. The fluorescence of the BA monomers was recorded using a
JASCO FP-8300 spectrofluorometer at 20 °C and UV-visible measurements were
carried out on a Varian Cary 50 Probe spectrophotometer, in a precision cell made

from Quartz Suprasil that had a path length of 10 mm and a volume of 1.4 mL.
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Fourier Transform Infrared (FT-IR) spectroscopy measurements were carried out on a
Perkin Elmer Spectrum GX. All pH measurements were carried out using a VWR
sympHony SP70P pH meter. The phosphate buffer solution at pH 7.4 was prepared
from 0.1 M potassium dihydrogen phosphate (KH2PO4; 100 mL) and 0.1 M sodium
hydroxide (NaOH; 78 mL) salts and was made up to 200 mL using deionised water.

4.3.2 Synthesis of BA Monomers (0-BA, m-BA and p-BA)

4.3.2.1 General Synthesis of BA Monomers

The BA monomers, 0-BA, m-BA and p-BA were synthesised according to this
general procedure. First the phenylBA starting material was dissolved in anhydrous
CH2Cl> or CH3CN and 2-(dimethylamino)ethyl methacrylate was added dropwise.
The mixture was left to stir for 24h between 20-35 °C. After this time, the solvent was

evaporated in vacuo and the resulting white solid material was washed with cold

diethyl ether or CH>Cl, (60-65%).

4.3.2.2 Synthesis of 0-BA (N-(2-boronobenzyl)-2-(methacryloyloxy)-N, N-

dimethylethan-1- ammonium bromide)

0 0
| (i) \/
B’OH + ﬁ/U\O/\/N\—y })‘\O/\/N
B/
O r
Br 2
1

Scheme 4.1. Synthesis of 0-BA. (i) CH2Cl,, Ny, 35 °C, 24h (60%).

0-BA was prepared via a one-step nucleophilic substitution reaction, depicted by
Scheme 4.1. 2-(Bromomethylphenyl)boronic acid (compound 1; 1.00 g, 4.6 mmol)
was stirred at 35 °C in anhydrous CH>Cl» (30 mL) under an inert atmosphere of N». 2-
(Dimethylamino)ethyl methacrylate (compound 2; 0.86 mL, 5.1 mmol) was added
dropwise to the BA while stirring. The reaction was stirred for a further 24h at 35 °C.
The reaction was monitored by thin layer chromatography (TLC) using hexane:ethyl
acetate (1:10) as the mobile phase. The reaction mixture was concentrated under
reduced pressure and dried. The resulting yellow oil was washed with diethyl ether
(100 mL) and CH>Cl, (100 mL) and filtered, to retrieve a white crystalline solid. This

solid was dried in a desiccator overnight. A sample of the white crystalline solid was
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taken for NMR analysis in D>0O, which confirmed that 0-BA was produced in 60%
yield. 'TH NMR (600 MHz, 20 °C, D;0), 6: 7.7 (1H, dd, J = 3 and 8 Hz, CH, H2), 7.5
(3H, m, CH, H-3,4,5), 6.1 (1H, s, CH2, H11), 5.7 (1H, 5, CH2, H12), 4.8 (2H, s, CHa,
H7), 4.6 (2H, s, CHz, H9), 3.8 (2H, m, CH2, HS), 3.0 (6H, s, CH3, H6), 1.9 (3H, s,
CH3, H9), ppm (Figure C1). 3C NMR (150 MHz, 20 °C, D,0), 8: 168.4 (C=0), 134.4
(C-H2), 133.9 (C-H4), 130.3 (C-H3), 127.7 (CH>—Vinyl), 130.0, 68.0 (C-H5), 63.4
(CH2, H8), 58.4 (CHz, H9), 50.0 (CH3-Amine), 17.2 (CH3—Vinyl) ppm (Figure C2).
B NMR (192 MHz, 20 °C, D,0), &: 29.24 (1B, B(OH),) ppm (Figure C3). HRMS
(m/z) calculated for [M-Br]" CisH23BNO4" calculated 292.1717, found 292.1715. FT-
IR: 3355 (B-OH), 3228 (B-OH), 2971 (C=C-H), 1726 (C=0), 1638 (C=C), 1598
(C=C) and 1489 (C=C) cm’ (Figure C4). UV-visible spectroscopy: 270 nm in DI
H>O (Figure C5). Fluorescence spectroscopy: 327 nm (low pH), 367 nm (high pH) as
excitation wavelengths and the emission wavelength at 460 nm (Figure C6). 0-BA is

soluble in H>O, CH30H and (CH3)2SO and is insoluble in other organic solvents.

4.3.2.3 Synthesis of m-BA (N-(3-boronobenzyl)-2-(methacryloyloxy)-N, N-

dimethylethan-1- ammonium bromide)

N"‘ OH
ﬁ/u\ ﬁ)l\ /\/ ?/
m-BA

Scheme 4.2. Synthesis of m-BA. (i) CHsCN, Na, 20 °C, 24h (63%).

m-BA was synthesised by a nucleophilic substitution reaction, depicted by Scheme
4.2. 3-(Bromomethylphenyl)boronic acid (compound 3; 1.01 g, 4.7 mmol) was stirred
at room temperature in anhydrous CH3CN (40 mL) and anhydrous CH30OH (1 mL) to
dissolve. 2-(Dimethylamino)ethyl methacrylate (compound 2; 0.86 mL, 5.1 mmol)
was added dropwise to the BA while stirring. The reaction was stirred under N> for
24h. The reaction was monitored by TLC using CH3;OH:CH>Cl, (1:4) as the mobile
phase. The reaction mixture was concentrated under a reduced pressure and dried and
CHCl> was added. The mixture was sonicated and filtered. The precipitate was
washed and sonicated with CH2Cl» and dried under vacuum. A sample of the white

crystalline solid was taken for NMR analysis in D>O, which confirmed that m-BA was
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produced in 63% yield. '"H NMR (600 MHz, 20 °C, D>0) for m-BA, &: 7.7 (1H, dd, J
=3 and 8 Hz, CH, H1), 7.5 (3H, m, CH, H-3,4,5), 6.1 (1H, s, CH2, H11), 5.7 (1H, s,
CHz, H12), 4.8 (2H, s, CH2, H9), 4.6 (2H, s, CH»2, H7), 3.8 (2H, m, CHa, HS), 3.0 (6H,
s, CH3, H6), 1.9 (3H, s, CH3, H10), ppm (Figure C7). *C NMR (150 MHz, 20 °C,
D>0), &: 168.3 (C=0), 137.7 (C-H1), 135.6 (C-H3), 135.1 (C-HS5), 134.5 (CH-4),
128.6 (CH—Vinyl), 126.2 (CH2—Vinyl), 69.4 (CH>—Amine), 62.5 (CH>—Amine), 58.3
(CH-9), 50.1 (CH3~Amine), 17.2 (CH3—Vinyl) ppm (Figure C8). ''B NMR (192
MHz, 20 °C, D;0), &: 24.0 (1B, s, B-(OH)2) ppm (Figure C9). HRMS (m/z)
calculated for [M-Br]* CisH»3BNO4* calculated 292.1717, found 292.1718. FT-IR:
3355 (B-OH), 2959 (C=C-H), 1717 (C=0), 1635 (C=C), 1603 (C=C) and 1437 (C=C)
cm’! (Figure C10). UV-visible spectroscopy: 270 nm in DI H,O and CH30H (Figure
CI11). Fluorescence spectroscopy: 328 nm (low pH), 372 nm (high pH) and the
emission wavelength at 466 nm (Figure C12). m-BA is soluble in H>O, CH30H and

(CH3)2S0 and is insoluble in other organic solvents.

4.3.2.4 Synthesis of p-BA (N-(4-boronobenzyl)-2-(methacryloyloxy)-N, N-

dimethylethan-1- ammonium bromide)

gz hohmm AL T

Scheme 4.3. Synthesis of p-BA. (i) CH,Cl,, N, 20 °C, 24h (65%).

w—O
T

p-BA was prepared by a nucleophilic substitution reaction, as depicted in Scheme
4.3. 4-(bromomethylphenyl)boronic acid (compound 4; 1.00 g, 4.6 mmol) was stirred
at room temperature in anhydrous CHCl> (30 mL) to dissolve. 2-
(Dimethylamino)ethyl methacrylate (compound 2; 0.86 mL, 5.1 mmol) was added
dropwise to the BA while stirring. The reaction was stirred under N> for 24h. The
reaction was monitored by TLC using hexane:ethyl acetate (1:10) as the mobile
phase. To the reaction mixture diethyl ether (50 mL) was added, which turned the
mixture cloudy. The mixture was sonicated and the diethyl ether was then decanted

off. This was repeated three more times. The material was dried under vacuum to
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retrieve a white crystalline solid. A sample of the white crystalline solid was taken for
NMR analysis in D>O, which confirmed that p-BA was produced in 65% yield. 'H
NMR (600 MHz, 20 °C, D;0), o: 7.7 (2H, d, J = 8 Hz, CH-2,3), 7.4 (2H, d, J = 8 Hz,
CH-1,4), 6.0 (1H, s, CH-10), 5.6 (1H, ¢, /=1 and 2 Hz, CH-11), 4.5 (2H, s, CH>-8),
4.5 (2H, d, J = 5 Hz, CH»-5), 3.6 (2H, m, CH»-7), 3.0 (6H, s, CH3-6), 1.81 (3H, s,
CH3-9) ppm (Figure C13). *C NMR (150 MHz, 20 °C, D>0), 8: 168.3 (C=0), 135.1
and 134.0 (C-H2,4), 133.0 and 132.3 (C-H1,5), 127.7 (CH2—Vinyl), 69.0 (CH2, H7),
62.6 (CHz, HS8), 58.3 (CHz, H9), 50.2 (CH3—Amine), 17.2 (CH3—Vinyl) ppm (Figure
Cl14). "B NMR (192 MHz, 20 °C, D:0), &: 29.2 (1B, B(OH)) ppm (Figure C15).
HRMS (m/z) calculated for [M-Br]® CisH2:BNO4* calculated 292.1717, found
292.1716. FT-IR: 3332 (B-OH), 2960 (C=C-H), 1716 (C=0), 1613 (C=C), 1635
(C=C) and 1414 (C=C) cm™ (Figure C16). UV-visible spectroscopy: 270 nm in DI
H>O (Figure C17). Fluorescence spectroscopy: 325 nm (low pH), 370 nm (high pH)
and emission wavelength at 460 nm (Figure C18). p-BA is soluble in H,O, CH3;0H

and (CH3)2SO and is insoluble in other organic solvents.

4.3.3 "B NMR Titrations

For ''B NMR measurements, a quartz thin walled NMR sample tube was used,
which was acquired from Fluorochem, UK (W507-pp-QTZ 7” 5 mm). BF;.OCHj3 in
CDCIls was used as an external reference for ''B NMR spectra. Processing for ''B
NMR spectra included line broadening by 10 Hz.

Samples for "B NMR pH titrations were prepared using 30.5 mg of the
appropriate BA dissolved in D>O (995 uL) with acetic acid (5 uL; 17.4 M). For pH
titrations containing ten equivalences of glucose, the samples were prepared using
30.5 mg of the appropriate BA dissolved in D>O (826 uL) with acetic acid (5 puL; 17.4
M) and glucose (164 pL; 5 M in D>0), so that the final concentrations of the BA was
82 mM, glucose was 820 mM and the pH was ~pH 3. The initial pH was measured
using a VWR sympHony SP70P pH meter and the samples were titrated with various
stock solutions of NaOH. In all ''B NMR spectra, a peak corresponding to boric acid
was found at 19 ppm in acidic pH solutions and at 2 ppm in basic solutions as seen in

Figure 4.2.
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Figure 4.2. ''B NMR of boric acid in D,O at pH 3.5 (bottom) and pH 14.2 (top).

4.3.4 Fluorescence Titrations

The fluorescence of the BA monomers was recorded using a JASCO FP-8300
spectrofluorometer at 20 °C in a precision cell made from Quartz Suprasil that had a
path length thickness of 10 mm and a volume of 1.4 mL.

Samples were prepared from stock solutions of the appropriate BA, so that the
final concentration of the BA was 1 mM in D;O. Acetic acid (10 uL; 17.4 M) was
then added so that the pH was pH 2.9 and the total volume was 3 mL. The pH was
measured using a VWR sympHony SP70P pH meter. The sample was titrated with
various concentrations of NaOH and the pH of the sample was measured after each
addition. For pH titrations containing glucose, a glucose stock solution of 5 M in DI
H>O was prepared. The samples contained the appropriate BA (1 mM), acetic acid (10
puL; 17.4 M) and glucose (6 uL; 5 M in DI H>O) made up to 3 mL with DI H»O. For
the glucose titrations, the samples contained the appropriate BA (1 mM) in DI H>O,
where the pH was pH 8 for 0-BA and p-BA and pH 7.5 for m-BA.

The pK. for each BA derivative in the absence and presence of glucose was
estimated via fluorescence pH titrations using Equation 4.1, where Y is the increase in
the normalised intensity, a is the sigmoid height, b is the slope coefficient, c is the x-
value at the inflection of the sigmoid, d is the baseline offset, e is the symmetry
parameter for the sigmoid and x is the pH value. The data was analysed using Excel

Solver from Microsoft Excel 2016.

a
[(1+exp[b(x—c)])e] +d (41)
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4.4 Results and Discussion

4.4.1 Synthesis of BA Monomers

These cationic BA monomers were synthesised by quaternisation of 2-
(dimethylamino)ethyl methacrylate with a bromomethyl substituted phenylboronic
acid to form the BA-ammonium bromide salts. This synthesis can very easily be
adapted to produce a wide range of monomeric BA derivatives by simply
interchanging the polymerisable chain. In this way, a library of monomeric BAs can
be easily produced. Upon quaternization of the nitrogen atom, the BA monomers are
rendered water-soluble, which is an advantage for subsequent polymerisation

strategies and for solution-based sensing applications in aqueous media.

4.4.2 NMR Spectroscopy

4.4.2.1 'H NMR Spectroscopy

In the '"H NMR spectrum for 0-BA, proton H2 appears furthest downfield (Figure
4.3). This proton experiences the most deshielding effect due to the adjacent B atom.
Similarly, H1 and H3 in the m-BA spectrum and H2 and H4 in the p-BA spectrum,
appear the furthest downfield. The multiplicity of these chemical shifts also differs
due to the substitution of the BA group. In the 0-BA NMR spectrum, protons H3, H4
and HS5 are all equivalent and appear at the same chemical shift. In the m-BA NMR
spectrum the protons sit in different chemical environments, which allows us to see
individual shifts for each proton. In the p-BA 'H NMR spectrum, the BA group is
orientated para to the CHa-linker, creating a symmetry through the phenyl ring.
Protons H2 and H4, and H1 and HS5 therefore appear as a pair of doublets.
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Figure 4.3. '"H NMRs for all three BA monomers in D0, 0-BA (top), m-BA (middle) and p-

BA (bottom).

4.4.2.2 "B NMR Spectroscopy
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Figure 4.4. ''B NMR pH titration in D,O for m-BA (82 mM) in the absence of glucose (A)
and in the presence of 10 equivalents glucose (820 mM) (B). The peak at ~19 ppm is the
impurity boric acid. For details regarding the boric acid peak refer to Figure 4.2.

140



"B NMR proved a useful and convenient characterisation tool to provide insights
in to the mechanism of glucose binding, and to probe the effect of pH on the BA-
derivatives. "B NMR spectra clearly show that in acidic pH media the neutral sp?
hybridised boron atom is favoured, whereas at a basic pH, the anionic sp® hybridised
form predominates. This can be seen in Figure 4.4, which depicts the ''B NMR pH
titration for m-BA before (A) and after (B) glucose addition, with the first spectrum
recorded at ~pH 3. The pH was sequentially increased to ~pH 13 by addition of
NaOH in D;0. In Figure 4.4A between pH 3.6 and 4.7, the BA group is in the neutral
sp? hybridised form, seen as the broad singlet at 28.6 ppm. As the pH of the solution
is gradually raised, this peak shifted to 2.5 ppm, which is indicative of the anionic sp*
hybridised form of m-BA. Repeating this experiment in the presence of 10 equivalents
of glucose enabled the "B chemical shift for the anionic boronate-ester form of m-BA
to be tracked (Figure 4.4B). Initially, the neutral BA form appeared between pH 2.9-
5.5. However, at pH 5.0 a peak at 6.4 ppm attributed to the anionic boronate form
appeared along with the neutral BA form at 28.6 ppm. The anionic boron peak
appears at a lower pH in the presence of glucose (Figure 4.4B). This can be
rationalised by the reduced pK. of the boronate-ester form compared to the boronate
form (Figure 4.4A).* Results for ''B NMR titrations for 0-BA and p-BA are shown in
Figure 4.5. From Table 4.1, the !'B shifts for each form of the BAs can be found.
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Figure 4.5. (A) ''B NMR pH titration in the absence of glucose for 0-BA (82 mM). (B) ''B
NMR pH titration in the absence of glucose for p-BA (82 mM). (C) ''B NMR pH titration in
the presence of 10 equivalents of glucose (820 mM) for 0-BA. (D) ''B NMR pH titration in

the presence of 10 equivalents of glucose (820 mM) for p-BA. The solvent for all titrations
was D>O.

Table 4.1. ''B NMR shifts (ppm) for the neutral BA, anionic BA and anionic BA-ester for all
BA monomers.

"B NMSIllliﬁlslemical 0-BA | m-BA | p-BA
BA 29.5 28.6 28.6
Boronate 2.8 2.5 2.6
Boronate-Ester 7.8 6.4 8.0
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4.4.3 Fluorescence Spectroscopy

Once it was established that the BA monomers could successfully bind glucose
through ''B NMR studies, the monomers were investigated for their ability to bind
glucose by an optical fluorescence approach. In order to choose the optimum pH for

glucose binding, the pKa of each BA derivative was determined.

4.4.3.1 pH Titrations

Figure 4.6 compares the fluorescence of the BA monomers in solutions of pH 4,
7.4 and 11.5. m-BA was the most fluorescent, being 14 times more fluorescent than p-
BA and 3 times more fluorescent than o-BA at pH 11.5. 0-BA was 5 times more
fluorescent than p-BA. The difference in fluorescence between the compounds could
be attributed to the BA group substitution. The other group directly attached to the
phenyl ring is the CH» linker in all BA molecules. This linker can be considered
slightly electron-donating, where it can activate the ring in the ortho/para position.*?
Consequently, as a result of resonance effects it’s possible that the electron density
around the ring could be slightly increased at these locations, which quenches the

fluorescence of 0-BA and p-BA more in comparison to m-BA.
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Figure 4.6. Fluorescence emission in H,O of the three BA monomers (I mM) at
approximately pH 4.0 7.7 and 11.5, where the excitation wavelength was 367, 372 and 370
nm for 0-BA, m-BA and p-BA, respectively, corresponding to the anionic form of each BA.

At low pH, all three BAs were non-emissive. When the pH of the solution was
increased to above pH 7, a new excitation band at ~370 nm was observed, with an
isosbestic point centred at 335 nm. This excitation band resulted in a strong
fluorescence centred at ~Amax = 460 nm (Figure 4.7, Figures C19-C23). This is likely
attributed to the formation of a boronic acid zwitterion that serves to promote

aggregation, thereby producing a fluorescent excimer. The pK, for each BA monomer
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system was determined by pH titrations, using the fluorescence maximum at each pH

value to construct a sigmoidal plot.
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Figure 4.7. Excitation and fluorescence emission spectra for m-BA (I mM) in H.O. (A)
Excitation spectra as a function of pH showing maxima at 329 nm (low pH) and 372 nm (high
pH), and an isosbestic point at 335 nm. (B) Emission spectra as a function of pH with A =
372 nm, showing fluorescence emission intensity increasing with pH, with maximum
emission at 466 nm. (C) The pK. for m-BA was estimated to be 8.7 from the emission spectra
taken at 466 nm. (D) Photo showing the fluorescence increase for m-BA solutions under 365
nm irradiation at pH 3.2, 8.0 and 11.5.

Using excitation of the lower energy band at 372 nm, the emission spectra at
various pH values were obtained (Figure 4.7C). From the sigmoid plot of Figure 4.7C,
the pKa, was estimated to be approximately 8.7. This fluorescence change with pH
could be observed by eye under a bench-top UV lamp, where the blue fluorescence of
the solution could be seen close to the pK, of m-BA at pH 8.0 and in more basic
solutions at pH 11.0 (Figure 4.7D). The same experiment was carried out in the
presence of 10 equivalents of glucose (Figure 4.8), which enabled the boronate-ester
pKa to be estimated as ca. 8.5. The equivalent spectral data for 0-BA and p-BA pH
titrations is provided in Appendix C, Figures C19-C23, Figure 4.9 and Table 4.2.
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Figure 4.8. Excitation and fluorescence emission spectra for m-BA (1 mM) in H,O. (A) The

excitation wavelengths were 329 nm (low pH) and 372 nm (high pH). (B) The emission
wavelength was 466 nm. The pK, calibration for m-BA (inset B) was estimated to be 8.5.
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Decreases in the pKa values for all BA derivatives were observed in the presence
of glucose (Table 4.2 and Figure 4.9). This effect arises due to the sugar molecule
acting as a more efficient electron withdrawing group in comparison to the hydroxyl
groups on boron. Charge separation in the p-BA is likely to form a more efficient
zwitterion, resulting in enhanced aggregation.>® In contrast, close proximity of the N*
and B charges in the 0o-BA and m-BA can permit N*-B- through-space electrostatic
interactions, thereby offering the possibility of a charge-neutralisation stabilisation
effect.*3* This interpretation was supported in the 0-BA ''B NMR titrations, which
showed both the neutral and anionic boron forms to be simultaneously present (Figure

4.5A).

11 12 - 14

€ oBA — mBA — pBA
£ £
S 0.8 | AO0BA +Glucose /‘f—“— € 14 AmBA+Glucose — € 0.8 { ApBA +Glucose
3 /‘ 2 2 aAd A
< < 08 < A
06 A I 0.6 -
5, y 5. 06 5,
£ 04 - | 3 0.4 -
£ 0.2 4 £0-2 1 #‘[ £ 0.2 R
£ A £ < A A
o0 acd WE 0 ] A-mAMMAN W0 A
< < <
0.2 0.2 0.2

2 3 456 7 8 9101112 Z;Aéé;éélblvllyz 2;;1_'5;);;39')1'01'11'2

pH pH pH
Figure 4.9. Experimental emission values taken at the emission wavelengths for 0-BA, m-BA
and p-BA at 460, 466 and 460 nm respectively, as a function of pH and fit to a sigmoid
model, to estimate the pK. for each BA derivative (1 mM) in H,O; F is the measured
fluorescence intensity at excitation wavelengths 367, 372 and 370 nm for the BA derivatives,
respectively, in the presence of glucose (10 mM), Fyin and Fy. are the minimum and
maximum fluorescence intensities measured in each case.

Table 4.2. Estimated pK, values for the BA and BA-ester forms of the BA monomers.

