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ABSTRACT

The research presented in this thesis details the synthesis, surface functionalisation and
photochemical studies of fluorescent probes for the detection of hydrogen peroxide (H202) in

reproductive health.

Chapter 1

H2O. is an important reactive oxygen species (ROS) that is detrimental to the health of
spermatozoa and embryos. Fluorescent probes are commonly used for the detection of ROS
and here examples with different mechanisms of detection are examined; such as turn-on
probes, turn-off probes, Forster resonance energy transfer (FRET)-based and photoinduced
electron transfer (PET)-based probes. Specific reference is given to the aryl boronate and
benzil classes of probe, which show good selectivity for H.O, over other ROS. The
attachment of the fluorescent probe to an optical fibre as a non-invasive sensing platform is
discussed. This then allows sensing in a sensitive biological environment, such as an
embryo, without exposure to the probe in solution. Fibre tip sensors and microstructured
optical fibre-based sensors are discussed for use in such biological environments. Finally, a
summary is provided detailing the objectives of this thesis and the chapters in which these

are addressed.

Chapter 2
Three aryl boronate probes [peroxyfluor-1 (PF1), carboxy peroxyfluor-1 (CPF1) and a novel
probe 2(2-ethoxyethoxy)ethoxy peroxyfluor-1 (EEPF1)] were synthesised for use in the
detection of H>O- in human spermatozoa. The activity and selectivity of these probes was
then compared to three commonly used commercial probes, 2’,7’-dichlorohydrofluorescein
diacetate (DCFH), dihydroethidium (DHE) and MitoSOX red (MSR). PF1 and EEPF1 were
found to be effective at detecting H202 and peroxynitrite (ONOQO~) produced by spermatozoa
when stimulated with menadione or 4-hydroxynonenal. Flow cytometry was used to
demonstrate that EEPF1 is more effective at detecting ROS in spermatozoa compared to
DCFH, DHE and MSR. Furthermore, EEPF1 distinguished poorly motile sperm from motile

sperm as revealed by an enhanced production of ROS.

Chapter 3
A fibre-tip based probe constructed by encapsulating CPF1-NHS in a polyacrylamide matrix

is reported for the detection of H-O-. This non-invasive platform avoids the need to introduce
an organic fluorophore into a sensitive cell such as an embryo as discussed above. A
number of derivatives of PF1 were investigated, with carboxylated fluorophore CPF1 proving

to be the easiest to synthesise and characterise. CPF1 was functionalised to glass slides
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using layer-by-layer deposition of polyelectrolytes. This functionalised surface showed a
fluorescent response to H.O, comparable to solution-based measurements. Three surface
functionalisation methods were then investigated for attachment to an optical fibre tip,
specifically polyelectrolyte deposition, silane monolayer formation, and light-catalysed
polymerisation of acrylamide. The most effective method of functionalisation was found to be
light-catalysed formation of a polyacrylamide matrix with the CPF1 embedded. These
polyacrylamide fibre tip probes were then guided into microdroplets of bovine in vitro
fertilisation (IVF) media using a micromanipulator. This was visualised under an optical
microscope to detect the controlled release of H2O,. This fibre probe is thus compatible with

imaging techniques used in IVF research laboratories.

Chapter 4

This chapter presents the development of a single optical fibre tip probe capable of detecting
both the concentration of H,O., and the pH of the associated solution. The sensor was
constructed by embedding two fluorophores [CPF1 and seminaphtharhodafluor-2 (SNARF2)
for H,O, and pH detection respectively] on the tip of an optical fibre using the previous
developed polyacrylamide matrix methodology. The functionalised fibre probes reproducibly
sensed pH with a resolution of 0.1 pH units. The probe also accurately detected H.O, over a
biologically significant concentration range, of 50-100 uM. This study revealed the
importance of simultaneous detection of H202 and pH, where changes in pH were shown to
affect the fluorescent response of CPF1. This new fibre probe offers potential for non-

invasive detection of pH and H20: in biological environments using a single optical fibre.