0-BA m-BA p-BA
BA 8.6 8.7 8.8
BA-Ester 8.1 8.5 8.0

4.4.3.2 Glucose Titrations

Glucose titrations were carried out on all three BA monomers close to the pKa of
their BA-ester, to investigate their fluorescence response to glucose. 0o-BA showed a

marginal increase of 13% in fluorescence at Amax"™ = 460 nm upon addition of 150
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mM glucose (Figure 4.10A and B, and Figure C24). m-BA showed an enhanced
response of 47% (Figure 4.10C and D, and Figures C25-27). This limited increase of
excimer emission demonstrated by o-BA and m-BA can be accounted for by the
closer proximity of the boron atom to the cationic N* moiety. In its anionic form, the
boron atom is likely to interact intramolecularly (o-BA) or solvent-assisted (m-BA)
with the adjacent cation. The conformation of p-BA allows the aggregation
mechanism to prevail in the presence of glucose, resulting in an enhanced
fluorescence at Amax™™ = 460 of 177% (Figure 4.10E and F, and Figure C28). As the
concentration of glucose increased, the appearance of a shoulder at 490 and 520 nm in
the emission emerged. This resulted in a fluorescence colour change from blue to
green, which would be desired for glucose-sensing applications. The orientation of the
BA group in the para position in p-BA also minimises steric interactions with the CHz
linker attached the phenyl ring, to allow for glucose to bind more readily in
comparison to the BA group in 0-BA and m-BA. This aids to explain the more
enhanced fluorescence increase by aggregation in p-BA compared to the other
monomers. This observation also supports the increased fluorescence in m-BA over o-

BA (Figure 4.10).
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Figure 4.10. Fluorescence emission spectra (A) and relative fluorescence increase (B) for o-
BA (1 mM) with glucose (0-150 mM) in H,O at pH 8.0; The emission at 460 nm was
recorded using the corresponding excitation wavelength (Amax™) of 367 nm, showing a
fluorescence increase of 13% in the presence of 150 mM glucose. Fluorescence emission
spectra (C) and relative fluorescence increase (D) for m-BA (1 mM) with glucose (0-150
mM) in H,O at pH 7.5; The emission at 466 nm was recorded using the corresponding
excitation wavelength (Amax™) of 372 nm, showing a fluorescence increase of 47% in the
presence of 150 mM glucose. Fluorescence emission spectra (E) and relative fluorescence
increase (F) for p-BA (1 mM) with glucose (0-150 mM) in H,O at pH 8.0; The emission at
460 nm was recorded using the corresponding excitation wavelength (Ama®™) of 370 nm,
showing a fluorescence increase of 177% in the presence of 150 mM glucose. Inset F Shows a
photo of the samples before (blue fluorescent) and after the addition of 150 mM glucose
(green fluorescent). Fy is the initial fluorescence of the BA in the absence of glucose and F is
the measured fluorescence intensity of the BA in the presence of glucose (0-150 mM).
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4.5 Conclusion and Future Work

In summary, a new class of polymerisable, water soluble, BA derivatives has been
produced. Their structures and binding ability towards glucose have been
characterised by "B NMR and fluorescence, which have been shown to serve as a
useful tool to probe their binding behaviour and structural interactions with glucose.
The pK. values of the BA and BA-ester forms of the monomers were estimated by
tracking changes in fluorescence emission spectra as a function of pH. The p-BA was
found to be the most responsive derivative towards glucose, exhibiting the highest
increase in excimer fluorescence around physiological pH. Furthermore, the high-
yielding synthetic procedure is a facile, one-step, methodology for the generation of a
library of polymerisable boronic acids. Moreover, these BA derivatives contain
polymerisable handles in their structures, which would allow for simple covalent
attachment in a polymer matrix. Next, these monomers were investigated in a two-
component fluorescence sensing system in solution and within hydrogel matrices

(Chapter 5).
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5.1 Abstract

Boronic acids have been widely exploited for their ability to interact with diol-
containing compounds. By combining boronic acid molecules with fluorophores,
interactions with saccharides can be detected. In this context, an indirect glucose-
sensing system is described, by monitoring the fluorescence of an anionic
fluorophore, 8-hydroxypyrene-1,3,6-trisulfonic acid. When this fluorophore is
introduced to cationic boronic acid monomers (0-BA, m-BA and p-BA), its
fluorescence becomes quenched, due to the formation of a non-fluorescent boronic
acid-fluorophore complex. Upon addition of saccharides, a boronic acid-saccharide
complex is formed, with simultaneous dissociation of the non-fluorescent complex,
and recovery of the fluorescence. This response of this system was examined in
solution with common monosaccharides, such as glucose, fructose and galactose.
Polymerisation of the boronic acid monomers yielding cross-linked hydrogels, which

showed similar reversible recovery of fluorescence in the presence of glucose.
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5.2 Introduction

Boronic acids (BAs) have been investigated for many potential applications, such
as purification of glycoproteins by affinity chromatography,' protecting groups in
carbohydrate chemistry? and as coupling reagents in the formation of new C-C
bonds.> This versatility originates from their trigonal planar geometry and vacant
orthogonal p-orbital, which consequently renders them Lewis acidic.> This Lewis
acidity also enables BA groups to form strong and reversible interactions with
saccharides, anions,* neurotransmitters such as dopamine® and o-amino acids.’
Arylboronic acids typically have a pK, around 8,° which can be reduced by 2-3 units
when bound to saccharides, due to the electron-withdrawing capability of the sugar
molecule.” As a result, BAs are suitable for sensing bioanalytes within the pH range
of physiological fluids.® The fabrication of BA-substituted fluorophores for the
detection of glucose has significant clinical potential, in particular for the detection,
diagnosis and monitoring of diseases, such as diabetes.”!>

To date, most BA-based fluorescent sensors have focused on exploiting well-
characterised quenching mechanisms associated with discrete molecules. Appropriate
covalent attachment of a BA moiety to a fluorophore exhibiting internal charge
transfer (ICT) or photoinduced electron transfer (PET) can produce systems which
exhibit restored fluorescence upon saccharide binding. For the past ten years, this
approach has been championed by groups, such as James ef al.!® %1618 and Badugu,
et al.* 1 In solution, demonstration of this effect is relatively straightforward, but
upon transitioning to a polymeric matrix, maintaining the response can be
significantly challenging.?

In an indirect fluorescent sensing system, as pioneered by Singaram and co-
workers,?!?® the fluorophore is typically anionically charged and the BA group is
appended to a separate cationic molecule.?® These molecules interact electrostatically
to form a non-fluorescent ground-state complex.?* 2> Upon saccharide binding, a
conformational change around boron is induced and the anionic boronate form is
generated.!®> 23 This structural change leads to the dissociation of the ground-state
complex, thereby restoring fluorescence.?*

This indirect sensing system is dependent on through-space electrostatic
interactions between two molecules. Conversely, in a direct sensing approach, all

sensing components are incorporated in to a single structure. By employing a two-
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component system, the sensing approach can be simplified through the design of
small cationic BA derivatives. The resulting fluorescence response therefore relies on
both the ability of the BA molecule to interact with the fluorophore and the
subsequent binding of saccharides, to sufficiently disrupt this fluorescence quenching
mechanism. Singaram ef al?® have demonstrated that for BA-substituted
bipyridinium, and phenanthrolinium viologens, the substitution of the phenylboronic
acid has a significant bearing on both fluorescence quenching and recovery. In
particular, the ability of the cationic nitrogen to interact with the boron centre, can
have a profound effect on the fluorescent reponse.?® Upon N*-B- interaction,
fluorescence recovery to dissociate the ground-state complex was thought to occur
more rapidly.?¢

Using the same family of viologens, other groups have expanded on this work by
variation of the fluorophore. Feng et al?: 3° demonstrated two-component sensing
systems in solution by interchanging the fluorophore with a substituted naphthalene
dye or a fluorescent BINOL-containing polymer. Both approaches were most
sensitive to glucose at lower concentrations (<10 mM). Li et al.*! have also proposed
a two-component sensing system utilising the same BA-viologen salts with
fluorescent quantum dots. The fluorescence in this case, could be quenched by 80%
on addition of the BA-viologen (0.5 mM) and restored by 33% on sequential additions
of glucose (0-60 mM). Although all of these systems showed excellent fluorescence
quenching and recovery, the BA viologen compounds employed exhibit biological
toxicity.3? This two-component system has also been extended to a hydrogel matrix.
Optimisation of cross-linkers and polymerisable sensing moieties by Singaram et
al.,?2>2 yielded a system comprising a diboronic viologen with acrylate tethers,
coupled with a substituted pyrene fluorophore containing multiple anionic groups and
cross-linked with a polyethylene glycol crosslinker. The resulting hydrogel showed a
fluorescent response to physiological relevant concentrations of glucose (5 mM),
showing a stable fluorescence signal for glucose diffusion in to the gel after ~2h.?2-2%
28

Recently, we have reported a new family of cationic BA monomers that can be
synthesised via a one-step, easily adaptable methodology.’* 3* Advantageously, these
small cationic monomers bear structural similarities to acetylcholine, which is
biologically significant for peptide synthesis*® and receptor agonists.’® BAs are also

considered as ‘green compounds’ with low toxicity.? Herein, we use polymerisable
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BA derivatives in conjunction with the anionic fluorophore 8-hydroxypyrene-1,3,6-
trisulfonic acid (pyranine) in a two-component sensing system (Figure 5.1), for the
detection of monosaccharides. This indirect system was optimised first in solution by
interchanging the BA monomers to determine the most efficient quencher. Thereafter,
the fluorescence recovery was studied using three monosaccharides; glucose, fructose
and galactose. The system was then integrated in to a hydrogel matrix, which showed
good reproducibility for sensing glucose within physiological relevant concentration

ranges.

HO -g <&
OH

Figure 5.1. Indirect sensing system components; pyranine (left) and the general structure of
the BA monomers (right).

5.3 Experimental

5.3.1 Materials and Methods

2-(Bromomethylphenyl)boronic acid (100%), 3-(bromomethyl-phenyl)boronic acid
(95%) and 4-(bromomethylphenyl)boronic acid (95%) were acquired from
Fluorochem, UK and used as received. 2-(Dimethylamino)ethyl methacrylate (98%),
8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (pyranine; >97%), acrylamide
(>99%), N,N’-methylenebis(acrylamide) (MBIS; 99%), 2-hydroxy-2-
methylpropiophenone (HMPP; 97%), D-(+)-glucose (>99.5%), D-(-)-fructose
(>99%), D-(+)-galactose (>98%), anhydrous acetonitrile (CH3CN; 99.8%), anhydrous
dichloromethane (CH2Clz; >99.8%) and deuterium oxide (D20; 99.9%, atom D) were
purchased from Sigma Aldrich, Ireland and used as received. Structural 'H, *C and
"B NMR studies were carried out on a Bruker Avance Ultrashield 600 MHz

spectrometer. D>O was used for all NMR measurements. The fluorescence of the BA
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monomers was recorded using a JASCO FP-8300 spectrofluorometer at 20 °C and
UV-vis absorption measurements were carried out on a Varian Cary 50 Probe
spectrophotometer, in a precision cell made from quartz Suprasil that had a path
length of 10 mm and a volume of 1.4 mL. All pH measurements were carried out
using a VWR sympHony SP70P pH meter. Deionised water (18.2 MQ.cm-') (DI
H>0) used was purified using a Milli-Q Water Purification System (Merck Millipore,

Darmstadt, Germany).

5.3.2 Fluorescence Titrations with Hydrogel Cocktails

Fluorescence recovery titrations were carried out by monitoring the fluorescence of
pyranine (100 uM; 0.001 mol%) in the hydrogel cocktail containing acrylamide (100
mol%) and MBIS (1 mol%) in DI H>O (2 mL), with increasing concentrations of BA
monomers. Additions of BA monomer were made using automated pipettes. Each BA
stock solution was dissolved in DI H2O. Following each addition of saccharide, the
fluorescence was measured in a quartz Suprasil 1.4 mL cuvette with a path length of
10 mm, on a JASCO FP3800 Spectrophotometer. Excitation and emission spectra
were recorded from the characteristic wavelengths of pyranine, where the excitation
wavelengths were 374 nm, 404 nm and 454 nm, and the emission wavelength was 515
nm. A fluorescenec curve was plotted by taking the maximum intensity of the
fluorescence emission, when excited at all wavelengths. The parameters used for
fluorescence measurements were as follows; 280 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time and 500 nm/min scan speed, unless otherwise

stated.
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5.3.3 Synthesis of Glucose-Responsive Hydrogels

Table 5.1. Recipe for fluorescent acrylamide-oBA hydrogels.

Materials N?ga)s > V?:::;le De(l:)s)lty M; mmol M;;(l) ar
Acrylamide 1.000 - - 71.0 14.0 100
MBIS 0.0216 - - 154.1 0.14 1
Pyranine - 250.0 - 524.3 0.0002 | 0.001
oBA - 37.5 - 372.0 0.003 0.02
HMPP 0.0231 21.5 1.077 164.2 0.14 1.0

* The final concentration of pyranine in the cocktail solution was 0.1 mM and the
final concentration of o-BA was 1.5 mM (15 eq.).

The hydrogels were prepared by adding the reagents as described in Table 5.1 and
Table 5.2 and dissolved in 2 mL DI H»O. Thin hydrogel films were achieved using a
home-made cell consisting of a glass slide (bottom), poly(methyl methacrylate) (top)
and a pressure-sensitive adhesive (120 um) spacer. The films were polymerised inside
a CL-1000 Ultraviolet Crosslinker UVP chamber at 365 nm for 30 minutes. Once
polymerised the films were cut, to produce 13 mm diameter hydrogel disks with a
thickness of 120 um. The hydrogel disks were placed in pH 7.4 buffer solution after
cutting.

The fluorescence of the hydrogel disks was measured first after polymerisation and
immersion in buffer (3 mL) for at least an hour. The fluorescent hydrogel disks were
then placed in to glucose solutions of various concentrations between 0-100 mM. The
experiment was carried out in triplicate by measuring the fluorescence of at least three
gels in the same glucose concentration. Similar to the solution-based studies, the
fluorescence of pyranine (100 puM; 0.001 mol%) in the hydrogels was monitored.
Two different hydrogels were polymerised. Hydrogels containing pyranine:o-BA
(1:15) and pyranine:m-BA (1:10) with the same mol% of the other hydrogel
components; acrylamide 100 mol% and MBIS 1 mol%. Initially, the hydrogels
exhibited low fluorescence and when in the presence of glucose, the fluorescence

increased. The excitation and emission spectra for the hydrogels were measured using
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the JASCO FP8300 spectrophotometer on a high precision glass cover slide while
hydrated at an angle of 30°. A fluorescence curve was plotted by taking the maximum
intensity of the fluorescence emission, when excited at the wavelengths stated. The
parameters used for fluorescence measurements were as follows; 500 V sensitivity,
2.5 nm bandwidth, 1 nm data interval, 1 second response time and 500 nm/min scan

speed, unless otherwise stated.

Table 5.2. Recipe for fluorescent acrylamide-mBA hydrogels.

Materials Ng)s > V?:::;le De(l:)s)lty M; mmol M;;(l) ar
Acrylamide 1.000 - - 71.0 14.0 100
MBIS 0.0216 - - 154.1 0.14 1
Pyranine - 250.0 - 524.3 0.0002 | 0.001
mBA - 20.0 - 372.0 0.002 0.01
HMPP 0.0231 21.5 1.077 164.2 0.14 1.0

* The final concentration of pyranine in the cocktail solution was 0.1 mM and the
final concentration of m-BA was 1 mM (10 eq.).

5.3.4 Calculating the Fluorescence Quenching and Sugar Binding Constants

The static and dynamic quenching constants for the decrease in pyranine
fluorescence were determined for both 0-BA and m-BA, using Equation 5.1.3:2* Fjy is
the initial fluorescence of pyranine, F is the measured fluorescence after the addition
of BA monomer, V is the dynamic quenching constant, K; is the static quenching
constant and /Q] is the concentration of the BA quencher molecule. The apparent
binding constants for each saccharide were also determined via fluorescence titrations
with glucose, fructose and galactose and calculated using Equation 5.2,222* where Fy
is the fluorescence intensity of the quenched dye, F is the fluorescence intensity after
sugar addition, F. is the intensity at which the fluorescence increase reaches its
maximum, /S/ is the concentration of the sugar and K, is the apparent binding
constant. The data was analysed with a non-linear least squares method using Solver

from Microsoft Excel 2016.
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Equation 5.1 for fluorescence quenching:

Fo/F = (14 Ks[@QDe" (5.1)

Equation 5.2 for fluorescence recovery:

F/Fy = (14 (Fnax/Fo)Kp[SD/(1 + Kp[S]) (5.2)

5.4 Results and Discussion

The adaptable, one-step synthesis was used to produce a series of polymerisable
BA derivatives. Pyranine was chosen as the anionic fluorophore because of its water
solubility, large Stokes shift, resistance to photobleaching and the breadth of previous
research detailing its application in sensing.* 2% 2% 37-3% Photophysical characterisation
of pyranine in solution showed that in the presence of the cationic BA monomers, o-
BA, m-BA and p-BA, a ground state complex was formed. Figure 5.2 shows the
absorbance of pyranine (blue spectrum) and the change in this absorbance upon
formation of the ground-state complex between pyranine and o-BA (pink spectrum).
The absorption of pyranine was then partially restored on introducing glucose (green

spectrum).

—Pyranine
——Pyranine + 0-BA
Pyranine + 0-BA + Glucose

o o O
IN o)) 00
1

Absorbance (A. U.)

o
N

300 350 400 450 500 550 600
Wavelength (nm)

Figure 5.2. Absorbance spectra for pyranine (4 uM) (blue), pyranine and 0-BA (1:50) (pink)
and pyranine, 0-BA (1:50) and glucose (100 mM) (green) in pH 7.4 buffer.

5.4.1 Fluorescence Quenching of Pyranine with o-BA, m-BA and p-BA

To optimise this two-component sensing system, the BA monomers were initially
screened in solution for their ability to quench the fluorescence of pyranine. Pyranine

was dissolved in pH 7.4 phosphate buffer solution and quenching titrations were
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carried out with each BA monomer (Figure 5.3 and Figures D1-D5 in Appendix D).
The pyranine fluorescence showed a characteristic excitation spectrum with
absorption bands (Amax®™) at 374 nm, 404 nm and 454 nm, which all resulted in a
single emission (Amax™™) centred at 515 nm. Figure 5.3 shows the excitation and
emission spectra for the fluorescence titration of pyranine (4 uM) with o-BA (0-200
uM), m-BA (0-160 uM) and p-BA (0-1000 uM), where the fluorescence showed a
decrease of 96% with m-BA. This change from strongly fluorescent (green) to weakly
fluorescent (blue) was clearly observed by eye under UV light.
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Figure 5.3. Excitation and emission spectra for pyranine (4 uM) with increasing
concentrations of 0-BA (0-200 uM), m-BA (0-160 uM) and p-BA (0-1000 uM) in pH 7.4
buffer solution. The inset for m-BA shows an image of this change under 365 nm UV
irradiation.
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0-BA also quenched the fluorescence by 94% with 50 equivalents (Figure 5.4,
blue), more efficiently than the p-BA which generated only 10% quenching up to 40
equivalents (Figure 5.4, purple). The static and dynamic quenching constants were
estimated for 0-BA and m-BA, using Equation 5.1 (Table 5.3) and are comparable to
bipyridinium substituted bisboronic acids (BBV) presented by Singaram et al, in
which the 0-BBV and m-BBV derivatives have static quenching constants of 16,000
M- and 8749 M and dynamic quenching constants of 21,000 M! and 1549 M,
respectively.?® In contrast to Singaram et al. the m-BA shown here quenched the

fluorescence more efficiently in comparison to o-BA.

Amax’ = 404 nm
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Figure 5.4. Fluorescence quenching of pyranine (4 uM) with o-BA (0-200 uM), m-BA (0-
100 uM) and p-BA (0-160 uM).

Considering the values obtained in Table 5.3, our interpretation is that o-BA acts as
a weaker quencher molecule in comparison to m-BA, due to the close proximity of the
BA group ortho to the N* moiety, which facilitates N*-B- interactions. If an
intramolecular N*-B- interaction occurs in 0-BA, electrostatic interactions between the
N* moiety and the anionic sulphonate groups in pyranine are weakened, leading to an

enhanced emission.

Table 5.3. Quenching constants for 0-BA and m-BA.

Quenching
Constants (M) 0-BA m-BA
Static (Kj) 12993 19205
Dynamic (V) 0 28526
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5.4.2 Fluorescence Recovery of Pyranine with Monosaccharides

The recovery of fluorescence in solution was investigated for the 0o-BA and m-BA
systems, since both of these monomers exhibited the most efficient quenching
interactions with pyranine. The ratios between pyranine and the BA monomers of
1:20 for m-BA and 1:50 for o-BA, were chosen by close examination of the
fluorescence quenching curves (Figure 5.4). Upon sugar binding to the BA molecule,
a conformational change around boron is induced from the neutral trigonal planar BA
to the anionic tetrahedral boronate ester form. This change results in a zwitterionic
BA molecule, inducing instability in the electrostatically bound ground-state complex.
This dissociation between the BA molecule and pyranine generates a recovery in

pyranine fluorescence.
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Figure 5.5. Left: Fluorescence recovery of pyranine (4 um) and o-BA (1:50), Right:
Fluorescence recovery of pyranine and m-BA (1:20).

0-BA showed the greatest fluorescence recovery response for all three sugars, with
the most significant response (9-fold) seen upon binding fructose. m-BA showed a
markedly lower restoration of fluorescence for the same sugars, with a 6-fold
fluorescence increase on complexing galactose and a 5-fold increase with glucose and
fructose (Figure 5.5). (For spectral data on all of the fluorescence recovery titrations,
the reader is directed to Figures D6-D11 in Appendix D). The apparent binding
constants were also determined from this data for 0o-BA and m-BA with each
monosaccharide (Table 5.4). From these binding constants, the BA derivatives show a
higher selectivity for fructose over glucose and galactose, similar to other reported

BA derivatives.!”7> 26
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Table 5.4. Binding constants (Ks) for o-BA and m-BA with all three monosaccharides.

Bindinig 1\/E,:(l))nstants 0-BA m-BA
Glucose 33.0 29.0
Fructose 61.6 44.9
Galactose 23.1 23.4

The fluorescence recovery reported here, displaying between three- and ten-fold
growth is notably higher than previously reported similar two-component pyranine
systems (Singaram ef al. show a maximum of F/Fy = ~2.2 in solution).?* Interestingly,
the 0-BBV derivative employed by Singaram showed a higher binding constant value
in comparison to the meta and para counterparts.?® For the compounds presented here,
both 0-BA and m-BA showed very similar binding constants for all three
monosaccharides. Overall, the greatest fluorescence recovery for each
monosaccharide was observed with the o-BA system. It is likely that this would result
from enhanced intramolecular stabilisation in 0-BA on saccharide binding from the
adjacent N™ moiety.

With a view to optimising ratios of quencher and fluorophore within a hydrogel
matrix, the gel cocktail was titrated with the BA monomers (Figure 5.6). Acrylamide,
methylenebis(acrylamide) and pyranine (0.1 mM) were dissolved in H»O. From
Figure 5.6, it can be seen that similar to the solution-based studies, m-BA quenches
the fluorescence more efficiently than 0o-BA. From this quenching study (Figure 5.6,
Figures D12-D13), it was deduced that the favoured ratios of pyranine to the BA
monomers for polymerisation were 1:15 for 0-BA and 1:10 for m-BA. Since the BA
monomers contained polymerisable handles in their structures they were co-
polymerised in the hydrogel matrix. The presence of cationic N groups within the
polymeric chains enables pyranine to be electrostatically bound in the hydrogel

matrix.
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Figure 5.6. Left: Fluorescence emission spectra of the hydrogel cocktail; containing
acrylamide (100 mol%), MBIS (1 mol%) and pyranine (0.001 mol%) after titration with 0-BA
(0-5 mM) and right: normalised (F/F) fluorescence emission of both hydrogel cocktails after
titrations with 0-BA (0-1.5 mM) and m-BA (0-1.5 mM) in DI H>O fitted with a model using
Equation 5.1.

The BA monomers were photo-polymerised in to thin hydrogel films, which were
then cut in to circular disks. The fluorescent disks were hydrated in pH 7.4 buffer
solution before being immersed in various glucose concentrations ranging between 0-
100 mM. From the emission spectra, quenching curves were plotted (Figure 5.7) and
the apparent binding constants (Ky) with glucose were determined. The Ky value for
the hydrogels containing 0-BA was 40.6 M™! and the K value for the m-BA gels was
100.6 M"!, where both K, values are higher than the calculated values for the solution-
based studies (Table 5.4).