Chapter 5
Two new cell-permeable boron-dipyrromethene (BODIPY) based fluorescent probes for the
detection of H.O, were designed and synthesised. The aryl boronate peroxyBODIPY-1
(PB1) gave rise to a decrease in fluorescence on reaction with H>O», while the fluorescence
of the benzil-based nitrobenzoylBODIPY (NbzB) probe increased on reaction with H2O2. The
benzil probe NbzB exhibited a high degree of selectivity for HO» over other ROS. The aryl
boronate PB1 showed a greater change in fluorescence on reaction with H>O» compared to
NbzB, and PB1 also detected H2O; in bovine oocytes under oxidative stress. These results
suggest that aryl boronates (i.e. PB1) and benzils (i.e. NbzB) have use in biological

environments requiring higher sensitivity or selectivity to H20-.

Chapter 6

The research discussed here extends the solution-based and fibre tip experiments to the

detection of H20; in biological environments. Detection of H,O- within cells is often frustrated
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by autofluorescence in the green emission region. Contrastingly, the red emission region in
biological systems shows a lower autofluorescence background signal. Therefore a red-
emitting fluorescent probe for H202, naphthoperoxyfluor-1 (NPF1), was synthesised.
However, when incubated with H.O2 in cuvette, NPF1 showed a greater than 20-fold
reduced fluorescent response to H20> compared with CPF1. This poor sensitivity suggests
that NPF1 should not be used for the detection of H»,O;, but rather fluorophores with a
greater fluorescent response should be utilised (e.g. CPF1). A reversible optical fibre-based
sensor for H>O, was then explored by attaching a reversible fluorescent probe for ROS
(nicotinamide coumarin redox sensor 3, NCR3) to an optical fibre tip. The sensor was
constructed using light-catalysed polymerisation to give a polymer matrix on the tip
containing NCR3. This allowed the fibre tip to be reversibly oxidised by H,O, and reduced by
NaCNBHs. The sensor exhibited good reversibility over at least seven cycles of oxidation
and reduction, with consistent fluorescent ratios of its maxima at 500 and 635 nm. However,
its fluorescence intensity decreased over time, suggesting that NCR3 leached from the
polymer into the buffer solution. This nevertheless represents the first example of a
reversible fibre sensor for ROS and is as such an important first step towards a reusable

optical fibre probe for H2O..
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INTRODUCTION



If I have seen further than others, it is by standing on the shoulders of
giants.

Isaac Newton
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Chapter 1: Introduction

1.1 REACTIVE OXYGEN SPECIES AND HYDROGEN PEROXIDE

Reactive oxygen species (ROS) are responsible for oxidative stress that can damage and
destroy cells."” The ROS generally described in biological systems are hydrogen peroxide
(H20-), superoxide (O2*), nitric oxide (NO), hydroxyl radicals (*OH), peroxynitrite (ONOQO"),
alkyl peroxides and hypochlorite ("OCI). There is a complex relationship between the
production and decay of these ROS within cells (Figure 1).8'° ROS are produced in cells by
regulated enzyme processes such as NO synthase and NAD(P)H oxidase isoforms,'" or in
excessive amounts by leakage of electrons from the electron transport chain in

mitochondria'?"® and excessive stimulation of NOX and NAD(P)H oxidases.'"*

Zn/CuSOD + . +
HO*— H,0, &= o2 N, gNoo- [ H
A¥Ym
w
Cytosolic
‘ AS
Matrix IV
ADP ATP

NADH 2H,0

0.7- = >
—e Inhibition 2 MnSOD Hzoz

Figure 1. The formation of reactive oxygen species (ROS) within mitochondria is complex.'® Superoxide (O2*"),
nitric oxide (NO), peroxynitrite (ONOO"-), hydrogen peroxide (H-O2) and the hydroxyl radical (*OH) are shown
here.

ROS can cause DNA damage in sperm to adversely affect their function.?® Furthermore,
oxidative stress is detrimental to embryonic development and is an indicator of health risk.”
However, the relationship of ROS to developmental biology is complex, as healthy embryos
also release ROS at key stages of development’ and may benefit from limited exposure to
external ROS."™ Thus the ability to visualise ROS near and within reproductive cells is critical

to understanding their health.

H.0. is a ROS of particular interest in cell stress and reproductive health.”'¢'” Within cells,
H.O. shows much greater longevity compared to many other ROS such as OH or ONOOQO~."8
H2.O. can permeate out of a cell and is involved in cell signalling processes in other
biological contexts.'®2? Furthermore, H,O; is particularly damaging to mammalian sperm
function as indicated in several independent studies.?**° Therefore it is extremely important

to visualise H20- in biological environments while excluding other ROS.