Similar to the solution-based studies, the fluorescence of the hydrogels increased
with glucose concentration. Figure 5.7 shows the changes in fluorescence for the o-
BA and m-BA hydrogels in varying glucose concentration, where an overall increase
of 45% was observed for m-BA with 100 mM glucose. Similarly, for o-BA hydrogels,

the fluorescence is recovered by ~35%.
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Figure 5.7. Normalised emission data (n = 3) of hydrogel disks containing pyranine (0.0001
mol%) and 0-BA (15 eq.) or m-BA (10 eq.) with varied glucose concentrations (0-100 mM).
(A) Shows the excitation and emission spectra for the o-BA hydrogels with increased
fluorescence by 35% with 100 mM glucose and (B) shows the emission at 490 nm. (C) Shows
the excitation and emission spectra for the m-BA hydrogels with increased fluorescence by
45% with 100 mM glucose and (D) shows the emission at 520 nm. The insets in (B) and (D)
show images of the quenched hydrogel under 365 nm UV light. The points on the curve
represent the mean * standard deviation.

5.5 Conclusions

In summary, a new class of polymerisable, water soluble, BA derivatives has been
synthesized and characterised. Their cationic nature was exploited to quench the
fluorescence of an anionic fluorophore. In the presence of saccharides, the formation
of a cyclic boronate ester resulted in dissociation of this non-fluorescent complex,
thereby enabling fluorescence recovery. The presence of polymerizable groups within
the BA structure enabled their incorporation within hydrogel matrices. The resulting
hydrogels were shown to respond to glucose within concentration ranges relevant for
physiological sensing (up to 50 mM). These small, cationic BA monomeric units offer

an adaptable approach for the production of soft hydrogel sensors, in which they can
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be co-polymerised (up to 100%) with a wide range of available monomers. We
believe these results can provide great potential for the creation of hydrogel

saccharide sensors.
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6.1 Abstract

Over recent years, Boronic acids (BAs) have been exploited for their ability to
sense saccharides. BAs are Lewis acidic since they possess a vacant p-orbital, which
allows them to form strong, but reversible interactions with diol-containing
compounds, thus forming an anionic boronate-saccharide complex. This interaction
can be probed intramolecularly, via interactions with the fluorophore moiety
incorporated in a BA sensor, or intermolecularly, via through space interactions with
a separate fluorophore molecule. Previous chapters have focussed on the design and
synthesis of single molecule fluorescent sensors (Chapters 2 and 4) or two-component
sensing systems (Chapters 3 and 5) and their characterisation in solution.
Consideration of long term stability and reliability of point-of-care devices highlights
the need to incorporate these sensing systems in solid-state polymeric membranes.
Therefore, in this future work chapter, several strategies for potential incorporation of
two-component sensing systems (BA—Fluorophore) in gel matrices are investigated
(Part A and B).

Boronic acid derivatives have piqued interest not only for the development of
sensors but also as stimuli-responsive materials that can be incorporated into drug
delivery platforms. In particular, BA-containing linear polymers have been used in
layer-by-layer (LbL) assemblies to trigger the release of drugs in the presence of
saccharides. Part C of this future work chapter describes a novel LbL system based on
cationic BA-homopolymers, their assembly and sugar-induced disassembly in

aqueous solutions.
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Part A — Indirect Glucose Sensing in Ionogels

6.2 Introduction

In Chapter 3 and 5, an indirect sensing approach was described for novel cationic
BA derivatives whose interaction with known fluorophores can be used to measure
glucose concentrations. A fluorescence decrease of the fluorophore emission upon
increased concentrations of the BA component was first detected, followed by the
restoration of fluorescence in the presence of glucose. To date, few examples of this

two-component sensing system exist in solid state,!”’

where our group has shown
great expertise in the incorporation of sensing molecules in polymer gel structures.®°
Recently, the use of fluorescence-based molecular sensors for glucose-monitoring
applications has been a research area of interest. Fluorophores, such as anthracene,
have demonstrated long-term in vivo glucose-monitoring for up to 140 days in mice
models.'® Although there are known disadvantages for the use of fluorophores, such
as necessary UV-light irradiation, immune responses towards the fluorescent probes
and photo-bleaching of the fluorophore, most of these challenges could be overcome
by implementing the sensing system inside a hydrogel.!” This is due to the fact that
owing to their high water content, hydrogels display biomimetic properties.’
Interchanging 7-hydroxycoumarin (7HC) (Chapter 3) for fluorescein could eliminate

0 since the excitation

health concerns raised by the need of UV-light irradiation,’
wavelength for dianionic fluorescein is ~500 nm,!! which is of a higher excitation
wavelength compared to ~370 nm for anionic 7HC.!? Fluorescein is also known to be
non-toxic and has been previously used in biomedical applications.'?

Hydrogels are three-dimensionally cross-linked hydrophilic polymer networks
which are capable of retaining high quantities of water in their structures.”> 1
Physiochemical properties of hydrogels are comparable with living tissues, due to
their high water content, which makes these materials biocompatible.” * By
fabricating a BA-containing hydrogel, both the benefits of hydrogels and BAs can be
combined.” Incorporating BA components in to a hydrogel framework would allow
for integration of these sensing gels in to smart sensing platforms, while retaining
robustness, sensitivity and ease of handling of the sensing components. '4

L 2-5

Singaram et a and others® have investigated two-component sensing in the

solid-state for glucose detection. Predominantly pyranine was used as the
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fluorescence reporter unit and BA-viologen compounds acting simultaneously as the
fluorescence quenchers and BA receptor units. As it stands, the most advanced two-
component hydrogel sensing system developed by Singaram et al. relies on local
interactions between the fluorophore and BA-viologen units, where these components
are co-polymerized within the gel matrix. Instead, herein we propose electrostatic
immobilisation of the fluorophore by employing fluorescent ionic liquids (ILs). This
would allow for the fluorophore to remain mobile within the gel matrix, which could
be beneficial for BA-fluorophore interactions.

The use of ILs in materials science is a relatively new concept that has attracted
substantial interest in recent years.® Integrating an ionic liquid inside a polymer gel
merges the favourable features associated with both materials in a novel matrix.!> 16
ILs are liquid salts below 100 °C that have paved applications in many fields of
chemistry and materials science, as well as industry, due to their chemical and thermal

stability, low vapour pressure and high ionic conductivity.® 1317

Being a liquid salt,
ILs are therefore composed of an anion and a cation.!” As a result, these materials are
hydrophilic, but can also be tailored for hydrophobic properties.'> !” Conveniently,
many have labelled these liquids as ‘designer solvents’ where they are easily tuned for
a variety of specific functions such as electrochemical materials in green chemistry,
electrolytes for electrochemical devices, including double layer capacitors, solar cells
and rechargeable lithium batteries, as well as solvents for organic synthesis (e.g. for
Diels-Alder, Grignard reaction, Suzuki or Heck cross-coupling reactions).!” Simply
by interchanging the anionic or cationic component combinations of up to one trillion
ionic liquids can be produced.® '>-!7 Conveniently, this allows for a range of ILs that
can be made responsive to numerous stimuli, including temperature, pressure,
magnetic and electric fields, pH and light, among others, on incorporation of stimuli-
responsive species available for local interaction.® 1618

Ionogels are a new class of polymeric materials, where an ionic liquid is generally
used to solvate the polymeric chains. Poly(ionic liquid)s (PILs) comprise a subclass of
ILs, where they are synthesised from ILs containing polymerizable groups.® Several
ionogels have been fabricated by us and others, where these have been modified to
contain functional units, such as photochromic or fluorescent dyes, which enabled the

gel to be photo-responsive.® '® Within the IL field, phosphonium cation-based ionic

liquids possess some advantageous properties that can be exploited. When compared
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to their imidazolium based counterparts, for example, phosphonium ILs show higher
thermal stability, lack acidic protons and are often less dense than water, which can be
beneficial in complex organic chemistry work-up stages that involve decanting
aqueous layers containing undesired by-products.'> !'” By modifying the anionic or
cationic components, the physical and chemical properties of polymerizable
phosphonium ILs can be modified, to elicit control over the design of novel polymeric
materials. !>

In this section, an indirect sensing method for glucose detection using a
di(trihexyltetradecyl phosphonium) Fluorescein ionic liquid (Psge6,14 Fluorescein IL)
is described. Two fluorescein-containing ionogels, Ionogel 1 and Ionogel 2, have been
synthesised for a two-component glucose detection system. In Chapter 3, it was
determined that by working in a solution close to the pKa. of the fluorophore, the
fluorescence response could be optimised for glucose detection. Fluorescein was
chosen for this reason because it has been widely studied'! and for its pKa close to
~7,7 which would permit glucose detection in pH solutions close to physiological pH.

In Tonogel 1, both the Pggg14 fluorescein IL and the BA derivatives were
electrostatically bound within the ionogel matrix. In pH 7.4 conditions, the anionic
fluorescein and cationic BA molecules formed a non-fluorescent ground-state
complex by electrostatic interactions within the ionogel. On introducing glucose, a
change in hybrization in boron was induced to the anionic boronate form. This
initiated dissociation in the ground-state complex to restore the fluorescence in
fluorescein. Ionogel 1 was used to screen two phenyl-BA derivatives, m-MethylBA
and o-AminoBA, in an attempt to optimise the system for glucose sensing. Two
cationic BA derivatives of different design were synthesised to determine the most
favourable BA structure, in terms of the positioning of substituents on the quinoline
rings and the orientation of the BA group for glucose binding and hence, fluorescence
recovery.

In Tonogel 2, the Psge,14 fluorescein IL was electrostatically bound inside the gel
matrix, while the 3-(acrylamido)phenylBA was co-polymerised together with
acrylamide and N-[3-(dimethyl)amino)propyl] methacrylamide in a 1:3:1 molar ratio.

The fluorescence of Ionogel 2 was monitored upon glucose addition.
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6.3 Experimental

6.3.1 Materials and Methods
Fluorescein disodium salt (NaxF1), trihexyltetradecyl phosphonium chloride 95%

(P6,6,6,14Cl), potassium 3-sulfopropyl methacrylate salt, magnesium sulphate (MgSOs),
polypropylene oxide diacrylate (PPO800; crosslinker), 2,2-dimethoxy-2-
phenacetophenone (DMPA; photoinitiator), 3-(acrylamido)phenylboronic acid, N-[3-
(dimethyl)amino)propyl] methacrylamide, polyethylene glycol (PEG) diacrylate-258
(crosslinker), 2-hydroxy-2-methlpropiophenone (photoinitiator), D-glucose and 6-
methylquinoline were purchased from Sigma Aldrich and used as received. 2-
(Bromomethyl)phenylboronic acid, 3-(bromomethyl)phenylboronic acid and 5-
aminoquinoline were purchased from Fluorochem UK. Tetrabutylphosphonium
chloride (Ps444Cl) was kindly donated by Cytec® Industries. Solvents used were
methanol (CH3OH), anhydrous acetonitrile (CH3CN). Deionized water (18.2 MQ-cm-
1) (DI water) was made using a Merck Millipore Milli-Q Water Purification System.
pH measurements were carried out on a VWR symphony SP70P pH meter. 'H and
BBC NMR spectra were recorded on a 400 MHz or 600 MHz Bruker NMR
spectrometer, using deuterium oxide (D20) or deuterated methanol (ds-CH3;0H). ''B
NMR experiments were carried out on a 600 MHz NMR spectrometer that used BF3
in deuterated methanol as an external standard. All reactions employing BA
derivatives were monitored by thin layer chromatography (TLC) that used basic silica
plates and 5:95% CH3;OH:CH:Cl> as the mobile phase. All fluorescence
measurements were carried out on a JASCO Spectrofluorometer FP-8300 in pH
buffer solutions.

The fluorescence of the gels was measured in a customised 3D printed holder
(Figure 6.1). All measurements were carried out at room temperature. The parameters
set were as follows; bandwidth: 5 nm, sensitivity: high. Approximately 20 scans were
taken at 20 second intervals before the emission spectrum was stabilised, previous to
glucose additions. All fluorescence measurements were carried out in pH 7.4
phosphate buffer solution, where the buffer composition was as follows; 0.1 M
potassium dihydrogen phosphate (KH2PO4; 100 mL) and 0.1 M sodium hydroxide
(NaOH; 78.2 mL) salts. The buffer was made up to 200 mL using deionised water.
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Figure 6.1. (A) Prototype holder; plastic slide holder with glass coverslip sealed with
parafilm, the ionogel sits inside with pH 7.4 phosphate buffer. (B) 3D-printed cuvette style
holder with fluorescein ionogel in pH 7.4 phosphate buffer solution.

6.3.2 Synthesis of Ionogel 1
Prior to ionogel synthesis, tetrabutylphosphonium sulfopropyl methacrylate

(monomeric IL) and the di(trihexyltetradecyl phosphonium) fluorescein (Psgs,14

fluorescein IL) were synthesised as described below.

6.3.2.1 Synthesis of Di(trihexyltetradecyl phosphonium) Fluorescein Ilonic Liquid
(Ps,6,6,14 Fluorescein IL)

P+ + 2NaCl

Scheme 6.1. Synthesis of Pe 6,14 fluorescein ionic liquid.

P44.4,16 Fluorescein IL was synthesised as indicated in Scheme 6.1, according to a
previously published procedure.'®-2° Briefly, fluorescein disodium salt (NaxF1) (3.34
g; 8.95 mmol; 1.5 eq.) was dissolved in DI H>O (200 mL). Psg614Cl (3.1 g; 5.96
mmol; 1 eq.) was dissolved in CH2Cl> (40 mL) and was added to the H>O solution.
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The mixture was kept under vigorous stirring at room temperature for 7 days. In this
case the reaction was taking place at the boundary of the two immiscible solvents,
hence the need for vigorous stirring to ensure the surface area between the two liquids
is maximized. The product was obtained in the organic phase. The organic phase was
washed with excess DI H,O few times to remove unreacted fluorescein salt. After the
washing was complete, the organic phase was concentrated under reduced pressure
until a deep red and very viscous liquid was obtained. The final purification step
consisted of drying the liquid overnight using a high vacuum pump (0.5 mBar). The
result was a deep red, tar-like liquid, produced in a 70% yield.

6.3.2.2 Synthesis of Tetrabutylphosphonium Sulfopropyl Methacrylate (P4.4.44SPMA)
IL Monomer

\% S L\% S
P\*’E{: K+ -o_é/\/\o T p+ 'O‘S/\/\OJ\K + KCI

d 24h o)

Scheme 6.2. Synthesis of tetrabutylphosphonium sulfopropyl methacrylate IL monomer.

Tetrabutylphosphonium sulfopropyl methacrylate (P4444SPMA) IL monomer was
synthesised as indicated in Scheme 6.2, according to a previously published
procedure.® Briefly, potassium 3-sulfopropyl methacrylate salt (6.26 g, 25.43 mmol,
1.5 eq.) and P4444Cl (5 g, 16.96 mmol, 1 eq.) were dissolved in DI H,O (20 mL) and
the mixture was stirred for 24h at 35 °C. The reaction product was extracted three
times with 40 ml of CH»Cl,. Following this, the organic phase was dried over MgSO4
and the solvent was removed under reduced pressure. The IL product was left to dry
further on the high vacuum line (0.5 mBar) for 4h to ensure all the CH2Cl> was
removed. The desired IL was obtained as a viscous transparent liquid in a 70% yield.
"H NMR (400 MHz, 20 °C), &: 6.0 (1H, dd, J= 1, 2 and 3 Hz, CH — SPMA), 5.4 (1H,
t,J=1and 3 Hz, CH — SPMA), 4.2 (2H, ¢, J= 6 and 12 Hz, CH, — SPMA), 2.8 (2H,
m, CH, — SPMA), 2.3 (8H, m, CHz — P4444), 2.2 (2H, m, CH> — SPMA), 1.8 3H, ¢, J
=1 and 2 Hz, CH3s — SPMA), 1.4 (16H, ¢, J =4 and 8 Hz, CH2 — P4444), 0.9 (12H, ¢, J
= 7 and 14 Hz, CHs — P4s44) ppm. For raw spectral data and supplementary

information see Appendix E.
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6.3.2.3 Preparation of lonogel 1

For Ionogel 1 synthesis, the polymerizable phosphonium IL, P4444SPMA (0.187 g,
0.400 mmol, 100 eq.) and the Pgge,14 Fluorescein IL (0.0052 g, 0.004 mmol, 1 eq.)
were dissolved in CH30OH (100 mg) in a plastic vial. The cross-linker, PPO800 (0.018
g, 0.02 mmol, 5 eq.) and the photo-initiator, DMPA (0.002 g; 0.008 mmol; 2 eq.)
were then added (Table 6.1). The mixture was stirred at room temperature until all
components were dissolved. Once dissolved, the mixture was pipetted in to the
desired mould and placed in the CL-1000 UV Crosslinker UVP chamber (365 nm) for

30 minutes.

Table 6.1. Reagents used for lonogel 1 synthesis.

Materials g (g/lll/llrol) mmol | Eq.
Tetrabutylphosphonium \—\_P+
Sulfopropyl
Methacrylate éL\_ 0.187 | 466.6 | 0.4 | 100
(P4444SPMA) o

1298 0.004 1

Fluorescein IL {; ; ; ; 0.0052

r r

Polypropylene oxide o .

diacrylate (PPO800) Ao | 0018 | 9260 | 002 | 5

(Cross-linker) '

2,2-dimethoxy-2- o

phenacetophenone O

(DMPA) O 0.002 256.3 0.008 | 2
H3;CO OC

(Initiator) ¢ Hs
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6.3.2.4 Synthesis of Cationic BA Derivatives, I-(3-Boronobenzyl)-6 methylquinolin-1-
ium bromide (m-MethylBA) and 5-Amino-1-(2-boronobenzyl)quinolin-1-ium bromide
(0-AminoBA)

m-MethylBA and o-AminoBA were synthesised following the procedure outlined
by Badugu ef al.,?! via a one-step nucleophilic substitution reaction (Scheme 6.3 and
6.4). This generic procedure involved the addition of equimolar amounts of the
corresponding o- or m-boronobenzyl bromide (compounds 1 or 3) with the
appropriate -CH3 or -NH> substituted quinoline derivative (compounds 2 or 4) to form
the boronic acid products m-MethylBA and o-AminoBA, respectively. The
boronobenzyl bromide and quinoline moiety were dissolved in dry acetonitrile and
stirred under an inert atmosphere for 24h at 70 °C. This reaction occurred rapidly to
precipitate the quaternized nitrogen salt out of solution. The white precipitate (m-
MethylBA) or orange precipitate (o-AminoBA) was then filtered and washed using
dry acetonitrile and dried under vacuum for 12h. These resulting compounds were

characterised by 'H NMR, in CD;0D or DO.

m-MethylBA

Scheme 6.3. Synthesis of m-MethylBA. (i) Anhydrous acetonitrile, N», 24h.

Br- N 5-OH
_OH
B PN\F Qi)
OH
Br
3

4 o-AmlnoBA

Scheme 6.4. Synthesis of 0-AminoBA. (i) Anhydrous acetonitrile, N», 24h.
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m-MethylBA was produced as a white powder in an 83% yield (0.14823 g; 0.414
mmol). 'H NMR (600 MHz, CD;0D, 20 °C) 6: 9.2 (1H, d, J = 6 Hz, CH —j), 9.0 (1H,
d,J=8Hz, CH-1),8.1 (1H, d,J=9 Hz, CH —h), 8.0 (1H, s, CH — g), 7.9 (1H, dd, J
=2,5,8and 14 Hz, CH-f), 7.8 (1H, dd,J=1,7,9 and 10 Hz, CH —¢), 7.7 (1H, d, J
=7Hz, CH-d), 7.6 (1H, s, CH —¢), 7.3-7.4 (2H, m, CH — a, b), 2.5 (3H, s, CH3), 6.2
(2H, s, CHz) ppm (Figure 6.2).

o-AminoBA was produced as an orange powder in an 83% yield (0.2722 g; 0.758
mmol). 'H NMR (600 MHz, CD;0D, 20 °C) 6: 9.0 (1H, d, J =9 Hz, CH —j), 8.8 (1H,
d,J=6Hz, CH-h), 7.7 (2H, m, CH — g, 1), 7.5 (1H, dd, J= 2, 5 and 7 Hz, CH - ¢),
7.3 (1H, d, J=9 Hz, CH - b), 7.2 2H, m, CH —e, f), 7.0 (1H, d, J = 8 Hz, CH — d),
6.8 (1H, m, CH — a), 6.1 (2H, s, CHz) ppm (Figure 6.3). ''B NMR (192 MHz,
CD;0D, 20 °C), o: 4.9 (1B, B(OH)>) ppm. FT-IR spectroscopy found peaks at 3343,
3109 (B-OH), 2752, 2380 (C=C-H), 1922, 1836 (C=C), 1623, 1567 (Amine N-H),
1331 cm'.22 UV-visible spectroscopy found an absorbance wavelength at 269 nm.

For raw spectral data and supplementary information see Appendix E.
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Figure 6.2. 'H NMR assignment Figure 6.3. "H NMR assignment
for m-MethylBA. for o-AminoBA.

6.3.3 Tonogel 1 — Probing Interactions with BAs
Both BA derivatives described above, m-MethylBA and o-AminoBA were

screened with the fluorescent Ionogel 1, in order to understand the effect attached
substituents to the quinoline ring had on the quenching interaction and how the
positioning of the BA group affected fluorescence restoration. As Pgg 6,14 fluorescein
IL was only held inside Ionogel 1 by electrostatic interactions (Figure 6.4), this meant
that the Psg6,14 fluorescein IL was not covalently appended to the gel matrix but was
mobile within. This allowed for dynamic interactions with the BA derivatives, m-

MethylBA or 0-AminoBA, as they diffused in to the ionogel matrix.
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m-MethylBA

N+ IIB—OH
&
T4

NH,

o-AminoBA

Figure 6.4. Ionogel 1 mobile components: Psg,14 fluorescein IL and cationic BA derivatives
used for screening.

6.3.4 Synthesis of Ionogel 2
For Ionogel 2 synthesis, acrylamide (106.5 mg, 1.5 mmol, 60 eq.), 3-

(acrylamido)phenylboronic acid (95 mg, 0.5 mmol, 20 eq.), N-[3-(dimethyl)
amino)propyl] methacrylamide (89.7 pL, 0.5 mmol, 20 eq.) and the Psgg,i14
fluorescein IL (0.019 mg, 0.015 mmol, 1 eq.) were dissolved in DMSO (500 pL).
Once dissolved, the crosslinker (polyethylene glycol (PEG) diacrylate-258; 7 uL, 0.03
mmol, 2 eq.) and the photo-initiator (2-hydroxy-2-methlpropiophenone; 4.6 uL, 0.03
mmol, 2 eq.) were added. Once dissolved, the mixture was pipetted in to the desired
mould (circles of 1 mm depth and 4 mm diameter) and placed in the CL-1000 UV
Crosslinker UVP chamber (365 nm) for 40 minutes.
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Table 6.2. Reagents used for lonogel 2 synthesis.

phenone

\4 Density M,
Materials g mmol | Eq.
(uL) | (p;g/mL) | (g/mol)
o)
Acrylamide LN 0.107 - - 71.08 1.5 60
2
3-(Acrylamido)
phenylboronic \*HQE:JH 0.095 - - 190.99 05 |20
acid
N-[3-(Dimethyl)
o
amino)propyl] ﬁ)kum,lq/ 0.085 | 89.7 0.949 170.25 05 |20
methacrylamide
Fluorescein IL i/ 4 2
L& f&ﬁf‘i 0.019 | - - 1298 | 0.015 | 1
;7
Polyethylene o
Glycol oAt~ | 7.74 7 1.11 258.0 | 0.03 2
Diacrylate-258 °
2-Hydroxy- o
2-methylpropio S 0.005 | 4.6 1.077 1642 | 0.03 2
~ OH

6.3.5 Ionogel 2 — Probing Interactions with Glucose

In the case of Ionogel 2, the BA component was co-polymerised inside the

polymer

matrix together with acrylamide and N-[3-(dimethyl)amino)propyl]

methacrylamide in a 1:3:1 molar ratio. This meant that the BA was immobilised and

cannot therefore leave the system. The Pegg,14 fluorescein IL was immobilised inside

the ionogel framework by electrostatic interactions. Similarly to Ionogel 1, since

fluorescein was not physically attached to the gel framework, it remained mobile

inside the ionogel, allowing for dynamic interactions with the BA derivative that was

co-polymerised within the ionogel matrix (Figure 6.5).
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Figure 6.5. Structure of lonogel 2 in pH 7.4 conditions, where X:Y:Z is 1:3:1.

6.4 Results and Discussion

The two novel fluorescent ionogels, Ionogel 1 and Ionogel 2, were investigated for
their indirect glucose sensing capabilities at pH 7.4. In lonogel 1, based on
P4444SPMA PIL, the BA solution was initially absorbed inside the gel and the
fluorescence was monitored. This ionogel was screened with two cationic BA
derivatives, m-MethylBA and 0o-AminoBA, to better understand the BA-sensor design
for optimising glucose detection. A decrease in fluorescence of the fluorophore was
observed, probably due to electrostatic interactions with the cationic BA component.
Following this, glucose was added to the hydration solution, and the fluorescence
recovery was monitored.

In the case of lonogel 2, the 3-(acrylamido)phenyl-BA derivative was secured
inside the hydrogel based on acrylamide by co-polymerisation. Ionogel 2 was initially
fluorescent. With increased concentrations of glucose, the fluorescence in the
fluorescein component became quenched. This quenched state of fluorescence
resulted from a conformational change in the hybridisation of boron by a charge

transfer mechanism on glucose binding.?*

6.4.1 Tonogel 1
This indirect glucose-sensing mechanism is illustrated in Figure 6.6, similar to the
indirect sensing mechanism described in Chapter 3. When the Pgge14 fluorescein

Ionogel 1 was placed in a solution of the BA derivative, the fluorescence in the
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ionogel became quenched. Fluorescence quenching occurred due to the formation of a
non-fluorescent ground state complex due to electrostatic and =-m stacking
interactions between the anionic fluorescein and cationic BA derivatives. Glucose
addition to this two-component sensing system, formed a BA-saccharide complex on
binding to the BA group. Glucose binding induced a conformational change in the BA
moiety transforming it from the neutral sp? hybridised BA form to the anionic sp’
hybridised boronate form. The negatively charged boron atom could then form a
dative bond with the N™ moiety of the BA derivative to neutralise the anionic charge
on boron and stabilise glucose binding. Consequently, the electrostatic attraction
between fluorescein and the BA derivative was weakened, as a result of increased
electron density around N*. This led to dissociation of the BA-fluorophore ground
state complex to recover the fluorescence in fluorescein.

Two cationic BA derivatives were screened with Ionogel 1 in an attempt to
optimise glucose detection in a pH 7.4 phosphate buffer. The design of the BA
derivatives structures was investigated to determine how it affected the quenching of
fluorescence, as well as the fluorescence recovery with glucose. In the BA derivatives
structure, an N* moiety was incorporated to promote electrostatic interactions with the
anionic fluorophore. Consequently, the effect of electron-withdrawing groups
(EWGs) and electron-donating groups (EDGs) was investigated, where a methyl
substituent was employed in the m-MethylBA derivative and an electron donating
amine group was present in the o-AminoBA compound. Moreover, these compounds
also contain phenyl rings, which can further enhance communication with fluorescein
by m-m stacking interactions to quench its fluorescence. The positioning of the BA
groups was also investigated to maximise fluorescence recovery with glucose. The
pKa of the BA moieties in these compounds are slightly lower than 9, at ~8.5, due to
the electron-withdrawing N* atom in the methyl-linked quinoline ring.?!: 2* By
including EWGs, the acidity of the BA groups can be increased, particularly in the
ortho position, which is beneficial for binding sugars at a lower pH, so that sensing

closer to physiological pH is possible. !> 212425
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Figure 6.6. Proposed two-component glucose-sensing mechanism using Ionogel 1.
(A) Ionogel 1 in its initial fluorescent state; (B) Cationic BA derivative diffuses in to lonogel
1 to form a non-fluorescent ground-state complex by electrostatic and =-w stacking
interactions; (C) Glucose diffuses inside Ionogel 1 and binds to the BA derivative. BA group
binds glucose, leading to dissociation in BA-fluorophore complex to recover fluorescence.

o-AminoBA was first investigated with Ionogel 1 for its ability to quench the
fluorescence of fluorescein and recover the fluorescence with glucose (Figure 6.7).
The amine group (-NH») attached to the quinoline ring in this BA derivative has
electron-donating properties. The N atom in this group possesses a lone pair of
electrons that can be donated in to the quinoline ring. Consequently, by mesomeric
and inductive effects in the quinoline ring, an increase in electron density around the
N* atom can occur. Thus, weakening the electrostatic attraction with fluorescein to
only slightly quench its fluorescence. As a result, a fluorescence decrease of 26% in
the presence of 10 mM o-AminoBA was observed (Figure 6.8). The BA group
however was present in the ortho position, which is in the optimal orientation for
favourable interaction with the N* moiety. On glucose binding to the BA group, the
anionic boronate formation was triggered. The negative charge on boron was then
stabilised by the N* atom. When the BA group is in the ortho position, the B-N*
interaction is optimised, which allows for more stable interaction on glucose binding.
Glucose binding rendered the BA derivative zwitterionic, resulting in dissociation
from the fluorophore. As a result, the fluorescence recovered by 16%, in the presence

of 10 mM glucose (Figure 6.8).
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Figure 6.7. Immersion of Ionogel 1 in a solution of 0o-AminoBA (10 mM) in pH 7.4
phosphate buffer, resulted in a decrease in fluorescence (left). Sequential addition of a
glucose containing solution in pH 7.4 phosphate buffer (10 mM) caused restoration of
fluorescence (right).
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Figure 6.8. (A) Excitation and emission spectra of Ionogel 1 in pH 7.4 phosphate buffer
solution, where the excitation wavelength is 505 nm and the corresponding emission
wavelength is 565 nm. (B) Initial emission spectrum for lonogel 1 in pH 7.4 phosphate buffer
solution (red); Ionogel 1 was immersed in a solution of o-AminoBA in pH 7.4 phosphate
buffer (10 mM), demonstrating a decrease in the emission intensity by 26% after 12h (blue);
Following this, Ionogel 1 was placed in a solution of glucose in pH 7.4 phosphate buffer (10
mM), exhibiting an increase in fluorescence intensity by 16% after 12h (yellow).

m-MethylBA was also screened with Ionogel 1. m-MethylBA differs to o-
AminoBA in that a methyl substituent is present in the 6-position on the quinoline
ring, compared to an amine group in the 5-position in 0o-AminoBA. m-MethylBA has
its BA group in the meta position, in contrast to the ortho orientation in 0-AminoBA.
Since the amine group is electron donating, it can increase the electron density around

the N* moiety more in comparison to the methyl substituent. Consequently, the
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methyl group in m-MethylBA has little effect on the N* atom in the quinoline ring. As
a result, the N* atom in m-MethylBA can be considered more cationic in comparison
to the N* atom in o-AminoBA. Therefore, the electrostatic attraction between m-
MethylBA and fluorescein is enhanced compared to o-AminoBA. Subsequently, a
decrease of 72% in the fluorescence intensity was observed for Ionogel 1 on
immersion in a pH 7.4 buffer solution containing m-MethylBA (10 mM) (Figure 6.9).
m-MethylBA exhibited enhanced fluorescence quenching in Ionogel 1 in comparison
to 0-AminoBA, which demonstrated only a 26% decrease in fluorescence. The BA
group in m-MethylBA was present in the meta position. It is known that when the BA
group is in the ortho orientation fluorescence recovery can be optimised, due to the
ease of interaction between the N* moiety and the anionic B atom on glucose binding.
In the meta orientation however, the B-N interaction is slightly sterically hindered,
where solvent molecules are required to bridge the gap to permit B-N interactions, in
order to neutralise the anionic charge on B on glucose binding and stabilise the
boronate-sugar complex.?® Consequently, fluorescence recovery with glucose when
the BA group is in the meta position is less favoured compared to when this group in
the ortho position.> A recovery of fluorescence by 32% was observed with 44 mM

glucose (Figure 6.9).
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Figure 6.9. Emission spectrum of Ionogel 1 when immersed in a solution of m-MethylBA in
pH 7.4 phosphate buffer (10 mM) at room temperature, showing a fluorescence decrease by
72% over 4h (left) when excited at 505 nm. Emission spectrum of Ionogel 1 when placed in a
solution of glucose in pH 7.4 phosphate buffer (44 mM) showing a fluorescence increase by
32% (right).

Overall, the design of the BA derivative in a two-component sensing system is
important when attempting to optimise both fluorescence quenching and recovery for
glucose detection. Herein, the BA derivatives were designed to employ a cationic

charge in order to quench the fluorescence of the anionic fluorophore electrostatically.
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The BA compounds also contained phenyl rings to favour this quenching process by
n-1 stacking interactions. It is also recommended that EWGs are incorporated close to
an electron-accepting group or cationic atom, such as the N* atom, in order to
promote electrostatic interactions with the anionic fluorophore. This simply pulls
electron density away from the N moiety by inductive effects to further enhance
electrostatic interactions with the fluorophore.! Moreover, EWGs may also be
included close to the BA moiety to increase the binding affinity for glucose to aid
fluorescence recovery.! Future developments in this area include the covalent
immobilisation of the ionogel components in order to avoid leaching of the sensing

system through diffusion.

6.4.2 Tonogel 2
A second approach using Ionogel 2 was designed and investigated for indirect

glucose sensing. This second ionogel, based on a two-component sensing system, was
fabricated to have the BA molecule covalently immobilised. In this case a neutral BA
derivative was employed as the glucose receptor, which was co-polymerised in to the
ionogel matrix (Figure 6.10). The presence of a neutral BA eliminated the possibility
of electrostatic quenching interactions with the anionic fluorescein derivative.
Therefore, a nitrogen-containing tertiary amine was also co-polymerised. This serves
two purposes; the first is to lower the pKa of the boronic acid. The association
between the lone pair on the nitrogen and the unfilled sp? orbital on the boron was
shown to lower the pKa. to around pH 7, thereby improving glucose sensitivity at
physiological pH.?” Secondly, at neutral pH 7.0, this association could result in the

formation of a dative bond with strong dipolar character.?’
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Figure 6.10. Immersion of Ionogel 2 (initially fluorescent, left) in a glucose containing
solution of pH 7.4 phosphate buffer (100 mM) resulted in a decrease in fluorescence (right),
where X:Y:Z is 1:3:1.

Figure 6.11 shows the fluorescence quenching trend by 44% in Ionogel 2, when
the gel was immersed in a pH 7.4 phosphate buffer solution containing glucose (100
mM). This result correlates well with previously reported examples in the literature,
where glucose has been shown to quench the fluorescence of BA-fluorophore systems

by a maximum of 32% in solution.?8
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Figure 6.11. (A) Emission spectrum of lonogel 2 when immersed in 100 mM glucose
solution in pH 7.4 phosphate buffer over ~4h; the excitation wavelength was 448 nm and the
corresponding emission wavelength was 557 nm. (B) Evolution of the emission at 557 nm in
the presence of 100 mM glucose over ~4h, where the initial blue points represent stabilisation
of the hydrogel in buffer before the addition of glucose. A decrease in fluorescence intensity
by 44% was recorded. Fy represents the initial fluorescence of fluorescein and F' corresponds
to the measured fluorescence after the addition of glucose.
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6.5 Conclusions and Future Work

There are some advantages to both indirect sensing approaches described in this
chapter. By covalently immobilising the BA components within Ionogel 2, this two-
component sensing system could be more easily incorporated in to a sensing platform
to fulfil an application, since all sensing components are readily available in the gel.
Examples of such devices include a contact lens or wearable sensing-patch, to act as a
non-invasive and continuous glucose-monitoring device. On the other hand, by
electrostatically immobilising both the fluorophore and BA components inside the gel
matrix, as in the case of Ionogel 1, this gel can be used to screen a range of different
BA derivatives, to optimise the sensing process. This type of system allows for the
design of a range of BA derivatives to later be immobilised inside the gel for
fluorescence response optimisation. As in the case for Ionogel 2, the BA component
can be co-polymerised in to the ionogel matrix. A disadvantage of this approach is the
fine tuning of the ratios and spacing between the individual components involved in
the sensing mechanism, which can require extensive optimisation. Moreover, as seen
from the results presented in this chapter, the response times are slow (up to several
hours) as they are dependent on diffusion of sugar molecules inside the hydrogel
matrix. Attempts to modify the size of the gel to smaller dimensions and increase the
pore density will be made in order to minimise response times.

Future work in this area will include the screening of other BA derivatives with the
Ps,6,6,14 fluorescein ionogel and covalent immobilisation of both sensing units (BA and
fluorophore) inside a hydrogel/ionogel matrix. In this context, the synthesis of
polymerizable sensing components is under investigation in our group, such as
polymerizable fluorophores (e.g. rhodamine and pyranine derivatives) as well as other

polymerizable BA units.
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Part B — Fluorescence Quenching and Recovery Studies in
Hydrogel Cocktails

6.6 Introduction

In Chapter 5, a novel two-component sensing system was described in solution.
Singaram ef al.* were the first to describe a two-component sensing system in solution
and then later immobilised it inside a hydrogel.> *> In this system, the fluorescence
was initially quenched on introducing the BA derivative, to form a non-fluorescent
ground-state complex. The fluorescence was later recovered in the presence of
saccharides inside the hydrogel matrix.

This chapter section outlines preliminary studies for the incorporation of the two-
component sensing system described in Chapter 5 inside a hydrogel matrix. As the
BA derivatives described in Chapter 5 contain polymerisable groups, they can be co-
polymerised in to a hydrogel matrix together with common, commercially available
acrylic monomers, such as acrylic acid (AA), 2-hydroxyethyl acrylate (HEA),
methacrylic acid (MAA), N-(2-(diemthylamino)ethyl)methacrylate (DMAEMA), N-
(3-(diemthylamino)propyl)methacrylamide (DMAPMA) and sodium acrylate (Na-
Acrylate). In contrast, the anionic fluorophore pyranine was electrostatically
immobilised inside the gel, on interacting with the cationic BA derivatives.

The optimum ratio between the two sensing components (BA unit and pyranine)
was investigated in the presence of different acrylic monomers. For this purpose, the
fluorescence of pyranine was monitored for each of the hydrogel cocktails, with
increasing concentrations of the BA monomeric unit. The effect of the acrylic

monomer on pyranine fluorescence was also investigated.

6.7 Experimental

6.7.1 Materials and Methods
Acrylamide, acrylic acid (AA), N-(2-(dimethylamino)ethyl)methacrylate

(DMAEMA), N-(3-(dimethyl)amino)propyl)methacrylamide = (DMAPMA), 2-
hydroxyethyl acrylate (HEA), methacrylic acid (MAA), sodium acrylate (Na-
Acrylate), methylenebis(acrylamide) (MBIS) and D-glucose where purchased from
Sigma Aldrich, Ireland and used as received. BA monomers 0-BA, m-BA and p-BA

were employed, and their synthesis is as described in Chapter 4. Deionized water
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(18.2 MQ-cm!) (DI water) was made using a Merck Millipore Milli-Q Water
Purification System. All fluorescence measurements were carried out on a JASCO

Spectrofluorometer FP-8300 in DI H>O.

6.7.2 Preparation of Fluorescent Monomeric Cocktails for Fluorescence Titrations
The fluorescent cocktails contained a commercially available monomer, the cross-
linker methylenebis(acrylamide) (MBIS) and pyranine dissolved in DI H>O. The
cocktails were prepared as outlined in Tables 6.3 and 6.4 and were titrated with o-BA
(80 mM) and m-BA (100 mM) stock solutions in DI H>O. The initial excitation and
fluorescence emission of each cocktail mixture was measured before (Fy) and upon
addition of increased concentrations of BA monomers (F). The emission maximum
for the green fluorescent cocktails was at 510 nm and the emission maximum for blue
fluorescent cocktails was at 490 nm (Figure 6.12). The emission maxima upon each

BA addition was recorded.

Table 6.3. Recipe for hydrogel cocktails.

. Mass | Volume Molecular o
Materials (@) (uL) Mass (g.mol") mmol Mol%
Monomer¥* - - - 14.06 100
MBIS 0.022 - 154.17 0.14 1
Pyranine (0.1 mM
from 1 mM Stock - 200 524.37 0.0002 0.001
Solution)

Solvent H,O 1.8 1800 - - -

*See Table 6.4 for monomer quantities.
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Table 6.4. Monomer quantities for hydrogel cocktail recipes.

Monomers N;ga)s > V?}l;gle (l;e;llsllltgl) Mlz/igl:gc.l;?,li-l) mmol | Mol%
AA 1.01 966 1.05 72.06 14.06 100
Acrylamide 1.00 - - 71.08 14.06 100
DMAEMA 2.21 2371 0.933 157.21 14.06 100
DMAPMA 2.39 2548 0.94 170.25 14.06 100
HEA 1.63 1616 1.011 116.12 14.06 100
MAA 1.21 1187 1.02 86.06 14.06 100
NA-Acrylate 1.32 - - 94.05 14.06 100

6.8 Results and Discussion

6.8.1 Monomer Quenching Effect on Pyranine Fluorescence

In Chapter 5 a two-component sensing system was described. Initially, in this
system, the fluorescence quenching of pyranine with increased concentrations of BA
monomers was investigated before the fluorescence recovery could be achieved in the
presence of monosaccharides. This system was later integrated inside an acrylamide
hydrogel matrix, where the BA monomers were co-polymerised inside the matrix and
pyranine was electrostatically bound.

In this chapter section, additional acrylic monomers were investigated in terms of
their effect on pyranine fluorescence in the absence and presence of the BA co-
monomer. A series of fluorescence measurements on the hydrogel cocktails were
performed upon titration with increasing concentration of the BA monomer.

Firstly, it was observed that common monomers could shift the fluorescence of
pyranine from green to blue in the absence of the BA co-monomer under UV light

irradiation (Figure 6.12).2°3!

Consequently, fluorescence titrations on these
monomeric cocktails with increased BA concentrations were performed to determine
which acrylic monomer could promote optimisation of the electrostatic interactions

between pyranine and the BA monomer within the hydrogel.
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Pyranine DMAPMA  DMAEMA Na-Acrylate Acrylamide MAA AA HEA

Figure 6.12. Fluorescent pyranine monomeric cocktails in DI H,O, where the colours range
from green to blue depending on the acidic nature of the solution. Left to right: pyranine, N-
(3-(dimethylamino)propyl)methacrylamide (DMAPMA), N-(2-(dimethylamino)ethyl)meth-
acrylate (DMAEMA), sodium acrylate (Na-Acrylate), acrylamide, methacrylic acid (MAA),
acrylic acid (AA) and 2-hydroxyethylacrylate (HEA).

It was observed that the monomeric cocktails ranged in colour from fluorescent
green to fluorescent blue (Figure 6.12). Two fluorescent forms of pyranine exist due
to an acid-base equilibrium that can occur in pyranine’s excited-state, when the -OH
group of pyranine becomes protonated or deprotonated. The fluorescent green form of
pyranine corresponds to the deprotonated form showing an emission band centred at
~510 nm and the fluorescent blue form displays an emission centred at ~430 nm,
correlating to the protonated form of pyranine (Figure 6.13).2° This acid-base
equilibrium takes place in protic aqueous media and has been extensively studied in
water, protic solvents and acetate buffer solutions.?! In an acetic acid buffer
solution (4 M), Nibbering et al3! 3% showed that this excited-state proton transfer
occurs very quickly in <150 fs. It has also been noted that this excited-state proton
transfer can be facilitated when solvent and hydrogen bonding interactions are

involved. Fang ef al.*3

used time-resolved vibrational spectroscopy to show that water
molecules are responsible for bringing the excited-state pyranine and the acetate ion
together by bridging the spacial gap for the excited-state proton transfer. Moreover,
water molecules enhance stabilisation in the pyranine excited-state.?®>3!

This acid-base equilibrium is an example of an excited-state reaction since a
structural change in pyranine is induced on photoexcitation.** Deprotonation of
pyranine’s -OH group is possible in the excited state due to alterations in electron

distribution on light absorption.>* Photoexcitation of phenol is a well-known example.
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On absorbing light, the electron density around the phenolic group is shifted towards
the benzene ring, rendering a reduced pKa in phenol and donation of the proton.**
Similarly, this resulting increased acidity in pyranine is enhanced in the excited-state
on transitioning from the n-n* state.?> 3¢ In the case of pyranine, the pKa is reduced by
approximately 7 units, from ~7.3 to ~0.4,>7 on photoexcitation from the Sy ground
state (PA) to the excited S state (PA*) in Figure 6.13.37-38 Consequently, this results
in a change in the physical properties of pyranine by a bathochromic shift in the

emission wavelength from 430 nm to 510 nm.

PA*
PB*

PB
PA

Pyranine Pyranine
Protonated Deprotonated

* Denotes the excited state

Figure 6.13. Pyranine acid-base equilibrium indicating switching from blue to green
fluorescent state. Adapted from reference 29.
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6.8.2 Fluorescence Titrations

6.8.2.1 Fluorescence Quenching

In the fluorescent pyranine monomeric cocktails, the cocktails that appeared blue
under UV light irradiation contained monomers that could donate a proton. These
monomeric cocktails included acrylic acid (AA), methacrylic acid (MAA) and 2-
hydroxyethyl acrylate (HEA), and all showed an emission centred at ~440 nm and a
shoulder at ~500 nm, indicating both forms of pyranine were present. The
acrylamide-based cocktails appeared to exhibit green fluorescence, displaying an
emission at 510 nm. The blue fluorescence at ~440 nm was thought to result from a
hydrogen bonding interaction that may occur between the -OH groups in AA, MAA
and HEA and the O atom in the -OH group of pyranine. All monomeric cocktails
(Figure 6.12) were investigated by fluorescence titrations to optimise their role in a
two-component sensing mechanism in a hydrogel matrix.

In order to maximise fluorescence recovery in this two-component sensing system,
the quenching interactions between all components of the hydrogels was first studied.
The cocktails containing pyranine (0.1 mM, 0.0014 mol%), the cross-linker MBIS (1
mol%) and the acrylic monomer (100 mol%) were titrated with the BA co-monomers
to determine the optimum cocktail composition. Figure 6.14 shows the fluorescence

quenching curves of the hydrogel cocktails with 0-BA and m-BA.
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Figure 6.14. Fluorescence quenching of pyranine (0.1 mM) in monomeric cocktails with
cross-linker MBIS (1 mol%) and acrylic monomers (100 mol%); acrylamide, DMAEMA,
DMAPMA, HEA and MAA, with increased concentrations of 0-BA (top) and m-BA (bottom)
in DI H»O, fitted with a model using Equation 5.1. The solution sample contains pyranine
(0.1 mM) and increased equivalents of the BA co-monomer only in DI water. The emission
wavelengths for the monomeric cocktails were; 510, 440, 517, 515, 436 and 440 nm for
acrylamide, AA, DMAEMA, DMAPMA, HEA and MAA cocktails, respectively. For spectral
data on the excitation and emission wavelengths see Appendix E.