H.O. is typically detected in using fluorescent probes,?® electrochemical probes?2® or

magnetic resonance imaging (MRI) contrast agents.?® Although electrochemical methods
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can be sensitive to less than 0.1 pyM, it relies upon the use of an enzyme to catalyse the
breakdown of H,O; to dissolved O that is then measured by the electrode.?’?® This is
undesirable as it is an indirect measurement of H.O.. MRI contrast agents are useful for the
detection of H,O, in whole organs or bodies.?® However, fluorescent probes detect H,O, with
greater spatial resolution within cells than contrast agents?® and are highly sensitive and
selective for H,0,*° without addition of external enzymes such as used in electrochemical

detection of H20..

1.2 FLUORESCENT PROBES

Species of interest in biology such as ROS or other biomolecules, metal ions, proteins or
molecular interactions are too small to directly visualise using optical or electron
microscopes. In order to visualise these species or processes, fluorescent tags or probes
are commonly used. For example, fluorescent compounds such as Alexafluor 488 (Figure
2)*" can be tagged to a protein.®? The fluorescence of the tagged protein then allows the
associated interaction of the protein within a cell to be detected by a fluorescence
microscope. This technique can be employed using other fluorophores such as

nanodiamonds or quantum dots,**34 and also proteins such as green fluorescent protein.3®

Other small molecule fluorescent compounds can be used to probe for specific ions or
molecules.®® For example, the photoswitchable SP2 (Figure 2) can be used to detect Zn?*
ions.*" It is a non-fluorescent compound, however the ring-opened spiropyran ring binds Zn?*
and the resultant complex is fluorescent. Spiropyrans can be switched off to a non-
fluorescent form under irradiation with white light.>”*® The reversibility of these compounds
makes them reusable and an improvement on other ion chelators that irreversibly turn on

fluorescence.

so;  so,  HOOC O —
HoN 0 NH,*
Ry e De
cu
i
COOH N ©
SHNas
y
=N N

Alexafluor 488 SP2 CuBRNO

Figure 2. Different fluorophores for sensing purposes: tagging proteins (Alexafluor 488),3' reversibly sensing
zinc (SP2)% and detecting the nitroxyl species (CuBRNO).40

CuBRNO (Figure 2) is an example of a reaction-based turn-on fluorescent probe that reacts
irreversibly and specifically with nitroxyl (HNO).*® Before reaction with HNO it is non-

fluorescent, and upon exposure to HNO it becomes highly fluorescent. The increase in
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fluorescence of the reaction-based probe thus indicates the concentration of HNO in

solution.

1.2.1 Principles of Fluorescence

Fluorescence is defined as a type of luminescent decay of an excited electron within a
molecule. It is distinguished from phosphorescence by the time-scale over which this decay
takes place. Fluorescence usually occurs within nanoseconds of excitation whereas
phosphorescence may decay over seconds to hours.*' The excitation of the molecule occurs
by absorption of a photon (Figure 3). However, the energy absorbed from this photon can
decay through a number of processes, of which fluorescence is only one. These can be non-
radiative processes such as internal conversion, intramolecular charge transfer,
conformational change, energy transfer or a photochemical transformation; in addition to
radiative decay such as fluorescence or phosphorescence.*? This radiative decay must by
definition yield a photon of longer wavelength and hence lower energy than the photon
absorbed by the molecule,*’ except for cases where two photons are absorbed and

upconverted to a single higher energy photon.*3-45

Non-radiative decay
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Internuclear separation

Figure 3. Franck-Condon energy diagram of fluorescence within a molecule.*?
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1.2.2 Common structures of Organic Fluorophores

The presence of a fluorescent compound can therefore be inferred by excitation of a sample
and collection of the resultant emission spectrum. For example, a protein can be tagged with
a fluorescent compound Alexafluor 488 that will fluoresce at 519 nm upon excitation with
488 nm light.*¢ The emission spectrum collected from this infers the presence of the protein
and hence can be used to track its interactions within a cell. Biomolecules and ions are

detected in a similar fashion.?647

CC0 " O

Anthracene Xanthene Resorufin Coumarin
HO O RoN NR2
/ O b @
S N \
COOH COOH
Fluorescein Rhodamine BODIPY core