From Figure 6.14, the fluorescence quenching in pyranine was enhanced with the
BA monomers in the presence of acrylamide, AA, HEA and MAA. The fluorescence
could be quenched by 86% and by 90% with 2 mM o0-BA and 0.8 mM m-BA,
respectively, in the AA and MAA cocktails. Similarly, the fluorescence was quenched

by 92% with 4.5 mM o0-BA and by 92% with 2 mM m-BA, respectively, in the HEA
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cocktails. In the acrylamide cocktails the fluorescence was decreased by 66% with 3.5
mM o0-BA and by 70% with 1 mM m-BA. Overall, m-BA, in comparison to 0-BA,
showed to induce the most effective fluorescence quenching in pyranine in the
monomeric cocktails (represented by the diamond in Figure 6.15). A lower
concentration of the m-BA monomer, in comparison to 0-BA, was required to reduce
the fluorescence intensity. 0-BA is thought to act as a weaker quencher, in contrast to
m-BA, since it is possible that a competing N*-B- intramolecular interaction can form
due to the close proximity of the B atom to the cationic nitrogen.* In this case, the
intramolecular N*-B- interaction potentially competes with the electrostatic
interaction between o-BA and pyranine when forming the non-fluorescent ground-
state complex. The second observation was that, the acrylic monomers capable of
donating a proton to pyranine provided the most efficient environment for
fluorescence quenching in pyranine with the BA monomers. This resulted from the
enhanced electrostatic and hydrogen bonding interactions that could be permitted

between pyranine and the BA co-monomers.
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A OBA Acrylamide
B mBA Acrylamide
A OBA AA

B mBA AA

A OBA HEA
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Figure 6.15. Fluorescence emission curves for the acrylamide, AA and HEA cocktails
comparing the 0-BA and m-BA monomer fluorescence quenching efficiency in pyranine (0.1
mM) in H>O. The acrylamide cocktail is shown in blue, the AA cocktail is shown in green
and the HEA cocktail is shown in red. The 0-BA equivalents to pyranine is represented by the
triangle and the m-BA equivalents is represented by the square. The emission wavelengths
were 510, 440 and 436 nm for the acrylamide, AA and HEA cocktails, respectively. The data
is fitted with a model using Equation 5.1.
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6.8.2.2 Fluorescence Recovery

The HEA, MAA and AA cocktails, in comparison to other monomeric cocktails
studied, exhibited the most desired fluorescent quenching responses. Consequently,
the HEA cocktail was investigated with glucose for its ability to restore the
fluorescence. In this two-component sensing system when glucose was introduced at
pH 7.4, a change around boron in the BA co-monomer occurred to form the anionic
boronate form, which resulted in the zwitterionic BA co-monomer. As a result,
dissociation in the ground-state complex was initiated to release the fluorophore and
recover the fluorescence. With 100 mM glucose, the fluorescence in the acrylamide-
based hydrogels, from Chapter 5, increased by 35% and 45% with 15 equivalents of
0-BA and 10 equivalents of m-BA, respectively. In the case of the HEA-based
monomeric cocktails studied here, the fluorescence increased by 52% and 25% with

50 equivalents of 0-BA and 20 equivalents of m-BA, respectively (Figure 6.16).
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Figure 6.16. Fluorescence recovery in HEA cocktails with 0-BA (5 mM; top, A-C) and m-
BA (2 mM; bottom, D-F) in DI H,0. (A) Fluorescence emission spectrum with emission peak
at 492 nm, corresponding to an excitation wavelength of 419 nm, showing fluorescence
increase by 52% with 100 mM glucose. (B) Fluorescence emission curve at 492 nm, where Fj
is the initial fluorescence of the cocktail before the addition of 0-BA and F' is the measured
fluorescence after the addition of 5 mM o0-BA. (C) Shows an image of the HEA cocktail
before (left) and after the addition of 0-BA (middle) and after the addition of 100 mM glucose
(right). (D) Fluorescence emission spectrum with emission peak at 492 nm, corresponding to
an excitation wavelength of 419 nm, showing fluorescence increase by 25% with 100 mM
glucose. (E) Fluorescence emission curve at 492 nm. (F) Shows an image of the HEA cocktail
before (left) and after the addition of 2 mM m-BA (middle) and after the addition of 100 mM
glucose (right).
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6.9 Conclusions and Future Work

To conclude, by conducting fluorescence titrations in the monomeric cocktail the
desired concentrations and ratio between the BA derivatives and the fluorophore,
pyranine, could be determined. With increased concentrations of the BA monomers to
the acrylic cocktails, containing pyranine (0.1 mM) and the crosslinker MBIS, the
fluorescence was quenched. Two forms of pyranine fluorescence could be detected by
two characteristic emission wavelengths, one at ~440 nm corresponding to the blue
fluorescent protonated form of pyranine and the second at ~510 nm correlating to the
green fluorescent deprotonated form of pyranine. This change in pyranine
fluorescence resulted from an acid-base excited-state equilibrium that occurs in
aqueous media. It was observed that the acrylamide, HEA, AA and MAA cocktails,
exhibiting mostly blue fluorescence, showed the most efficient fluorescence
quenching with increased equivalents of the BA monomers to pyranine. This
enhanced response was believed to be due to the hydrogen bonding interactions that
can occur between the acrylic monomer and pyranine.

Overall, lower concentrations of the m-BA monomer were required to quench the
fluorescence of pyranine more efficiently in comparison to 0-BA. The fluorescence
was decreased by ~90% in the presence of AA, MAA and HEA cocktails with 0.8
mM, 0.8 mM and 2 mM m-BA, respectively. The glucose fluorescence recovery
response was thereafter investigated in the HEA cocktail, where the fluorescence
could be restored by 52% with 5 mM o0-BA and by 25% with 2 mM m-BA in the
presence of 100 mM glucose. Although the m-BA monomer shows optimal
fluorescence quenching, the 0o-BA monomer exhibits desired fluorescence recovery
due to the proximity of the N* moiety to boron enabling an intramolecular N*-B-
interaction in the presence of glucose.

In this section a range of acrylic monomeric cocktails were investigated for a two-
component saccharide response detection system. The cocktails permitting hydrogen
bonding interactions between the acrylic monomers and pyranine, showed the most
efficient fluorescence quenching responses with the BA co-monomers. Future work in
this area involves the polymerisation of the HEA and AA cocktails in to hydrogels for

investigation in a two-component sensing system.
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Part C - Laver-by-Laver Films Composed of BA Linear
Polvmers and Poly(vinyl sulfonate)

6.10 Introduction

Multilayer films composed of organic, inorganic, polymeric, metallic or biological
components have been studied since the 1930s primarily for modifying surfaces.*" 4!
These multilayer systems are typically adsorbed to solid supports, such as glass slides,
colloids or any hard, solid material with larger dimensions reaching several
centimetres.** 4> 43 Initially, Langmuir-Blodgett approaches were used. In this case,
monolayers were built upon a water-surface and later transferred on to a solid
support.*’ The disadvantages associated include necessary specialised equipment,
limitations regarding substrate sizes and topology, film size and stability of the
resulting films.*® In the 1960s Iler*? introduced a layer-by-layer (LbL) concept and
Decher*® later established the method in the late 1990s. This simplistic approach
exploited natural intermolecular reactions that could overcome the challenges
associated with the Langmuir-Blodgett method, allowing for rapid formation of
polymeric pairs directly on to solid substrates.*

The LbL technique works best when using polymeric materials with opposing
ionic charges. Typically, a polycation and a polyanion are employed and the solid
substrate is sputter coated or dipped in to each solution with a water washing step in
between. This cycle is repeated until the desired number of layers have been
deposited.*” ' The washing step becomes important to avoid issues such as
contamination between the aqueous polyelectrolyte solutions and encourage
stabilisation of weakly electrostatically bonded monolayers.**-** The layers overlap in
a 1:1 stoichiometry of polycation to polyanion by approximately 50%, due to the
system attempting to achieve neutralisation of charges between the polyion layers.
The type of substrate doesn’t just affect this procedure, other variables such as weight
average molecular weight, concentrations of the polyelectrolyte solutions, deposition
times, temperature and agitation of the solutions also play a role.*>>*> Consequently,
linear polymers with similar weight average molecular weights, absolute zeta
potentials and solution concentrations provide optimal polyion films.*® Adsorption
times of the polymeric pairs range from minutes when using glass slides, to hours on

building up multilayer films on to for example gold colloid particles.
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Secondary intermolecular interactions can also be exploited for LbL film
fabrication.* These typically include m-m stacking interactions, hydrogen-bond
bridges and Van der Waals forces. Other interactions that can be employed include
reversible covalent bonds, polymeric systems employing an electron donor and
acceptor and biological interactions, such as between proteins-vitamins and sugars-
lectin.*0- 41, 43, 44. 46 Conveniently, this intermolecular adsorption process can be
achieved not only on 2D platforms to produce planar films, but also on 3D scaffolds,
leading to the production of multi-layered capsules, nanotubes and other 3D
templates.*! Advantageously, a wealth of materials can be used to fabricate a variety
of functional LbL films. Applications of such films can be useful for photovoltaics,
conductive electrochemical sensing as robust coatings, micro- or nano-porous
functional patterning surfaces and nanoscopic devices. LbL films for biological
applications have also piqued interest, for example for drug delivery, as antifouling
agents, gene therapy and nanovaccines.*- 414445 Advantageously, disassembly of the
multilayer films can be stimulated by numerous triggers, such as pH, ionic strength,
temperature, light, magnetic field and by small bio-molecules, such as glucose.*#>-47
Typically, all of these stimuli initiate weakened electrostatic interactions between the
layers to disassemble the LbL film.*®

Developing drug delivery systems using LbL films is of particular interest, since
many medications require encapsulation and controlled release of the drug.*! 4348
LbL is fortuitous in this regard, where a multitude of polymeric materials can be used
for film assembly. This provides a vast range of desirable properties that can be
achieved in the LbL film. For example, to enhance biological compatibility or to
facilitate drug delivery of hydrophobic medications, proteins, peptides, nucleic acids,
antibodies, bioactive molecules or liposomes are usually incorporated. For optical
monitoring of controlled drug release and efficacy, fluorophores or chromophores can
be employed and for conducting materials polyelectrolytes are typically
incorporated.*-#1:4° These systems can then be easily controlled to disassemble and
release the desired encapsulated drug in the presence of specific triggers. Great
achievements in recent years have attracted researchers to LbL fabrication techniques,
where LbL films can be cost effective and rapid to produce, reliable, high loading

capacity, improved biointegrity, low toxicity, specificity for biological receptor sites
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and independent time scales, which is desirable for releasing a drug within a
therapeutic window. 4% 41-44

In particular, researchers have been drawn to LbL systems using glucose to
stimulate disassembly, as these materials hold great promise for use in targeted insulin
delivery therapies for diabetes.** 44431 For drug delivery, LbL films can be used to
embed drugs between the monolayers for controlled drug administration (Figure
6.17A) or templated upon nano- or micro-structured hollow capsules or tubes

containing a drug, such as insulin, for an immediate burst release of insulin (Figure

6.17B).41:45
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Figure 6.17. LbL assembly (A) and disassembly (B) processes for insulin drug delivery
systems stimulated by glucose.

Glucose-responsive BA linear polymers (LPs) have gained much attention in LbL
systems. Levy et al.*? reported using BA LPs in this regard by constructing layers on
to a flat quartz crystal with a gold modified surface and on to colloidal CaCOs
templates. CaCOs templates were acquired since they can be dissolved over almost
the entire pH range and they allow for the encapsulation of bovine serum, employed
as the culture media in the majority of vaccines.*® These colloidal particles were also
fluorescently labelled with fluorescein isothiocyanate-dextran, so that the bovine
release process could be monitored by increases in fluorescence intensities.*> Seven

bilayers of a poly(acrylic acid)-phenylacrylamido-BA LP and the polysaccharide
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mannan were built upon each template and the response towards common
monosaccharides, such as glucose, fructose, galactose and mannose, was investigated
using a quartz crystal microbalance in the case of the quartz crystal and by
fluorescence for the templated capsules.*® The layers were assembled in aqueous
solutions close to the pKa of the BA at pH 9-11. The layers formed based on the
reversible formation of the boronate ester with mannan. Mannan was used to enhance
stabilisation of the monolayers, since a conformational change around boron to the

4 The monosaccharides

anionic cyclic boronate ester form resulted on binding.
introduced to dismantle the LbL film, competed with mannan for the BA binding
sites. Consequently, on the BA-polymer chains binding glucose, the layers
disassembled. Levy and co-workers showed that the film could be destroyed above
the critical saccharide concentration with 25 mM of all monosaccharides after 5
minutes. Overall, the LbL film was most responsive to fructose, due to the binding of
fructose being an order of magnitude higher than that of glucose, galactose and
mannose, where the layers could be completely disassembled after 2 minutes with 5
mM fructose.*? Similarly, the capsules released the bovine serum with 10 mM
fructose and 100 mM glucose, galactose and mannose after 15 minutes. Below the
critical sugar concentration, the films took hours to disassemble. Moreover, since this
system was pH sensitive, Levy ef al. also showed that the film could be disassembled
in pH solutions of pH 1-8 after less than a minute.*

Kim et al.*® reported block co-BA LPs, containing a N moiety, for use in drug
releasing platforms and sugar sensing. This saccharide-responsive polymer could be
exploited for its BA charge-switching ability on binding glucose or fructose, resulting
in the anionic boronate ester form. This induced negative charge on boron rendered
the polymer zwitterionic with increased water solubility.*® The N* moiety in the
polymer structure provide stabilisation on sugar binding through a N*-B-
intramolecular interaction. This interaction was confirmed by x-ray crystallography
and resulted in increased acidity around boron, to lower the pK. of the BA group.
This allowed for solubilisation of the polymer at a lower pH in the presence of
glucose and fructose.*® Initially, the polymer was only soluble in moderately basic
solutions and insoluble at pH 7.4. It was only on the addition of glucose or fructose,
that the polymer could be dissolved in solution at pH 7.4.*® The authors demonstrated
that this block co-BA polymer could be used as a glucose-responsive material at

physiological pH to potentially aid the monitoring of glucose for diabetes.*® The
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RAFT method used mild conditions to produce longer chain linear polymers with
narrow molecular weight distributions, in contrast to traditional radical
polymerisation approaches resulting in random sized polymer chains.®® This
controlled polymerisation strategy is desired in the case of LbL films held by
electrostatic interactions. By using uniform linear polymers, a 1:1 stoichiometry of the
cationic and anionic polyelectrolyte layers can be established to aid efficient assembly
of the LbL film 43!

Watahiki et al** produced multilayer films composed of BA dendrimers and
poly(vinyl alcohol) that could stimulate disassembly in the presence of glucose. Using
BA dendrimers over linear chain polymers allowed for the enhanced glucose response
at physiological pH 7.4 compared to other reported systems.** The polymer layers
were adsorbed on to quartz slides by subsequent dipping in to the aqueous polymer
solutions for 20 minutes each.** The layers were assembled by covalent interactions
forming cyclic boronate ester bonds between the BA dendrimers and the diol groups
in  poly(vinyl alcohol). Two different BA dendrimers, 3CPBA-D (3-
carboxyphenylboronic ~ acid-dendrimer) and  3C5NPBA-D  (3-carboxy-5-
nitrophenylboronic acid-dendrimer), were studied to investigate the effect of the
electron-withdrawing nitro group on the pK.of the BA. 3CPBA-D acted as a control
containing no nitro group and 3CSNPBA-D had the nitro group meta to the BA group.
The disassembly of the layers was monitored by absorbance under gentle stirring for
90 minutes.* The film decomposition was investigated with up to 100 mM glucose in
different pH buffer solutions by immersing the slide in solutions of pH 4.0-8.0 for 30
minutes. The LbL films were stable in basic solutions of pH 7.0 or higher and
decomposed in weakly acidic solutions of pH 4.0-6.0 by ~ 80%.* This decomposition
was stimulated due to the predominant formation of trigonal planar boronate bonds in
acidic media. The layers were more stable in basic solutions due to the higher
concentration of anionic tetragonal boronate ester bonds, which increase the stability
of boron. The films could be successfully disassembled by ~50% in the presence of
glucose at 37 °C in pH 7.4 solutions at a critical concentration above 15 mM.* The
disassembly of the layers was dependant on the competitive binding nature of glucose
over the diol groups in poly(vinyl alcohol), where the layers could be completely
disassembled within 30 minutes with 100 mM glucose.** Overall, the 3C5NPBA-D

films exhibited optimal responses to glucose, owned to the electron-withdrawing
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properties of the nitro substituent by reducing the pKa. of the BA group. Increased
acidity of this BA moiety allowed for glucose binding at a lower pH, more suited
towards physiological glucose sensing applications, where these layers could be
completely disassembled within 30 minutes. On the other hand, the 3CPBA-D films
were recommended for sustained release, with slower disassembly times of up to 4
days.*

Taking inspiration from this work, cationic LPs were polymerised from the BA
monomers introduced in Chapter 4 (0-BA, m-BA and p-BA) and paired with anionic
poly(vinyl sulfonate) (PVS), to afford thin LbL films on quartz slides. The assembly
and disassembly of the layers was tracked by absorbance spectroscopy. Initially, the
BA LPs were studied in Chapter 4, where it was observed that the pBA isomer could
stack the most efficiently. pBA LP when deposited on to LbL films with PVS showed
optimum results for assembly and disassembly with monosaccharides. Employing this
concept, future work in this area could involve interchanging the polyanion with a dye

molecule to produce an optical glucose-responsive insulin-drug delivery system.

6.11 Experimental

6.11.1 Materials and Methods
Hydrogen peroxide (30 w% in H>0), poly(ethyleneimine) (PEI, branched),

poly(vinyl sulfonic acid, sodium salt) solution (PVS) (25 wt% in H>O),
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (PBPO), acetic acid, sodium
hydroxide, D-glucose and D-fructose where purchased from Sigma Aldrich and used
as received. 2-(Bromomethyl)phenylboronic acid, 3-(bromomethyl)phenylboronic
acid and 4-(bromomethyl)phenylboronic acid were purchased from Fluorochem UK
and used as received. Deionized water (18.2 MQ-cm™) (DI water) was made using a
Merck Millipore Milli-Q Water Purification System. pH measurements were carried
out on a VWR symphony SP70P pH meter. 'H and '*C NMR spectra were recorded
on a 400 MHz or 600 MHz Bruker NMR spectrometer, using deuterium oxide (D20)
or deuterated methanol (ds-CH30H). ''B NMR experiments were carried out on a 600
MHz NMR spectrometer that used BF; in deuterated methanol as an external
standard. Fourier Transform Infrared (FT-IR) spectroscopy measurements were
carried out on a Perkin Elmer Spectrum GX. All UV-vis spectroscopic measurements

were carried out on a Varian Cary 50 Probe spectrophotometer, using a quartz slide in
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a quartz Suprasil cell that had a path length of 10 mm and a volume of 3 mL. The
phosphate buffer solution at pH 7.4 was prepared from 0.1 M potassium dihydrogen
phosphate (KH2PO4; 100 mL) and 0.1 M sodium hydroxide (NaOH; 78 mL) salts and

was made up to 200 mL using DI water.

6.11.2 Preparation of BA Linear Polymers

Br~ N™= Br- N
7 /l
\\I \\B
o OH o™ O

Scheme 6.5. Radical polymerisation of the BA monomers to form the linear polymers. (i)
DMSO, PBPO (2 mol%) and THF, white light irradiation for 1h.

The BA monomer was polymerised by a radical polymerisation procedure
(Scheme 6.5). The BA monomer (260 mg; 0.699 mmol) was dissolved in DMSO (500
pl) in a 1 mL glass vial. The photoinitiator PBPO (2 mg; 0.005 mmol) was added
with THF (100 pL). The vial was placed under high intensity white light irradiation
for 1h to polymerise the monomer. Cold diethyl ether was added to the polymerised
mixture to precipitate the polymer. The polymer was filtered and washed with diethyl

ether and collected as a white solid.

6.11.3 LbL Films
6.11.3.1 LbL Assembly

S
—
—s [ — — [ —
o _
+ + & —___

Quartz Slide Poly-BA ~ Washing Polyanion = Washing Film with
7 bilayers

Repeat

Figure 6.18. Assembly process of bilayers on to a quartz slide, where the poly-BA is the BA
linear polymer and the polyanion is PVS.
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The LbL films were assembled on to quartz slides (40 x 10 x 1 mm). The slide was
primed using NH4OH/H>O2/H>O (1:1:5, v:v:v) and HCI/H,02/H2O (1:1:6, v:v:iv)
hydrophilization solutions at 75 °C for 10 min. PEI and PVS solutions were prepared
at concentrations of 1 mg.mL' and 4 pL.mL"!, respectively. The BA-LPs were
dissolved in DI H,O at a concentration of 1 mg.mL"!' and the pH was altered to pH 7.3
using acetic acid and sodium hydroxide and measured using a SympHony pH meter.
Figure 6.18 depicts the assembly process of the LbL films; (PEI/PVS),(BA-
LP/PVS)s. Each slide was dipped in to the respective polymer solutions for
approximately 5 mins to deposit the linear chains. The polymer solutions during LbL
assembly for all films were kept at room temperature. A washing step using DI water
was performed to avoid contamination between the polyelectrolyte solutions. This
cyclic process was repeated until all desired 5 or 15 bilayers were afforded. A UV-vis
spectrum of the slide after air drying was recorded after each bilayer deposition,
where the absorbance of the poly-BA at 230 nm was monitored as the number of

layers increased.

6.11.3.2 Sugar-Induced LbL Disassembly

\

|u0

log
1l

a

Sugar solution ~ Disassembly of film

Figure 6.19. Disassembly process of the LbL films in saccharide containing solutions.

The disassembly of the LbL films is illustrated in Figure 6.19. The slide was
simply dipped in the pH 7.4 buffer solution at 36 °C with gentle stirring to equilibrate
and stabilise the layers in the LbL film. Once stabilised, the slide was placed in
glucose (up to 100 mM) or fructose (up to 100 mM) solutions at pH 7.4 at 36 °C and
stirred for 5 minutes to disassemble the film. The slide was air dried and this

disassembly process was monitored by UV-Vis spectroscopy.
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6.12 Results and Discussion
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Figure 6.20. Absorbance spectra for the assembly of the (PEI/PVS),(pBA LP/PVS):s film
(left) and the average (n = 3) linear growth at 230 nm (right).

The assembly and disassembly of the LbL films on quartz substrates was
monitored by UV-Vis spectroscopy (Figure 6.20). The (PEI/PVS), and (pBA
LP/PVS), films were deposited simply by dipping the substrate in alternating
solutions containing the polyeletrolytes. Two bilayers of (PEI/PVS), polyelectrolytes
were initially adsorbed on to the slides to reduce any influence of substrate
morphology on the film growth and enhance the assembly of subsequent bilayers.*’
The deposition of each bilayer was monitored by UV-Vis spectroscopy. The
absorbance of pBA LP was followed at a detection wavelength of 230 nm. This
wavelength was chosen to allow monitoring to be carried out at the lowest limit of
detection.*” The absorbance of the layers increased linearly as the film growth
increased. From Figure 6.20. this assembly process can be visualised by the assembly
of 15 bilayers in the (PEI/PVS)(pBA LP/PVS)is film. The linear deposition means
that multiple layers can be deposited with the same efficiency as the previous added
layer. This is advantageous if a thicker film is desired. Similar results were obtained
for the assembly of the (PEI/PVS)2(0BA LP/PVS)s and (PEI/PVS),(mBA LP/PVS)s
LbL films, where Figure 6.21 compares the assembly of 5 bilayers for each 0BA,
mBA and pBA film.
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Figure 6.21. Assembly of the (PEI/PVS),(0BA LP/PVS)s film (Red circle @ ),
(PEI/PVS),(mBA LP/PVS)s (green square m), and the (PEI/PVS)(pBA LP/PVS)s film (blue
triangle square a), in triplicate, when monitored at 230 nm (left).

On exposing the LbL films to a solution containing fructose, a release assay could
be performed. The conformation of the deposited BA LP was trigonal planar. On
introducing glucose, a conformational change around boron could be triggered to the
tetrahedral form, rendering boron negatively charged. This change in boron leads to a
zwitterionic BA LP. Consequently, the electrostatic interactions between the BA LP
and PVS can become weakened to initiate disassembly in the LbL film. In order to
study fructose-induced disassembly of the (PEI/PVS)(pBA LP/PVS)s,
(PEI/PVS),(mBA LP/PVS)s and (PEI/PVS);(o0BA LP/PVS)s films, the quartz
substrates were placed in to sugar containing solutions at pH 7.4 and 36 °C with
gentle stirring. A rapid release profile was observed when the (PEI/PVS)>(BA
LP/PVS)s LbL films were immersed in fructose solutions (10 mM). In this case, the
oBA film and mBA film was disassembled by 65% and 71%, respectively. The pBA
layers were disassembled by 93% after 3 minutes in the presence of 10 mM fructose
(Figure 6.22). This rapid response to fructose, can be explained by the binding
constant of fructose with phenylBA. It is known that phenylBA binds fructose more
readily in comparison to other sugars such as glucose. James et al.>? have reported the
binding constant of phenylBAs as 110 M™! with glucose and 4370 M-! with fructose.
The furanose ring form of fructose binds with almost a 40 times greater affinity to
phenylBAs in contrast to the pyranose form of glucose, since 99% of glucose exists in
the pyranose form and less than 1% of glucose exists in the furanose form.3? This low

concentration of the furanose form of glucose accounts for the discrepancies between
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these binding constants. To monitor the disassembly with fructose more closely, the
release assay profile was monitored in 5 seconds intervals (Figure 6.22). This figure
illustrates that the pBA film was disassembled by 27% after 5 seconds, by 71% after
30 seconds and disassembled by 93% with 10 mM fructose after ~60 seconds.
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Figure 6.22. Normalised absorbance (A/Ao) at 230 nm for the disassembly of the BA films;
oBA (e), mBA (=) and pBA (a) with 10 mM fructose at pH 7.4, where the blue circle (®) is
the initial measurement for each film. The red points represent stabilisation of the films in
buffer before the addition of fructose, where Ay is the last stable measurement in buffer and A
is the measured absorbance after the addition of fructose.

6.13 Conclusions and Future Work

In summary, three similar LbL films were constructed, (PEI/PVS)(0BA
LP/PVS)s, (PEI/PVS)(mBA LP/PVS)s and (PEI/PVS):(pBA LP/PVS)s. All films
were investigated for their response towards fructose. (PEI/PVS)2(0BA LP/PVS)s
disassembled by 65% in the presence of 10 mM fructose, (PEI/PVS),(mBA LP/PVS)s
disassembled by 71% with 10 mM fructose and (PEI/PVS),(pBA LP/PVS)s showed
increased disassembly by 93% in the presence of 10 mM fructose.

Future work investigations will comprise of disassembly assays in the presence of
other saccharides, such as glucose or galactose. Advantageously by interchanging the
polyanion for an anionic dye or fluorescent molecule, the assembly and disassembly
processes can be better tracked by optical means and the anionic dye could act as a
potential drug model. In this case, the dye or drug could be released in the presence of
a sugar. By intercalating the drug between the layers of the polymer film, a drug

delivery system can be produced that is sugar-responsive.
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A.1 Methods

Nuclear Magnetic Resonance Spectroscopy (NMR) spectra were recorded on a
Bruker Avance 400 MHz or Bruker Avance Ultrashield 600 MHz NMR spectrometer.
Splitting patterns are designated as s, singlet; d, doublet; dd, double doublet; z, triplet
and m, multiplet. '"H and '*C NMR spectra were recorded using deuterium oxide
(D20) or deuterated methanol (ds-CH30OH) as solvents, with corresponding reference
peaks of 'H: 4.87 (D20), 3.31 and 3.34 (ds-CH30H) and 2.85, 3.01 and 7.92 (d+-
DMF) ppm. "B NMR experiments were recorded using BF3 in deuterated methanol

as an external standard.

Mass Spectrometry measurements were carried out on a MALDI/ESI-Q-TOF (time-
of-flight) electrospray ionisation mass spectrometer, where the samples were

dissolved in deionised water, pH 7.4 phosphate buffer, methanol or chloroform.

Fluorescence Spectroscopy measurements were carried out on a JASCO
Spectrofluorometer FP-8300 at 20 °C in a precision cell made from Quartz Suprasil
that had a path length thickness of 10 mm and a total volume of 1.4 mL. The same
cell was used for all fluorescence and UV-visible absorption experiments. Samples
were dissolved in either pH 7.4 phosphate buffer, methanol or a mixture of both.
Parameters used for fluorescence measurements were as follows; high sensitivity, 2.5
nm bandwidth, 1 second response time, 1 nm data interval and 500 nm/min scan

speed.
Ultraviolet-Visible (UV-Vis) Spectroscopy was used to determine the excitation
wavelength for fluorescence measurements. Measurements were carried out on a

Varian Cary 50 Probe spectrophotometer.

Fourier Transform Infrared (FT-IR) Spectroscopy measurements were carried out

on a Perkin Elmer Spectrum GX.
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A.2 NMR Spectroscopy
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Figure Al. 'H NMR spectrum for 2-(bromomethyl)phenylboronic acid. 'H NMR
(400 MHz, 20 °C, CD;0D), 5: 7.3 (4H, m, CH — a), 4.6 (2H, s, CHz) ppm.
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Figure A2. 'H NMR spectrum for 3-(bromomethyl)phenylboronic acid. 'H NMR
(400 MHz, 20 °C, CDs0D), 8: 7.7 (1H, 5, CH — ¢), 7.6 (1H, d, J = 7 Hz, CH — d), 7.4
(1H, d, J=7 Hz, CH—b), 7.3 (1H, £, J = 7 Hz, CH— a), 4.7 (2H, 5, CHz) ppm.
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Figure A3. 'H NMR spectrum for 5-quinoline carboxylic acid. 'H NMR (400 MHz,
20 °C, CDs;0D), 6: 9.4 (1H, d, J=9 Hz, CH - /), 8.9 (1H, dd, J = 2, 3, 4 and 6 Hz,
CH-d),83(1H,dd,J=1,6,7and 9 Hz, CH —a), 8.2 (1H,d,J=9 Hz, CH—-c¢), 7.8
(1H, dd,J=1,8,9 and 16 Hz, CH-b), 7.6 (1H, dd, J =5, 9 and 13 Hz, CH — e) ppm.
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Figure A4. 'H NMR spectrum for 1-(2-boronobenzyl)-5-carboxyquinolin-1-ium
bromide. 'H NMR (600 MHz, D>0, 20 °C) &: 10.5 (1H, d, J =7 Hz, CH —), 9.5 (1H,
s, CH — h), 8.5-8.6 (2H, m, CH — ¢, a), 8.1-8.2 (2H, m, CH — i, b), 7.6 (2H, d, J = 53
Hz, CH-e¢, f), 7.3 (2H, s, CH —d, g), 6.3 (2H, s, CH>) ppm.
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Figure AS5. BC NMR spectrum for 1-(2-boronobenzyl)-5-carboxyquinolin-1-ium

bromide. 3C NMR (150 MHz, 20 °C, CD;0D) &: CH 123.9, 129.7, 130.2, 132.6,
133.4, 134.1, 135.8, 139.9, 147.8, 150.8, COOH 168.1, CHz 62.9 ppm.

[, _ToH
Br N_ B-OH
N ]
OH
7
HO™ ~O
T T T N T N T u T = T - T - T -
80 60 40 20 o -20 -40 -60 -80 ppm

Figure A6. "B NMR spectrum for 1-(2-boronobenzyl)-5-carboxyquinolin-1-ium
bromide. "B NMR (192 MHz, 20 °C, CD;0D) &: B(OH), 27.3 ppm. The chemical

shift at 19 ppm corresponds to boric acid and the broad peak centred at -2 ppm
corresponds to borate in the glass of the NMR tube.
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Figure A7. 'H NMR spectrum for 1-(3-boronobenzyl)-5-carboxyquinolin-1-ium
bromide 'H NMR (400 MHz, 20 °C, D;0), 8: 9.6 (1H, d, J= 9 Hz, CH —), 9.2 (1H,
d,J=5Hz, CH-h),82 (1H,d,J=9 Hz, CH—c¢), 7.8 (1H, dd, J =3, 9 and 15 Hz,
CH-a),7.7(1H,d,J=7Hz, CH-1i), 7.6 (1H, dd, J=1,9 and 16 Hz, CH - b), 7.3
(1H,d,J=7Hz, CH-f), 7.3 (1H,s,CH—e), 7.1 (1H,d,J=8 Hz, CH—d), 7.0 — 7.1

(1H, m, CH —g), 5.9 (2H, s, CH), ppm.
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Figure A8. 3C NMR spectrum for 1-(2-boronobenzyl)-5-carboxyquinolin-1-ium

bromide. *C NMR (150 MHz, 20 °C, CD;OD) 8: COOH 169.2, 164.3, 163.6, CH,
61.8, 34.5, 31.1, CH 149.5, 146.8, 138.3, 135.0, 134.6, 132.3, 132.1, 131.8, 129.4,

129.3,128.9, 128.4, 127.1, 122.7, 121.8 ppm.
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A.3 Mass Spectrometry
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Figure A9. Mass spectrometry spectrum for o-COOHBA. o-COOHBA: Chemical
formula: Ci17H1sBBrNOs4; Exact Mass: 387.0278; Molecular Weight: 388.0240. m/z
found: [CigH17BNO4*], Exact Mass: 322.1245, Molecular Weight: 322.1465.

A.4 UV-Vis Spectroscopy Spectra
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Figure A10. Absorbance spectrum for m-COOHBA in pH 7.4 phosphate buffer,
where the main absorbance peak can be seen at 320 nm.
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A.5 FT-IR Spectroscopy
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Figure Al11. FT-IR spectrum for 0o-COOHBA, where peaks were found at 3365.19
(C-OH), 2979.67 and 2774.0 (B-OH, C=C-H), 1711.68 (C=0), 1607.95 (C=C) cm.
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Figure A12. FT-IR spectrum for m-COOHBA, where peaks were found at 3248.49
(C-OH), 2921.71 and 2851.57 (B-OH), 2372.06 and 2152.91 (C=C-H), 1658.91
(C=0), 1469.53 (C=C) cm™..
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B.1 Methods

Nuclear Magnetic Resonance Spectroscopy (NMR) spectra were recorded on a
Bruker Avance 400 MHz or Bruker Avance Ultrashield 600 MHz NMR spectrometer.
Splitting patterns are designated as s, singlet; d, doublet; dd, double doublet; z, triplet
and m, multiplet. '"H and '*C NMR spectra were recorded using deuterium oxide
(D20), deuterated methanol (ds-CH30OH) or deuterated dimethylformamide (d7-DMF)
as solvents, with corresponding reference peaks of 'H, &: 4.87 (D,0), 3.31 and 3.34
(ds-CH30H) and 2.85, 3.01 and 7.92 (d7-DMF) ppm. "B NMR experiments were

recorded using BF3 in deuterated methanol as an external standard.

Fluorescence Spectroscopy measurements were carried out on a JASCO
Spectrofluorometer FP-8300 at 20 °C in a precision cell made from Quartz Suprasil
that had a path length thickness of 10 mm. The same cell was used for all
fluorescence experiments. Samples were dissolved in either pH 7.4 phosphate buffer,
methanol or a mixture of both. Parameters for fluorescence measurements were;
medium sensitivity, 2.5 nm bandwidth, 1 nm data interval, 1 second response time

and 500 nm/min scan speed, unless otherwise stated.
Ultraviolet-Visible (UV-Vis) Spectroscopy was used to determine the excitation
wavelength for fluorescence measurements. Measurements were carried out on a

Varian Cary 50 Probe spectrophotometer.

Fourier Transform Infrared (FT-IR) Spectroscopy measurements were carried out

on a Perkin Elmer Spectrum GX.
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B.2 NMR Spectroscopy
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Figure B1. 'H NMR spectrum for 5-bromopyrimidine. "H NMR (400 MHz, 20 °C,
CD;0D), 5: 9.1 (1H, s, CH — a), 8.9 (2H, 5, CH — b) ppm.
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Figure B2. 'H NMR spectrum for compound 5 (2-(methyl-4-pyrimidin-5-yl)but-3-yn-
2-ol). 'TH NMR (400 MHz, 20 °C, CDCl;) 8: 9.08 (1H, s, CH — a), 8.80 (2H, s, CH —
b), 1.58 (6H, s, CH3) ppm. *C NMR (150 MHz, 20 °C, D-0), &: 158.6 (2C, b), 156.6
(1C, a), 119.2 (1C, Cquavary), 100.9 (1C, Ar-C=C-), 75.3 (1C, Ar-C=C-), 65.4 (1C,
Cauatiary1), 31.0 (2C, -CH3) ppm.
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Figure B3. 'H NMR spectrum for 1-(2-bronobenzyl)-5-bromopyrimidine-1-ium
bromide (BA1). 'H NMR (400 MHz, 20 °C, D;0), &: 9.07 (1H, s, CH — ¢), 8.92 (2H,
s, CH —b), 8.50 (2H, s, CH — a), 7.16 (2H, s, CH — a), 5.71 (2H, s, CH>) ppm. !'B
NMR (192 MHz, 20 °C, CD3;0D), 6: 27.9 (B, s, B(OH)2) ppm.
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Figure B4. '"H NMR spectrum for 1-(3-boronobenzyl)-5-(3-hydroxy-3-methylbut-1-
yn-1-yl)pyrimidine-1-ium bromide (BA2). '"H NMR (600 MHz, 20 °C, DMF-d7), &:
8.74 (1H, s, CH —¢), 8.27 (2H, 5, CH - b), 7.95 (2H, d, J =7 Hz, CH — a), 7.70 (1H,
d,J=8 Hz, CH —a), 7.43 (1H, t, J=7 and 14 Hz, CH — a), 3.64 (2H, s, CH»), 2.93
(3H, s, CH3), 2.76 (3H, s, CH3) ppm.
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Figure BS. °C NMR spectrum for BA2. *C NMR (150 MHz, 20 °C, d7-DMF), &:
163.0, 162.8, 162.6 (CH), 48.6, 48.3, 47.9, 47.7, 47.6, 47.4, 47.3, 47.1 (Ar-C=C-),
34.8-34.6, 34.4, 34.3, (Cquariayl), 29.6, 29.5, 29.3-28.8 (CHs), ppm.

B.3 Mass Spectroscopy
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Figure B6. High Resolution Mass Spectrometry (HRMS) for BA1 in methanol, where
the (m/z) calculated for [Ci2Hi3BBrN2O]* (monomethylether) was 307.0250, found
307.0249.
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B.4 UV-Vis Spectroscopy
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Figure B7. Absorbance spectrum for BA1l in pH 7.4 phosphate buffer at a
concentration of 0.03 mM, showing an absorbance peak centred at 285 nm.

245 nm
3 |
2.5 1
S
< 2
(]
e
S 15 -
2
2
g 1]
0.5 1
0 T T T T y |
200 225 250 275 300 325 350

Wavelength (nm)
Figure B8. Absorbance spectrum for compound 5 (2-(methyl-4-pyrimidin-5-yl)but-3-
yn-2-ol) (0.125 mM) in CH30OH, showing an absorbance peak centred at 245 nm.

B.5 Fluorescence Spectroscopy
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Figure B9. Fluorescence excitation and emission spectra for 7HC (7-
hydroxycoumarin) solutions (4uM) in pH buffers and various solvents.
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Figure B10. Fluorescence excitation and emission spectra for BA1l, where the
excitation peak is at 338 nm and the corresponding emission peak is at 380 nm.
Fluorescence parameters: manual sensitivity at 690 V, 2.5 nm bandwidth, 1 second
response time, 1 nm data interval, 500 nm/min scan speed.
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Figure B11. Fluorescence spectra for compound 5 (2-(methyl-4-pyrimidin-5-yl)but-3-
yn-2-ol) in CH3OH, where the excitation wavelength was 283 nm and the
corresponding emission was at 311 nm. Fluorescence parameters: high sensitivity, 2.5
nm bandwidth, 1 second response time, 1 nm data interval, 500 nm/min scan speed.
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Figure B12. Excitation and emission fluorescence spectrum for BA2 (0.5 mM) in
CH30H, excitation 430 nm and emission 484 nm, 533 nm; fluorescence parameters:
high sensitivity, 2.5 nm bandwidth, 500 nm/min scan rate, data interval at 1 nm.
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Figure B13. Excitation and emission spectra for BA2 in CH3;OH and pH 7.4
phosphate buffer:CH3OH (3:1). The excitation band shifts from 430 nm (CH30H) to
420 nm (pH 7.4 buffer:CH30H 3:1). The emission peak remains at 484 nm and 533
nm in both cases, with a dramatic decrease in the more polar solvent mixture. This
indicates that the n>7* transition can be identified at around 275 nm and the n>n*
transition can be identified at around 430 nm.

B.6 FT-IR Spectroscopy
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Figure B14. FT-IR for BA1, where peaks were found at 3166.17 (B-OH), 2832.65
and 2353.51 (C=C-H), 1574.05, 1445.0 (C=C), 752.3 cm™! (C-Br) corresponding to
functional groups observed in BA1.
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Figure B15. FT-IR for compound 5 (2-(methyl-4-pyrimidin-5-yl)but-3-yn-2-ol),
where peaks were found at 3256 (C-OH), 2974, 2932, 2779, 2760, 2740, 2671, 2619,
2489 (C=C-H), 2161 (Alkyne C-C-H), 1555, 1475, 1397 cm™ (C=C) corresponding to
functional groups observed in compound 5.
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Figure B16. FT-IR for BA2, where peaks were found at 3359.27 (B-OH), 3188.03
(C-OH), 2920.99, 2851.27 (C=C-H), 2020.05 (Alkyne C-C-H), 1645.55, 1632.29,
1590.86, 1456.61, 1411.18 cm™ (C=C) corresponding to functional groups observed
in BA2.
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Supporting Information for Chapter 4

Water-Soluble Polymerisable Boronic Acids: Combining
an Adaptable One-Step Synthesis with an In-Depth
Understanding of pH and Glucose Response*

Danielle Bruen, Colm Delaney, Dermot Diamond and Larisa Florea

Insight Centre for Data Analytics, National Centre for Sensor Research (NCSR),
School of Chemical Sciences, Dublin City University, Dublin 9, Ireland

*This chapter has been submitted for publication as “Water-Soluble Polymerisable
Boronic Acids: Combining an Adaptable One-Step Synthesis with an In-Depth

Understanding of pH and Glucose Response”, Danielle Bruen, Colm Delaney, Larisa

Florea and Dermot Diamond, Org. Lett., 2018.

**The boronic acid compounds synthesised in this chapter are covered under GB
Patent, GB1805226.6, “Boronic Acid Derivatives for Sugar-Sensing Hydrogels”,

Colm Delaney, Larisa Florea, Danielle Bruen and Dermot Diamond, March 2018.
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C.1 Characterisations for BA monomers

C.1.1 Spectroscopic Characterisations for o-BA
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Figure C1. '"H NMR for 0-BA in D,O. 'H NMR (600 MHz, 20 °C, D,0), &: 7.7 (1H,
dd, J =3 and 8 Hz, CH, H2), 7.5 (3H, m, CH, H-3.,4,5), 6.1 (1H, s, CH2, H11), 5.7
(1H, 5, CHo, H12), 4.8 (2H, 5, CHy, H7), 4.6 (2H, s, CHa, H9), 3.8 (2H, m, CHa, HS),
3.0 (6H, s, CHs, H6), 1.9 (3H, 5, CHs, H9), ppm.
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Figure C2. *C NMR for 0-BA in D,0. '*C NMR (150 MHz, 20 °C, D,0), 5: 168.4
(C=0), 134.4 (C-H2), 133.9 (C-H4), 130.3 (C-H3), 127.7 (CH>—Vinyl), 130.0, 68.0
(C-H5), 63.4 (CHa, HS), 58.4 (CHa, H9), 50.0 (CHs-Amine), 17.2 (CHs—Vinyl) ppm.
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Figure C3. ''B NMR for 0-BA in D;O. ''B NMR (192 MHz, 20 °C, D>0), &: 29.24
(1B, B(OH).) ppm. (Line broadening by 10 Hz).
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Figure C4. IR spectrum for o-BA. FT-IR: 3355 (B-OH), 3228 (B-OH), 2971 (C=C-
H), 1726 (C=0), 1638 (C=C), 1598 (C=C) and 1489 (C=C) cm".
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Figure C5. UV-visible spectrum for 0-BA (1 mM), where the absorbance peak is at
270 nm at pH 7.4.

C.1.2 Spectroscopic Characterisations for m-BA
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Figure C6. 'H NMR for m-BA in D>O. 'H NMR (600 MHz, 20 °C, D>0) for m-BA,
8: 7.7 (1H, dd, J = 3 and 8 Hz, CH, H1), 7.5 (3H, m, CH, H=3,4,5), 6.1 (1H, s, CHa,
H11), 5.7 (1H, 5, CHa, H12), 4.8 (2H, s, CHa, H9), 4.6 (2H, s, CHa, H7), 3.8 (2H, m,
CHs, H8), 3.0 (6H, s, CHs, H6), 1.9 (3H, s, CHs, H10) ppm.
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Figure C7. 3C NMR for m-BA in D>0O. C NMR (150 MHz, 20 °C, D>0), &: 168.3
(C=0), 137.7 (C-H1), 135.6 (C-H3), 135.1 (C-H5), 134.5 (CH-4), 128.6 (CH-Vinyl),
126.2 (CH>—Vinyl), 69.4 (CH>—Amine), 62.5 (CH2—Amine), 58.3 (CH-9), 50.1 (CH3—
Amine), 17.2 (CH3—Vinyl) ppm
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Figure C8. ''B NMR for m-BA in D,0. "B NMR (192 MHz, 20 °C, D;0), &: 24.0
(1B, s, B-(OH)2) ppm. (Line broadening by 10 Hz).
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Figure C9. IR spectrum for m-BA. FT-IR: 3355 (B-OH), 2959 (C=C-H), 1717
(C=0), 1635 (C=C), 1603 (C=C) and 1437 (C=C) cm™'.
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Figure C10. UV-visible spectrum for m-BA (1 mM), where the main absorbance
peak is at 265 nm at pH 7.4.
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C.1.3 Spectroscopic characterisations for p-BA
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Figure C11. '"H NMR for p-BA in D,0O. 'H NMR (600 MHz, 20 °C, D,0), &: 7.7 (2H,
d,J=8 Hz, CH-2,3), 7.4 (2H, d, J = 8§ Hz, CH-1,4), 6.0 (1H, s, CH-10), 5.6 (1H, ¢, J
— 1 and 2 Hz, CH-11), 4.5 (2H, 5, CH>-8), 4.5 (2H, d, J = 5 Hz, CH>-5), 3.6 (2H, m,
CH»-7), 3.0 (6H, 5, CH3-6), 1.81 (3H, s, CH3-9) ppm.
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Figure C12. 3C NMR for p-BA in D;0. *C NMR (150 MHz, 20 °C, D,0), : 168.3
(C=0), 135.1 and 134.0 (C-H2,4), 133.0 and 132.3 (C-HL,5), 127.7 (CH>—Vinyl),

69.0 (CHz, H7), 62.6 (CH., H8), 58.3 (CHz, H9), 50.2 (CH3;—Amine), 17.2 (CH3—
Vinyl) ppm.
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Figure C14. ''B NMR for p-BA in D>O. "B NMR (192 MHz, 20 °C, D-0), &: 29.2
(1B, B(OH).) ppm. (Line broadening by 10 Hz).
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Figure C15. IR spectrum for p-BA. FT-IR: 3332 (B-OH), 2960 (C=C-H), 1716
(C=0), 1613 (C=C), 1635 (C=C) and 1414 (C=C) cm™.
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Figure C16. UV-visible spectrum for p-BA (0.2 mM), where the main absorbance
peak is at 270 nm in H>O.