Figure 4. Standard organic fluorophores. Note that the R group in rhodamine can be many different alkyl groups
leading to different rhodamines with shifted excitation/emission spectra. The BODIPY core shown here is the
basis for many derivatives although this structure itself has not been synthesised.*®

Common organic fluorophores that provide a basis for many fluorescent probes are shown in
Figure 4.2 Many fluorophores are based on the anthracene or xanthene scaffold.*® For
example, fluorescein is one of the most common fluorophores used for fluorescent
tagging.%® This scaffold is structurally very similar to the rhodamine and resorufin
structures. Fluorescein is a common xanthene, many derivatives of which have been used
in cell biology.?°" Rhodamines are very structurally similar to fluorescein, however vary
from fluoresceins as they contain amino groups in place of phenols. Moreover, rhodamines
have excellent photophysical properties for fluorescence assays.’? Resorufin is a red-
emitting fluorophore upon which many fluorescent probes are based.***%® A fluorophore of
smaller molecular weight, coumarin, is a key fluorophore that emits in the blue region. This
compound is often used for turn-on or resonance energy transfer probes.®-%* A common
fluorescent scaffold unrelated to xanthene is the boron dipyrromethene (BODIPY) core.
Many substituted BODIPY’s have been used in a diverse range of fluorescence
applications.®'®> BODIPY-based fluorophores are stable under physiological conditions and
they have an ability to tune excitation and emission with very minor structural
modifications.*® However, BODIPY’s are generally quite lipophilic and hence are often not

very cell permeable, which can restrict uses in vitro.
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1.2.3 Turn-on Fluorescent Probes

Biomolecules or ions can be detected using molecules that turn “on” fluorescence when
interacting with them (Figure 5). The initial compound is non-fluorescent or weakly
fluorescent in its “off” state, but upon reaction or interaction with the biomolecule/ion of
interest fluorescence is turned “on”.?® The resultant increase in the fluorescence can then be
used to infer the presence or otherwise of the species targeted. CuBRNO mentioned
previously (Figure 2)* is an example of a turn-on fluorescence probe. Turn-off probes work
by a similar mechanism, however in this case the probe is initially in an “on” state being

turned “off” upon reaction with the biomolecule/ion.

Excitation E%on Excitation Emission

W

Biomolecule/ion

Figure 5. A turn-on fluorescent probe. The molecule initially in the "off" state does not fluoresce, however when it
interacts with a biomolecule or ion, there is a conformational or configurational change, and the fluorescence is
turned "on".

1.2.4 Forster Resonance Energy Transfer

In addition to utilising fluorescence in the design of fluorescent probes, intramolecular energy
transfers are often exploited to enhance the usability of the fluorophore. Férster resonance
energy transfer (FRET) is a process by which the energy absorbed by one fluorophore is
transferred to a second fluorophore in a non-radiative energy transfer (Figure 6).56¢” The
excitation of this second fluorophore must match the emission of the first fluorophore, and

the fluorophores must be separated by a Forster distance of no greater than 9 nm.%

The FRET principle has been exploited for use in fluorescent probes by the two states of a
compound: an “off” state where FRET does not occur, and an “on” state where FRET does
occur (Figure 7). The fluorophore is switched from the “off” to the “on” state by reacting or
interacting with the desired biomolecule or ion. Hence a shift in the emission spectrum will
be observed, from the spectrum of fluorophore 1 to fluorophore 2.%° The ratio of the two
emission maxima can thus be used to determine how much of the fluorescent probe has
reacted with the biomolecule/ion, and how much remains unreacted. This can present an
advantage over turn-on fluorescent probes in vitro, as it is difficult to determine how much of
a turn-on probe is within a cell until it reacts with the target biomolecule/ion. By comparison,
a FRET-based probe will fluoresce before and after reaction with the biomolecule/ion; thus

its presence in a biological system can be detected before and after, not just following
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reaction as is the case with turn-on fluorescent probes. An example of a FRET-based probe
is Cou-Rho-NO (Figure 8), used to detect endogenous NO in macrophages.
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Figure 6. FRET between two example fluorophores 1 and 2. The emission wavelength of fluorophore 1 (top)
overlaps the excitation wavelength of fluorophore 2 (middle). Therefore when they are covalently linked (bottom),
excitation in the blue region leads to FRET and hence emission in the red.