C.2 Fluorescence pH and Glucose Titrations

C.2.1 Fluorescence pH Titrations
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Figure C17. Excitation and fluorescence emission spectra for 0-BA (1 mM) in H>O
titrated with acetic acid and sodium hydroxide. The excitation wavelengths were at
327 nm and 367 nm (A) and the emission peak was at 460 nm (B). The pK. for 0-BA
was determined to be 8.6, showing experimental emission values at 460 nm as a
function of pH and fit to sigmoid model (Inset B). Parameters used for these
fluorescence measurements; 400 V sensitivity, 5 nm bandwidth, 1 nm data interval, 1
second response time, 500 nm/min scan/speed.
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Figure C18. Excitation and fluorescence emission spectra for o-BA (1 mM) in H20O
with glucose (10 mM) titrated with acetic acid and sodium hydroxide. The excitation
wavelengths were at 327 nm and 367 nm (A) and the emission peak was at 460 nm
(B). The pK. for 0-BA was determined to be 8.1, showing experimental emission
values at 460 nm as a function of pH and fit to sigmoid model (Inset B). Parameters
used for these fluorescence measurements; 400 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time, 500 nm/min scan/speed.
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Figure C19. Excitation and fluorescence emission spectra for m-BA (I mM) in H2O
with glucose (10 mM) titrated with acetic acid and sodium hydroxide. The excitation
wavelengths were at 329 nm and 372 nm (A) and the emission peak was at 466 nm
(B). The pKa for m-BA was determined to be 8.5, showing experimental emission
values at 466 nm as a function of pH and fit to sigmoid model (Inset B). Parameters
used for these fluorescence measurements; 300 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time, 500 nm/min scan/speed.
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Figure C20. Excitation and fluorescence emission spectra for p-BA (1 mM) in H>O
titrated with acetic acid and sodium hydroxide. The excitation wavelengths were at
325 nm and 370 nm (A) and the emission peak was at 460 nm (B). The pK. for p-BA
was determined to be 8.8, showing experimental emission values at 460 nm as a
function of pH and fit to sigmoid model (Inset B). Parameters used for these
fluorescence measurements; 500 V sensitivity, 5 nm bandwidth, 1 nm data interval, 1
second response time, 500 nm/min scan/speed.
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Figure C21. Excitation and fluorescence emission spectra for p-BA (1 mM) in H20O
with glucose (10 mM) titrated with acetic acid and sodium hydroxide. The excitation
wavelengths were at 325 nm and 370 nm (A) and the emission peak was at 460 nm
(B). The pK, for p-BA was determined to be 8.0, showing experimental emission
values at 460 nm as a function of pH and fit to sigmoid model (Inset B). Parameters
used for these fluorescence measurements; 500 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time, 500 nm/min scan/speed.
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C.2.2 Fluorescence Glucose Titrations
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Figure C22. Excitation and fluorescence emission spectra for o-BA (1 mM) at pH 8
titrated with glucose (0-150 mM). (A) The excitation wavelengths for 0-BA were at
327 nm and 367 nm. (B) The emission of 0-BA at 460 nm when excited at 327 nm,
where the fluorescence increases by 43% with 150 mM glucose. (C) The emission of
0-BA at 460 nm when excited at 367 nm, where the fluorescence increases by 13%
with 150 mM glucose. (D) Experimental emission values at 460 nm as a function of
pH and fit to sigmoid model for 0-BA at Amax®™ = 327 nm (blue diamond) and 367 nm
(pink square) showing the fluorescence increase with 150 mM glucose. Parameters
used for these fluorescence measurements; 400 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time, 500 nm/min scan/speed.
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Figure C23. Excitation and fluorescence emission spectra for m-BA (1 mM) at pH
7.5 titrated with glucose (0-150 mM). (A) The excitation wavelengths for m-BA were
at 336 nm and 372 nm. (B) The emission of m-BA at 466 nm when excited at 336 nm,
where the fluorescence increases by 49% with 150 mM glucose. (C) The emission of
m-BA at 460 nm when excited at 372 nm, where the fluorescence increases by 49%
with 150 mM glucose. (D) Experimental emission values at 466 nm as a function of
pH and fit to sigmoid model for m-BA at Amax™ = 336 nm (blue diamond) and 372 nm
(pink square) showing the fluorescence increase with 150 mM glucose. Parameters
used for these fluorescence measurements; 300 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time, 500 nm/min scan/speed.
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Figure C24. Excitation and fluorescence emission spectra for m-BA (1 mM) at pH
7.5 titrated with glucose (0-150 mM). (A) The excitation wavelengths for m-BA were
at 336 nm and 372 nm. (B) The emission of m-BA at 466 nm when excited at 336 nm,
where the fluorescence increases by 44% with 150 mM glucose. (C) The emission of
m-BA at 466 nm when excited at 372 nm, where the fluorescence increases by 47%
with 150 mM glucose. (D) Experimental emission values at 466 nm as a function of
pH and fit to sigmoid model m-BA at Amax™ = 336 nm (blue diamond) and 372 nm
(pink square) showing the fluorescence increase with 150 mM glucose. Parameters
used for these fluorescence measurements; 400 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time, 500 nm/min scan/speed.
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Figure C25. Fluorescence emission spectra for glucose titrations with 0-BA and m-
BA close to the pKa for each BA, pH 8 and pH 7.5, respectively. (A) The emission
when Ama®™ = 327 nm and 336 nm for o-BA and m-BA, respectively. (B) The
emission when Amax™ = 367 nm and 372 nm for 0-BA and m-BA, respectively. Fo is
the measured fluorescence intensity of the BA derivatives in the absence of glucose
and F is the measured fluorescence intensity in the presence of glucose. Parameters
used for these fluorescence measurements; 400 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time, 500 nm/min scan/speed.
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Figure C26. Excitation and fluorescence emission spectra for p-BA (1 mM) at pH 8
titrated with glucose (0-150 mM). (A) The excitation wavelengths for p-BA were at
325 nm and 370 nm. (B) The emission of p-BA at 460 nm when excited at 325 nm,
where the fluorescence increases by 125% with 150 mM glucose. (C) The emission of
p-BA at 460 nm when excited at 370 nm, where the fluorescence increases by 177%
with 150 mM glucose. (D) Experimental emission values at 460 nm as a function of
pH and fit to sigmoid model for p-BA at Amax®™ = 325 nm (blue diamond) and 370 nm
(pink square) showing the fluorescence increase with 150 mM glucose. Parameters
used for these fluorescence measurements; 500 V sensitivity, 5 nm bandwidth, 1 nm
data interval, 1 second response time, 500 nm/min scan/speed.
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Appendix D

Supporting Information for Chapter 5

A Two-Component Fluorescent System for Sugar-Sensing*

Danielle Bruen, Colm Delaney, Dermot Diamond and Larisa Florea

Insight Centre for Data Analytics, National Centre for Sensor Research (NCSR),
School of Chemical Sciences, Dublin City University, Dublin 9, Ireland

*This chapter has been submitted as “A Two-Component Fluorescent System for
Sugar-Sensing”, Danielle Bruen, Colm Delaney, Dermot Diamond and Larisa Florea,

J. Am. Chem. Soc., 2018.
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D.1 Materials and Methods

D.1.1 Materials
2-(Bromomethylphenyl)boronic acid (100%), 3-(bromomethyl-phenyl)boronic acid

(95%) and 4-(bromomethylphenyl)boronic acid (95%) were acquired from
Fluorochem, UK and used as received. 2-(Dimethylamino)ethyl methacrylate (98%),
8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (pyranine; >97%), acrylamide
(>99%), (MBIS; 99%), 2-hydroxy-2-
methylpropiophenone (HMPP; 97%), D-(+)-glucose (>99.5%), D-(-)-fructose (>99%),
D-(+)-galactose (>98%), anhydrous acetonitrile (CH3CN; 99.8%),
dichloromethane (CH2Clz; >99.8%) and deuterium oxide (D20; 99.9%, atom D) were

N,N’-methylenebis(acrylamide)

anhydrous

purchased from Sigma Aldrich, Ireland and used as received. Structural 'H, *C and !'B
NMR studies were carried out on a Bruker Avance Ultrashield 600 MHz spectrometer.
DO was the solvent used for all NMR measurements. The fluorescence of the BA
monomers was recorded using a JASCO FP-8300 spectrofluorometer at 20 °C and UV-
visible absorbance measurements were carried out on a Varian Cary 50 Probe
spectrophotometer, in a precision cell made from Quartz Suprasil that had a path length
of 10 mm and a volume of 1.4 mL. All pH measurements were carried out usinga VWR
sympHony SP70P pH meter. Deionised water (18.2 MQ.cm-') (DI H,0) was purified
using a Milli-Q Water Purification System (Merck Millipore, Darmstadt, Germany).

D.1.2 Synthesis of Fluorescent Acrylamide-BA Hydrogels

Table D1. Recipe for Fluorescent Acrylamide-oBA Hydrogels

. Volume Densit Molar
Materials | Mass (g) (uL) ©) y M: mmol %
Acrylamide 1.0 - - 71.08 14.0 100
MBIS 0.021 - - 154.16 0.14 1
Pyranine - 250 - 524.37 0.0002 | 0.001
oBA - 37.5 - 372.06 0.003 0.02
HMPP 0.023 0.02 1.077 164.20 0.14 1

* The final concentration of pyranine in the cocktail solution was 0.1 mM and the final
concentration of 0-BA was 1.5 mM (15 eq.).
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Table D2. Recipe for Fluorescent Acrylamide-mBA Hydrogels

Materials | Mass (g) V?:::;le De(l:)s)lty M;: mmol | Molar%
Acrylamide 1.0 - - 71.08 14.0 100
MBIS 0.0216 - - 154.169 0.14 1
Pyranine - 250 - 524.371 0.0002 0.001
mBA - 20 - 372.066 0.002 0.01
HMPP 0.023 0.02 1.077 164.204 0.14 1

* The final concentration of pyranine in the cocktail solution was 0.1 mM and the final
concentration of m-BA was 1 mM (10 eq.).

The hydrogels were prepared by adding the reagents as described in Table S1 and
Table S2 and dissolving in 2 mL DI H»O. The hydrogel cocktail was sonicated and
vortexed until all components of the mixture dissolved. Once dissolved, the hydrogel
cocktail was pipetted in to a homemade cell composed of a glass slide (bottom) and a
layer of poly(methyl methacrylate) (top) with a pressure-sensitive adhesive spacer (120
pm) between them, to polymerise the cocktail mixture as a thin film. The films were
polymerised inside a CL-1000 Ultraviolet Crosslinker UVP chamber at 254 nm for 30
minutes. Once polymerised the films were cut using 13 mm cutters, to produce thin film
circular hydrogels. The hydrogels were placed in pH 7.4 buffer solution after cutting.
It was noted that the hydrogels swelled slightly in the buffer solution from 13 mm to
~15 mm. Once the initial fluorescence of each gel was measured, the gels were placed
in various solutions of different glucose concentrations ranging between 0-100 mM.
After at least 10 hours in the glucose solutions, the fluorescence of each gel was

measured.
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D.2 Fluorescence
D.2.1 Fluorescence Quenching Titrations in Solution

Fluorescence quenching titrations were carried out by monitoring the fluorescence
of pyranine (4 uM) in pH 7.4 buffer solution (2 mL), with increasing concentrations of
the BA monomers. Additions of each BA monomer were made using automated
pipettes. Each BA stock solution was dissolved in DI H>O. Following each addition of
BA monomer, the fluorescence was measured in a quartz Suprasil 1.4 mL cuvette with
a path length of 10 mm, on a JASCO FP3800 Spectrophotometer. Excitation and
emission spectra were recorded from the characteristic wavelengths of pyranine, where
the excitation wavelengths were 374 nm, 404 nm and 454 nm, and the emission
wavelength was 515 nm. A fluorescence curve was plotted by taking the maximum
intensity of the fluorescence emission, when excited at 404 nm. The parameters used
for fluorescence measurements were as follows; 280 V sensitivity, 5 nm bandwidth, 1
nm data interval, 1 second response time and 500 nm/min scan speed, unless otherwise
stated.

From the fluorescence quenching curves, the static and dynamic quenching
constants for 0-BA and m-BA were determined by Equation D1, for their ability to
quenching the fluorescence of pyranine, where Fy is the initial fluorescence of pyranine,
F is the measured fluorescence after the addition of BA monomer, V is the dynamic
quenching constant and K; is the slope coefficient correlating to the static quenching

constant.

Equation D1 for fluorescence quenching:

Fo/F = (1 + K,[QDe"1 (1

255



A B C @
7000 'o 1M oBA 17 95 exa04nm Na* Br g O
'max R
6000 =15 1 . 3 L, OH L
E ;| v=-1299257m2 HO. /N i Na* Br
- 4 1 = -1 B T \\
S 5000 0 ki=0.27 M HO' 050 { o
. in 11 4 N*
< 4000 ?
1 /)\ 0.0
= e 9 1 o g
‘3 3000 “x o S OH
g £ 7 4 o
€ 2000 <
e T 5 . Q 0:8:0
" ~ 1
1000 4 e o3 . ;o
I Y * B N*Z
0 + 1 . . . HO™OH
320 370 420 470 0 10 20 30 20 50 Q
- et
Wavelength (nm) oBA Equivalents Na* Br
D E
6000 - - 6000
. A £X374 nm . 7000 A, ex404 nm — A EXA54 NM
3 max 3 max 3 max
© 5000 ) 6000 1 > 5000
= <
> |
£ 4000 - z 5000
g 92% g 4000 94%
E 3000 £
] ¢ 3000 o
g e
g 2000 o 8
2 S 2000 -
g g
S 1000 A 8 1000
™ s
0 "&T—r 0 .A—,—
390 440 490 540 590 640 690 420 470 520 570 620 670 480 530 580 630 680
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure D1. (A) Excitation spectrum for pyranine (4 uM) titrated with o-BA (0-0.2 mM)
in pH 7.4 phosphate buffer corresponding to the emission wavelength 515 nm. (B)
Fluorescence emission quenching curve, corresponding to the excitation wavelength at
404 nm, showing dynamic (V) and static (Ks) quenching constants, where Fo is the
initial fluorescence of pyranine and F is the measure fluorescence of pyranine after the
addition of o-BA. (C) Structural schematic diagram of the quenching interaction
between pyranine and o-BA in solution. (D) Fluorescence emission spectrum of
pyranine with increased concentrations of o-BA, corresponding to the excitation
wavelength at 374 nm. (E) Fluorescence emission spectrum of pyranine with increased
concentrations of 0-BA, corresponding to the excitation wavelength at 404 nm. (F)
Fluorescence emission spectrum of pyranine with increased concentrations of 0-BA,
corresponding to the excitation wavelength at 454 nm.
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Figure D2. (A) Excitation spectrum for pyranine (4 uM) titrated with m-BA (0-0.1
mM) in pH 7.4 phosphate buffer corresponding to the emission wavelength 515 nm.
(B) Fluorescence emission quenching curve, corresponding to the excitation
wavelength at 404 nm, showing dynamic (V) and static (Ks) quenching constants,
where Fy is the initial fluorescence of pyranine and F is the measure fluorescence of
pyranine after the addition of m-BA. (C) Structural schematic diagram of the quenching
interaction between pyranine and m-BA in solution. (D) Fluorescence emission
spectrum of pyranine with increased concentrations of m-BA, corresponding to the
excitation wavelength at 374 nm. (E) Fluorescence emission spectrum of pyranine with
increased concentrations of m-BA, corresponding to the excitation wavelength at 404
nm. (F) Fluorescence emission spectrum of pyranine with increased concentrations of
m-BA, corresponding to the excitation wavelength at 454 nm.
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Figure D3. (A) Excitation spectrum for pyranine (4 uM) titrated with p-BA (0-0.08
mM) in pH 7.4 phosphate buffer corresponding to the emission wavelength 515 nm.
(B) Fluorescence emission quenching curve, corresponding to the excitation
wavelength at 404 nm, where Fy is the initial fluorescence of pyranine and F is the
measure fluorescence of pyranine after the addition of p-BA. (C) Structural schematic
diagram of the quenching interaction between pyranine and p-BA in solution. (D)
Fluorescence emission spectrum of pyranine with increased concentrations of p-BA,
corresponding to the excitation wavelength at 374 nm. (E) Fluorescence emission
spectrum of pyranine with increased concentrations of p-BA, corresponding to the
excitation wavelength at 404 nm. (F) Fluorescence emission spectrum of pyranine with
increased concentrations of p-BA, corresponding to the excitation wavelength at 454
nm.
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Figure D4. (A) Excitation spectrum for pyranine (4 uM) titrated with p-BA (0-1 mM)
in pH 7.4 phosphate buffer corresponding to the emission wavelength 515 nm. (B)
Fluorescence emission quenching curve, corresponding to the excitation wavelength at
404 nm, where Fo is the initial fluorescence of pyranine and F is the measure
fluorescence of pyranine after the addition of p-BA. (C) Structural schematic diagram
of the quenching interaction between pyranine and p-BA in solution. (D) Fluorescence
emission spectrum of pyranine with increased concentrations of p-BA, corresponding
to the excitation wavelength at 374 nm. (E) Fluorescence emission spectrum of
pyranine with increased concentrations of p-BA, corresponding to the excitation
wavelength at 404 nm. (F) Fluorescence emission spectrum of pyranine with increased
concentrations of p-BA, corresponding to the excitation wavelength at 454 nm.
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Figure DS. Fluorescence quenching trends for all BAs with pyranine (4 uM). (A)
shows decreasing fluorescence intensity trends, where the fluorescence of pyranine
with 0-BA (0-0.22 mM) decreased by 94%, with m-BA (0-0.16 mM) decreased by 96%
and with p-BA (0-0.16 mM) decreased by 10%. (B) Shows the same curve with
fluorescence-fold quenching of pyranine with o-BA (0-0.2 mM) showing a decrease by
16-fold, with m-BA a decrease by 26-fold and with p-BA a decrease by 0.1-fold in pH
7.4 buffer solution.
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D.2.2 Fluorescence Recovery Titrations in Solution

Fluorescence recovery titrations were carried out by monitoring the fluorescence of
pyranine (4 uM) in pH 7.4 buffer solution (2 mL), with increasing concentrations of
monosaccharides, glucose, fructose or galactose. Additions of each sugar were made
using automated pipettes. Each sugar stock solution was dissolved in pH 7.4 buffer.
Following each addition of saccharide, the fluorescence was measured in a quartz
Suprasil 1.4 mL cuvette with a path length of 10 mm, on a JASCO FP3800
Spectrophotometer. Excitation and emission spectra were recorded from the
characteristic wavelengths of pyranine, where the excitation wavelengths were 374 nm,
404 nm and 454 nm, and the emission wavelength was 515 nm. A fluorescence curve
was plotted by taking the maximum intensity of the fluorescence emission, when
excited at all wavelengths. The parameters used for fluorescence measurements were
as follows; 280 V sensitivity, 5 nm bandwidth, 1 nm data interval, 1 second response
time and 500 nm/min scan speed, unless otherwise stated.

From the fluorescence recovery curves, the apparent binding constants for each
saccharide were also determined via fluorescence titrations with glucose, fructose and
galactose and calculated using Equation 2, where a is the concentration of the sugar
(M) and K} is the apparent binding constant. The data was analysed with a non-linear

least squares method using Solver from Microsoft Excel 2016.

Equation 2 for fluorescence recovery:

F/Fy = a(1 — e ®»/ Fomayy 4 p/E, (2)
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Figure D6 (A) Excitation spectrum for pyranine (4 uM) and 0-BA (0.2 mM) titrated
with glucose (0-300 mM), where the corresponding emission wavelength was 515 nm.
(B) Fluorescence emission curve corresponding the excitation wavelength of 404 nm,
for pyranine:o-BA (1:50) with increased glucose concentrations (0-300 mM), showing
the apparent binding constant (Kp) as 33.0 M''. Fo is the initial fluorescence of
pyranine:o-BA (1:50) and F is the measured fluorescence after each glucose addition.
(C) A schematic diagram illustrating dissociation of the ground-state complex formed
between pyranine and o-BA to recover the fluorescence on glucose addition. (D) The
emission spectrum for pyranine:o-BA (1:50) with increasing glucose concentrations
corresponding to the excitation wavelength of 374 nm. (E) The emission spectrum for
pyranine:o-BA (1:50) with increasing glucose concentrations corresponding to the
excitation wavelength of 404 nm. (F) The emission spectrum for pyranine:o-BA (1:50)

with increasing glucose concentrations corresponding to the excitation wavelength of
454 nm.
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Figure D7. (A) Excitation spectrum for pyranine (4 uM) and o-BA (0.2 mM) titrated
with fructose (0-300 mM), where the corresponding emission wavelength was 515 nm.
(B) Fluorescence emission curve corresponding the excitation wavelength of 404 nm,
for pyranine:o-BA (1:50) with increased fructose concentrations (0-300 mM), showing
the apparent binding constant (Kp) as 61.6 M. Fy is the initial fluorescence of
pyranine:o-BA (1:50) and F is the measured fluorescence after each fructose addition.
(C) A schematic diagram illustrating dissociation of the ground-state complex formed
between pyranine and o-BA to recover the fluorescence on fructose addition. (D) The
emission spectrum for pyranine:o-BA (1:50) with increasing fructose concentrations
corresponding to the excitation wavelength of 374 nm. (E) The emission spectrum for
pyranine:o-BA (1:50) with increasing fructose concentrations corresponding to the
excitation wavelength of 404 nm. (F) The emission spectrum for pyranine:o-BA (1:50)
with increasing fructose concentrations corresponding to the excitation wavelength of
454 nm.
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Figure D8. (A) Excitation spectrum for pyranine (4 uM) and o-BA (0.2 mM) titrated
with galactose (0-300 mM), where the corresponding emission wavelength was 515
nm. (B) Fluorescence emission curve corresponding the excitation wavelength of 404
nm, for pyranine:o-BA (1:50) with increased galactose concentrations (0-300 mM),
showing the apparent binding constant (Kp) as 23.1 ML, Fy is the initial fluorescence of
pyranine:o-BA (1:50) and F is the measured fluorescence after each galactose addition.
(C) A schematic diagram illustrating dissociation of the ground-state complex formed
between pyranine and 0-BA to recover the fluorescence on galactose addition. (D) The
emission spectrum for pyranine:o-BA (1:50) with increasing galactose concentrations
corresponding to the excitation wavelength of 374 nm. (E) The emission spectrum for
pyranine:o-BA (1:50) with increasing galactose concentrations corresponding to the
excitation wavelength of 404 nm. (F) The emission spectrum for pyranine:o-BA (1:50)

with increasing galactose concentrations corresponding to the excitation wavelength of
454 nm.
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Figure D9. (A) Excitation spectrum for pyranine (4 uM) and m-BA (0.08 mM) titrated
with glucose (0-300 mM), where the corresponding emission wavelength was 515 nm.
(B) Fluorescence emission curve corresponding the excitation wavelength of 404 nm,
for pyranine:m-BA (1:20) with increased glucose concentrations (0-300 mM), showing
the apparent binding constant (Kp) as 29.1 M. Fo is the initial fluorescence of
pyranine:m-BA (1:20) and F is the measured fluorescence after each glucose addition.
(C) A schematic diagram illustrating dissociation of the ground-state complex formed
between pyranine and m-BA to recover the fluorescence on glucose addition. (D) The
emission spectrum for pyranine:m-BA (1:20) with increasing glucose concentrations
corresponding to the excitation wavelength of 374 nm. (E) The emission spectrum for
pyranine:m-BA (1:20) with increasing glucose concentrations corresponding to the
excitation wavelength of 404 nm. (F) The emission spectrum for pyranine:m-BA (1:20)

with increasing glucose concentrations corresponding to the excitation wavelength of
454 nm.
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Figure D10. (A) Excitation spectrum for pyranine (4 uM) and m-BA (0.08 mM) titrated
with fructose (0-300 mM), where the corresponding emission wavelength was 515 nm.
(B) Fluorescence emission curve corresponding the excitation wavelength of 404 nm,
for pyranine:m-BA (1:20) with increased fructose concentrations (0-300 mM), showing
the apparent binding constant (Kp) as 44.9 M''. Fy is the initial fluorescence of
pyranine:m-BA (1:20) and F is the measured fluorescence after each fructose addition.
(C) A schematic diagram illustrating dissociation of the ground-state complex formed
between pyranine and m-BA to recover the fluorescence on fructose addition. (D) The
emission spectrum for pyranine:m-BA (1:20) with increasing fructose concentrations
corresponding to the excitation wavelength of 374 nm. (E) The emission spectrum for
pyranine:m-BA (1:20) with increasing fructose concentrations corresponding to the
excitation wavelength of 404 nm. (F) The emission spectrum for pyranine:m-BA (1:20)

with increasing fructose concentrations corresponding to the excitation wavelength of
454 nm.
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Figure D11. (A) Excitation spectrum for pyranine (4 uM) and m-BA (0.08 mM) titrated
with galactose (0-300 mM), where the corresponding emission wavelength was 515
nm. (B) Fluorescence emission curve corresponding the excitation wavelength of 404
nm, for pyranine:m-BA (1:20) with increased galactose concentrations (0-300 mM),
showing the apparent binding constant (Kp) as 23.5 ML, F is the initial fluorescence of
pyranine:m-BA (1:20) and F is the measured fluorescence after each galactose addition.
(C) A schematic diagram illustrating dissociation of the ground-state complex formed
between pyranine and m-BA to recover the fluorescence on galactose addition. (D) The
emission spectrum for pyranine:m-BA (1:20) with increasing galactose concentrations
corresponding to the excitation wavelength of 374 nm. (E) The emission spectrum for
pyranine:m-BA (1:20) with increasing galactose concentrations corresponding to the
excitation wavelength of 404 nm. (F) The emission spectrum for pyranine:m-BA (1:20)
with increasing galactose concentrations corresponding to the excitation wavelength of
454 nm.
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D.2.3 Fluorescence Titrations with Hydrogel Cocktails
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Figure D12. Fluorescence titration of the hydrogel cocktail, containing pyranine (0.1
mM) with 0-BA (0-5 mM). (A) Shows the excitation spectrum correlating to the
emission at 520 nm, with increasing concentrations of 0-BA (0-5 mM). (B) Shows the
decreasing fluorescence emission for pyranine in the hydrogel cocktail, corresponding
to the excitation wavelength at 460 nm, with increasing concentrations of o-BA (0-5
mM) and illustrates the fluorescence emission from the titration with the hydrogel
cocktail () and the titration from the solution-based studies (m) corresponding to an
excitation wavelength at 460 nm. Both curves in (B) are fitted with a model using
Equation 5.1.
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Figure D13. Fluorescence titration of the hydrogel cocktail, containing pyranine (0.1
mM) with m-BA (0-5 mM). (A) Shows the excitation spectrum correlating to the
emission at 520 nm, with increasing concentrations of m-BA (0-5 mM). (B) Shows the
decreasing fluorescence emission for pyranine in the hydrogel cocktail, corresponding
to the excitation wavelength at 460 nm, with increasing concentrations of m-BA (0-5
mM) and illustrates the fluorescence emission from the titration with the hydrogel
cocktail (m) and the titration from the solution-based studies (¢) corresponding to an
excitation wavelength at 460 nm. Both curves in (B) are fitted with a model using
Equation 5.1.
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Part A — Indirect Glucose Sensing in Ionogels

E.1 Methods

Nuclear Magnetic Resonance Spectroscopy (NMR) spectra were recorded on a
Bruker Avance 400 MHz or Bruker Avance Ultrashield 600 MHz NMR spectrometer.
Splitting patterns are designated as s, singlet; d, doublet; dd, double doublet; ¢, triplet
and m, multiplet. '"H and '*C NMR spectra were recorded using deuterium oxide
(D20) or deuterated methanol (ds-CH30OH) as solvents, with corresponding reference
peaks of 'H, & 4.87 (D,0), 3.31 and 3.34 (ds-CH30H) and 3.92 (ds-DMSO) ppm. !'B
NMR experiments were recorded using BF3 in deuterated methanol as an external

standard.

Fluorescence Spectroscopy measurements were carried out on a JASCO
Spectrofluorometer FP-8300 at 20 °C in a precision cell made from Quartz Suprasil
that had a path length thickness of 10 mm. The same cell was used for all
fluorescence experiments. Samples were dissolved in either pH 7.4 phosphate buffer,

methanol or a mixture of both.

Ultraviolet-Visible (UV-Vis) Spectroscopy was used to determine the absorbance
spectra of the BA derivatives. Measurements were carried out on a Varian Cary 50

Probe spectrophotometer.

Fourier Transform Infrared (ATR FT-IR) Spectroscopy measurements were
carried out on a Perkin Elmer Spectrum GX.

Dynamic Light Scattering measurements were carried out to determine the zeta
potential of the BA linear polymers and were recorded on a Malvern Zeitasizer Nano
ZS. A specialised Malvern cell, DTS1070 folded capillary cell was purchased from
Malvern Instruments, UK for these measurements. The BA linear polymers was
dissolved in various buffer solutions ranging from pH 5.4 to 12.1 at a concentration of

1 mg.mL.
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E.2 NMR Spectroscopy
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Figure E1. '"H NMR spectrum for Fluorescein disodium salt. 'H NMR (400 MHz, 20
°C, CD;OD), &: 8.0 (1H, m, CH — j), 7.4 (2H, m, CH — h, i), 7.0 (1H, m, CH — g), 6.6
(1H, s, CH-1), 6.5 (1H, s, CH—¢), 6.0 (2H, dd,J=2,7,9 and 11 Hz, CH — ¢, d), 5.9

(2H, d, J=2 Hz, CH — a, b) ppm.
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Figure E2. '"H NMR spectrum for tetrabutylphosphonium chloride (Ps444Cl). 'H
NMR (400 MHz, 20 °C, D,0), o: 1.9-1.0 (8H, m, CH> — ¢), 1.2-1.4 (16H, m, CH» —

b), 0.7 (12H, ¢, J =7 and 14 Hz, CH3 — a) ppm.

270



(0]
o d b a
W
,S/\/\O
K0T Y ¢ D,0
CH3 2 (/H‘;
b
a, t‘i
U
T 1 T oLy
6 15 14 13 12 11 10 9 7 6 4 3 > 1 0 4 2 3 4
f1 (ppm)

Figure E3. 'H NMR spectrum for potassium sulfopropyl methacrylate (SPMA). 'H
NMR (400 MHz, 20 °C, D;0), 8: 6.0 (1H, #, /=1 and 2 Hz, CH> — a), 5.6 (1H, ¢, J =
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Figure E4. 'H NMR spectrum for Ps444SPMA  monomeric IL
(tetrabutylphosphonium sulfopropyl methacrylate IL monomer). '"H NMR (400 MHz,
20 °C), 8: 6.0 (1H,dd, J=1,2 and 3 Hz, CH —a), 5.4 (1H, ¢, /=1 and 3 Hz, CH — a),
4.2 (2H, t,J=6and 12 Hz, CH> - b), 2.8 (2H, m, CH2 —¢), 2.3 (8H, m, CH2 —¢), 2.2
(2H, m, CH2 —d), 1.8 (3H, ¢, J=1 and 2 Hz, CH3s — SPMA), 1.4 (16H, ¢, /=4 and 8
Hz, CHy; — Psasa, f), 0.9 (12H, ¢, J="7 and 14 Hz, CH3 — g) ppm.
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Figure E5. 'H NMR spectrum for 6-methylquinoline. 'H NMR (400 MHz, 20 °C,
CDCLs) 5: 8.8 (1H, d, J =4 Hz, CH — ¢), 7.9 (2H, m, CH — b, ¢), 7.5 (2H, d, J = 8 Hz,
CH-a),7.3 (1H, ¢, /=4, 8 and 12 Hz, CH — ), 2.5 (3H, 5, CH3), ppm.
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Figure E6. 'H NMR for 1-(3-Boronobenzyl)-6-methylquinolin-1-ium bromide (m-
MethylBA). 'H NMR (600 MHz, 20 °C, D;0), &: 9.2 (1H, d, J = 6 Hz, CH —j), 9.0
(1H, d,J=8 Hz, CH —-1), 8.1 (1H, d,J=9 Hz, CH — h), 8.0 (1H, s, CH — g), 7.9 (1H,
dd,J=12,5,8 and 14 Hz, CH - f), 7.8 (1H, dd, J =1, 7, 9 and 10 Hz, CH —e), 7.7
(1H,d, J=7Hz, CH-d), 7.6 (1H, s, CH—¢), 7.3-7.4 (2H, m, CH —a, b), 6.2 (2H, s,
CH>), 2.5 (3H, s, CH3) ppm.
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Figure E7. '"H NMR for 5-aminoquinoline. '"H NMR (400 MHz, 20 °C, CDs;OD), &:
8.7 (1H, s, CH—d), 8.5 (1H, s, CH—f), 7.4 (3H, d, J=7 Hz, CH—a, b, ¢), 6.8 (1H, s,
CH - ¢) ppm.
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Figure E8. 'H NMR for 5-Amino-1-(2-boronobenzyl)quinolin-1-ium bromide (o-
AminoBA). '"H NMR (600 MHz, 20 °C, CDs;0D), : 9.2 (1H, d, J =9 Hz, CH —j), 9.0
(1H,d, J=5Hz, CH-h), 7.7 3H, m, CH — ¢, g, 1), 7.5 (1H, d, J = 10 Hz, CH — ),
7.1 (1H,¢t,J="7and 14 Hz, CH —e¢), 7.0 (2H, m, CH - b, d), 6.5 (1H, d, J=7 Hz, CH
—a), 6.3 (2H, s, CH>) ppm.
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E.3 Fluorescence Spectroscopy
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Figure E9. Excitation and fluorescence emission spectra for fluorescein disodium salt
in pH 7.4 phosphate buffer, where the excitation wavelength was 495 nm and the
corresponding emission wavelength was 520 nm. Fluorescence parameters: medium
sensitivity, 2.5 nm bandwidth, 1 second response time, 1 nm data interval and 500
nm/min scan speed.
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Figure E10. Excitation and fluorescence emission spectrum for Fluorescein IL (4
uM) in MeOH, where the excitation wavelength is 495 nm and the corresponding
emission wavelength is 518 nm. Fluorescence parameters: high sensitivity, 2.5 nm
bandwidth, 500 nm/min scan rate, data interval at I nm and response time 1 second.
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Figure E11. Excitation and fluorescence emission spectra for Ionogel 1 in pH 7.4
phosphate buffer, where the excitation wavelength is 505 nm and the corresponding
emission wavelength is 565 nm.
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E.4 Fourier Transform Infrared Spectroscopy

100 ~
95
90
85
80
75
70
65
60

%T

1049
55 T T T T T T 1
3650 3150 2650 2150 1650 1150 650

Wavenumber (cm)

830

Figure E12. FT-IR spectrum for o-AminoBA, where the following peaks were found;
3343, 3109 (B-OH), 2752, 2380 (C=C-H), 1922, 1836 (C=C), 1623, 1567 (Amine N-
H), 1331 cm™.
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Part B — Fluorescence Quenching and Recovery Studies in
Hydrogel Cocktails

E.S Fluorescence Spectroscopy
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Figure E13. (A) Excitation spectrum for the acrylic acid (AA) cocktail in H2O,
containing pyranine (0.1 mM) and methylenebis(acrylamide) (MBIS) crosslinker
titrated with 0-BA (0-2 mM), corresponding to an emission wavelength of 440 nm.
(B) Fluorescence emission spectrum with 0-BA (0-2 mM) exhibiting a decrease in
fluorescence by 84%, corresponding to an excitation wavelength of 367 nm. (C)
Fluorescence emission showing a decrease by 86% titrated with 0-BA (0-2 mM),
corresponding to an excitation wavelength of 414 nm. The inset shows a photo of the
AA-based cocktail before (left) and after (right) the addition of 2 mM o0-BA, under
365 nm UV light. (D) Fluorescence emission at 440 nm as a function of o-BA
equivalents present. Fluorescence parameters: 5 nm bandwidth, 250 V sensitivity, 1
nm data interval, 1 second response time, 500 nm/min scan speed.
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Figure E14. (A) Excitation spectrum for the AA cocktail in H>O, containing pyranine
(0.1 mM) and methylenebis(acrylamide) (MBIS) crosslinker titrated with m-BA (0-
0.8 mM), corresponding to an emission wavelength of 440 nm. (B) Fluorescence
emission spectrum with m-BA (0-0.8 mM) exhibiting a decrease in fluorescence by
81%, corresponding to an excitation wavelength of 367 nm. (C) Fluorescence
emission showing a decrease by 84% titrated with m-BA (0-0.8 mM), corresponding
to an excitation wavelength of 414 nm. The inset shows a photo of the AA-based
cocktail before (left) and after (right) the addition of 1 mM m-BA, under 365 nm UV
light. (D) Fluorescence emission at 440 nm, as a function of m-BA equivalents
present. Fluorescence parameters: 5 nm bandwidth, 250 V sensitivity, 1 nm data
interval, 1 second response time, 500 nm/min scan speed.
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Figure E15. Fluorescence emission of the AA-based cocktail in the presence of
increasing equivalents of o-BA and m-BA, respectively, when excited at 414 nm.
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Figure E16. Fluorescence emission of the acrylamide-based cocktail in the presence
of increasing equivalents of 0-BA and m-BA, respectively, when excited at 460 nm.
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Figure E17. (A) Excitation spectrum for the 2-(dimethylaminoethyl)methacrylate
(DMAEMA) cocktail in H20O, containing pyranine (0.1 mM) and MBIS crosslinker,
corresponding to an emission wavelength of 517 nm. (B) Fluorescence emission
spectrum, corresponding to an excitation wavelength of 390 nm. (C) Fluorescence
emission spectrum, corresponding to an excitation wavelength of 422 nm. (D)
Fluorescence emission spectrum, corresponding to an excitation wavelength of 483
nm. Fluorescence parameters: 5 nm bandwidth, 250 V sensitivity, | nm data interval,
1 second response time, 500 nm/min scan speed.
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Figure E18. (A) Excitation spectrum for the 3-

(dimethylaminopropyl)methacrylamide (DMAPMA) cocktail in H»O, containing
pyranine (0.1 mM) and MBIS crosslinker titrated with o-BA (0-5 mM), corresponding
to an emission wavelength of 515 nm. (B) Fluorescence emission spectrum with o-BA
(0-5 mM) exhibiting a decrease in fluorescence by 31%, corresponding to an
excitation wavelength of 417 nm. (C) Fluorescence emission showing a decrease by
31% titrated with 0-BA (0-5 mM), corresponding to an excitation wavelength of 487
nm. The inset shows a photo of the DMAPMA-based cocktail before (left) and after
(right) the addition of 5 mM 0-BA under 365 nm UV light. (D) Fluorescence emission
at 515 nm, as a function of 0-BA equivalents present. Fluorescence parameters: 5 nm
bandwidth, 230 V sensitivity, 1 nm data interval, 1 second response time, 500 nm/min
scan speed.
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Figure E19. (A) Excitation spectrum for the DMAPMA cocktail in H2O, containing
pyranine (0.1 mM) and MBIS crosslinker titrated with m-BA (0-5 mM),
corresponding to an emission wavelength of 515 nm. (B) Fluorescence emission
spectrum with m-BA (0-5 mM) exhibiting a decrease in fluorescence by 54%,
corresponding to an excitation wavelength at 417 nm. (C) Fluorescence emission
showing a decrease by 60% titrated with m-BA (0-5 mM), corresponding to an
excitation wavelength at 487 nm. The inset shows a photo of the DMAPMA-based
cocktail before (left) and after (right) the addition of 5 mM m-BA, under 365 nm UV
light. (D) Fluorescence emission at 515 nm, as a function of m-BA equivalents
present. Fluorescence parameters: 5 nm bandwidth, 230 V sensitivity, 1 nm data
interval, 1 second response time, 500 nm/min scan speed.

1e oBA
mBA

0 5 10 15 20 25 30 35 40 45 50
BA Equivalents

Figure E20. Fluorescence emission of the DMAPMA-based cocktail in the presence
of increasing equivalents of 0-BA and m-BA, respectively, when excited at 487 nm.
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Figure E21. (A) Excitation spectrum for the 2-hydroxyethylmethacrylate (HEA)
cocktail in H>O, containing pyranine (0.1 mM) and MBIS crosslinker titrated with o-
BA (0-5 mM), corresponding to an emission wavelength of 436 nm. (B) Fluorescence
emission spectrum with 0-BA (0-5 mM) exhibiting a decrease in fluorescence by
85%, corresponding to an excitation wavelength of 391 nm. (C) Fluorescence
emission showing a decrease by 91% titrated with 0-BA (0-5 mM), corresponding to
an excitation wavelength of 419 nm. The inset shows a photo of the HEA-based
cocktail before (left) and after (right) the addition of 5 mM o0-BA, under 365 nm UV
light. (D) Fluorescence emission at 436 nm, as a function of o-BA equivalents
present. Fluorescence parameters: 5 nm bandwidth, 250 V sensitivity, 1 nm data
interval, 1 second response time, 500 nm/min scan speed.
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Figure E22. (A) Excitation spectrum for the HEA cocktail in H>O, containing
pyranine (0.1 mM) and MBIS crosslinker titrated with m-BA (0-2 mM),
corresponding to an emission wavelength of 436 nm. (B) Fluorescence emission
spectrum with m-BA (0-2 mM) exhibiting a decrease in fluorescence by 85%,
corresponding to an excitation wavelength of 391 nm. (C) Fluorescence emission
showing a decrease by 91% titrated with m-BA (0-2 mM), corresponding to an
excitation wavelength at 419 nm. The inset shows a photo of the HEA-based cocktail
before (left) and after (right) the addition of 2 mM m-BA, under 365 nm UV light. (D)
Fluorescence emission at 436 nm, as a function of m-BA equivalents present.
Fluorescence parameters: 5 nm bandwidth, 250 V sensitivity, 1 nm data interval, 1
second response time, 500 nm/min scan speed.
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Figure E23. Fluorescence emission of the HEA-based cocktail in the presence of
increasing equivalents of o-BA and m-BA, respectively, when excited at 419 nm.
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Figure E24. (A) Excitation spectrum for the methacrylic acid (MAA) cocktail in
H>O, containing pyranine (0.1 mM) and MBIS crosslinker titrated with o-BA (0-2
mM), corresponding to an emission wavelength of 440 nm. (B) Fluorescence
emission spectrum with 0-BA (0-2 mM) exhibiting a decrease in fluorescence by
96%, corresponding to an excitation wavelength of 374 nm. (C) Fluorescence
emission showing a decrease of 96% titrated with o-BA (0-2 mM), corresponding to
an excitation wavelength at 413 nm. The inset shows a photo before (left) and after
(right) the addition of 2 mM o0-BA, under 365 nm UV light. (D) Fluorescence
emission at 440 nm, as a function of 0-BA equivalents present. Fluorescence
parameters: 5 nm bandwidth, 250 V sensitivity, 1 nm data interval, 1 second response
time, 500 nm/min scan speed.
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Figure E25. (A) Excitation spectrum for the MAA cocktail in H>O, containing
pyranine (0.1 mM) and MBIS crosslinker titrated with m-BA (0-1 mM),
corresponding to an emission wavelength of 440 nm. (B) Fluorescence emission
spectrum with m-BA (0-1 mM) exhibiting a decrease in fluorescence by 90%,
corresponding to an excitation wavelength of 374 nm. (C) Fluorescence emission
showing a decrease by 90% titrated with m-BA (0-1 mM), corresponding to an
excitation wavelength of 413 nm. The inset shows a photo before (left) and after
(right) the addition of 1 mM m-BA, under 365 nm UV light. (D) Fluorescence
emission at 440 nm, as a function of m-BA equivalents present. Fluorescence
parameters: 5 nm bandwidth, 250 V sensitivity, 1 nm data interval, 1 second response
time, 500 nm/min scan speed.
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Figure E26. Fluorescence emission of the MAA-based cocktail in the presence of
increasing equivalents of 0-BA and m-BA, respectively, when excited at 413 nm.
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Part C — Layer-by-Layer Films Composed of BA Linear
Polymers and Poly(vinyl sulfonate)

E.6 Characterisation of BA Linear Polymers
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Figure E27. '"H NMR for oBA LP, (600 MHz, 20 °C, CDsOD), &: 7.8-7.5 (4H, m,
CH-1), 3.1 (6H, m, CH»-2), 2.6 (9H, s, CH3-3) ppm.
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Figure E28. ''B NMR for oBA LP, (192 MHz, 20 °C, D,;0), &: 27.1 (1B, s, B(OH)»)
ppm. Boric acid at 19.0 ppm. Line broadening by 10 Hz.

285



T T T T T T T T T T T T T T T T T T T
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 ppm

- S

Neor \o/ \m/
< S ]
- @ -

Figure E29. 'H NMR for mBA LP, (600 MHz, 20 °C, D,0), §: 7.6 (4H, m, CH-1),
3.2-3.1 (6H, m, CH,-2), 2.5 (9H, s, CHs-3) ppm.
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Figure E30. !'B NMR for pBA LP, (192 MHz, 20 °C, D,0), &: 29.0 (1B, s, B(OH)>),
2.1 (s, B(OH)3) ppm. Boric acid at 19.4 ppm. Line broadening by 10 Hz.
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Figure E31. '"H NMR for pBA LP, (600 MHz, 20 °C, CD;0D), &: 7.6 (4H, m, CH-1),
3.2-3.1 (6H, m, CH,-2), 2.5 (9H, 5, CHz-3) ppm.
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Figure E32. ''B NMR for pBA LP, (192 MHz, 20 °C, CD;0D), &: 28.1 (1B, s,
B(OH),) ppm. Boric acid at 18.5 ppm. Line broadening by 20 Hz.
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E.7 Assembly and Disassembly of (PEI/PVS):(BA LPs/PVS)s Films
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Figure E33. Left: Absorbance spectra for the assembly of the (PEI/PVS)2(0BA
LP/PVS)s film (top) and the (PEI/PVS)2(mBA LP/PVS)s film (bottom). Right: Linear
increase of the absorbance at 230 nm vs. the bilayer number. The points on the curve
represent the mean (n = 3) £ the standard deviation.
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Figure E34. Absorbance spectra for the disassembly of the (PEI/PVS):(0BA
LP/PVS)s film with 10 mM fructose at pH 7.4 (left) and the absorbance curve when
monitored at a detection wavelength of 230 nm (right), where the blue circle is the
initial absorbance of the film, the red circles indicate the equilibrium time in pH 7.4
buffer and the black dots represent the film disassembly.
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Figure E35. Absorbance spectra for the disassembly of the (PEI/PVS)(mBA
LP/PVS)s film with 10 mM fructose at pH 7.4 (left) and the absorbance curve when
monitored at a detection wavelength of 230 nm (right), where the blue circle is the
initial absorbance of the film, the red circles indicate the equilibrium time in pH 7.4
buffer and the black dots represent the film disassembly.
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Figure E36. Absorbance spectra for the disassembly of the (PEI/PVS):(pBA
LP/PVS)s film in 10 mM fructose (left) and the average absorbance on the curve (n =
3) was taken at 230 nm, illustrating the disassembly of the LbL film. The points on
the curve represent the mean + the standard deviation.
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