Emission

itati FRET -
Q Biomolecule/ion

Figure 7. A FRET-based probe in "off" and "on" configuration. Reaction or interaction with the target biomolecule
or ion changes it to the "on" configuration and hence induces a change in the fluorescence spectrum.
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Cou-Rho-NO

Figure 8. A coumarin and rhodamine FRET-based fluorescent probe for NO, Cou-Rho-NO.”°

1.2.5 Photoinduced electron transfer

Photoinduced electron transfer (PET) is another mechanism of intramolecular energy
transfer that is often responsible for fluorescence quenching.*' PET involves both a donor,
and an acceptor. The donor is excited by absorption of a photon, but rather than relaxing via
fluorescence, the excited electron is transferred to an electron-poor acceptor. Thus the
donor is oxidised and the acceptor is reduced (Figure 9). The paired donor and acceptor
ions may then transfer charge, with the original donor and acceptor pair being regenerated.
This is a non-radiative decay as discussed in section 1.2.1 that acts to quench the

fluorescence of a molecule.
DONOR ACCEPTOR DONOR ACCEPTOR

PET
LUMO LUMO

HOMO 4% % HoMO 4% %

Excited Electron-poor Oxidised Reduced
fluorophore quencher fluorophore quencher

Figure 9. Jablonski diagram demonstrating the principle of photoinduced electron transfer (PET).*’

Fluorescent probes can utilise this PET effect to give a turn-on fluorescence to detect a
target species.”” A PET-based probe will be quenched in its initial configuration, the “off”
state of the probe. However, upon reaction with a biomolecule/ion of interest, PET will not
take place with the acceptor (Figure 10). Hence, the fluorescence will no longer be
quenched, giving an “on” state fluorophore. An example of a PET-based fluorescent sensor
molecule is MAMBO (Figure 11), as it is non-fluorescent due to PET, but fluoresces upon

reaction with NO.72
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Excitation EmpSion _ Excitation Emission

Biomolecule/ion
e

Figure 10. A turn-on probe utilising photoinduced electron transfer (PET) to distinguish off and on states. PET
occurs from the fluorophore donor to the acceptor. This transfer of charge quenches fluorescence, however upon
reaction with the biomolecule/ion desired, PET cannot take place and hence the fluorescence of the fluorophore
is enhanced.

N:N\

PET

MAMBO MAMBO-T
Non-fluorescent Fluorescent

Figure 11. MAMBO is an example of a PET-based sensor for NO.7? The diamino methoxy phenyl group donates
an electron to the BODIPY core to quench fluorescence. Upon reaction with NO, no charge transfer takes place
and the molecule fluoresces.

1.3 FLUORESCENT PROBES FOR REACTIVE OXYGEN SPECIES

There are three types of reaction-based fluorescence probes that can be used to infer the
production of H,O2. Some probes react with other ROS such as O;" or *OH that are related
to H2O- (either produce H,O: or are produced by H,0,).”® Thus the presence or otherwise of
H2O2 can be inferred, although not directly measured. Examples of such probes are
MitoSOX red (MSR, Figure 12) and dihydroethidium (DHE, Figure 12) that are reported to
react with O2*~,"4"" a precursor to H,O; (Figure 1). However while DHE and MSR may be
effective at detecting O,"", the presence of H2O. is only inferred indirectly. Furthermore,
there are doubts that the red fluorescence of DHE and MSR reliably indicates O

production.’®

Secondly, there are probes that react with many ROS and as such these do not specifically
detect H20.. 2,7-Dichlorohydrofluorescein  diacetate (DCFH, Figure 12) and
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dihydrorhodamin (DHR, Figure 12) are examples of such probes that have been widely
used for in vitro and in vivo studies.”*"®" More recent probes for ROS such as the Te-
rhodamine (2Me TeR)® naphthalimide Flavin redox sensor 1 (NpFR1)2 and Flavin coumarin
redox sensor 1 (FCR1)% react with many ROS and are reduced by antioxidants for continual
imaging in vitro. Although DCFH and DHR can be used to infer H2O. production, the species

detected may not accurately represent the concentrations of H.O, present within the sample.

H
2 +PPh;
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HO o OH
DCFH DHR Amplex red
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Figure 12. Various fluorescent probes for sensing ROS: Dihydroethidium (DHE) and MitoSOX red (MSR),7476
2',5’-dichlorodihydrofluorescein  diacetate (DCFH),’47%% dihydrorhodamin (DHR),>2® Amplex red,%®
Perfluorobenzenesulfonyl fluorescein (1)%¢ Naphthofluorescein disulfonate (NFDS-1),%” naphthalimide flavin redox
sensor 1 (NpFR1)8 and flavin coumarin redox sensor 1 (FCR1).84

Amplex red (Figure 12) is a fluorescent probe that reacts selectively with H.O, and is
reported to have a very low detection limit of less than 100 nM under ideal assay

conditions.®8 However, Amplex red requires the presence of the enzyme horseradish
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peroxidase in order to react with H.O». This presents a problem for biological studies, as the
enzyme may not be internalised by the cell, thus reducing the ability to detect H,O, within a
cell. A derivative of Amplex red has been attached inside a microstructured optical fibre to
attempt to create a remote sensor.?® However, the requirement for pre-mixing the sample
with horseradish peroxidase removes a capacity of this form of sensor such to be non-

invasive.

There are also probes that react selectively with H.O, over other ROS,* e.g. protein based
fluorescent sensors,®*? perfluorobenzenesulfonyl fluorescein 1 (Figure 12)% and NFDS-1
(Figure 12).8” However, compound 1 was found to be unstable for long-term storage and
photobleaches readily under intense light.2® NFDS-1 utilises the same sensing mechanism
as fluorophore 1, suggesting that it is not stable enough for long-term storage required for

use in repeated biological experiments.

1.3.1 Aryl Boronate Esters

Aryl boronates react with H,O, to form a phenol (Scheme 1).® Chang et al.® used a
dipinacolatoboron fluoran structure to synthesise the first fluorescent probe for H>Oo,
peroxyfluor-1 (PF1, Figure 13). Although completely non-fluorescent, upon oxidation with
H20., a highly fluorescent dye fluorescein (Figure 4) is produced. Similarly, other boronate
esters are also essentially non-fluorescent and the resultant phenol upon reaction with H20>
produces a large increase in fluorescence.®® The design of PF1 is ingenious in numerous
ways: it incorporates a moiety specific to H203, is cell-permeable, and its product on reaction
with H20- (fluorescein) is universal for use with any fluorescent microscope or fluorimeter.
A further advantage of PF1 is its relatively straightforward two-step synthesis* (Scheme 2),

which is amenable to larger-scale production.

Other aryl boronate probes have since been synthesised for specific functions, such as
fluorescence emission spectra in the yellow, orange or red.5*% Further probes have also
been synthesised in order to decrease the detection limit for H.0,,2% to target specific
areas of the cell such as the mitochondria (MitoPY1, Figure 13)°” and other organelles,® or

for increased dye retention in cells (PF6-AM, Figure 13).%°

Yo X
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Scheme 1. Deprotection of boronate ester 1 by H,O- to give phenol 2.30:9
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Figure 13. A selection of boronate ester probes: Peroxyfluor-1 (PF1),%* PF6-AM®® and MitoPY1.%”
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Scheme 2. Synthesis of PF1% under conditions: (a) MeSOzH, 135 °C, 48 h. (b) Bis(pinacolato)diboron,
Pd(dppf)Cl,, KOAc, DMF, 80 °C, 2 h.

Although aryl boronates were originally reported to show selectively for H.O, over other
ROS,* cross-reactivity with peroxynitrite (ONOO-) and hypochloric acid (HOCI) has
subsequently been shown.'®'" However H,O, has a longer lifetime than the relatively
transient ONOO™."® This allows H,O; to diffuse more readily throughout a cell and as such it
may more frequently interact with the fluorescent probe than species such as ONOO-.
Physiological arguments such as this have been used to justify the lack of acknowledgement
that aryl boronate probes react with ONOO-, although the probes are being used only for
H.O, detection. However, a more recent study recognised this cross-reactivity and

suggested the use of controls to distinguish between H,O, and ONOO~.%"
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Scheme 3. Reaction of benzil (6) with H.O- to produce benzylic acid (7).

1.3.2 Benzils
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A Baeyer-Villager cleavage of the diketone in benzil is also specific for H,O, (Scheme 3).1%2
A fluorescent probe for H,O» based on this reaction, NbzF (Figure 14), was reported with
selectivity for H,O, over other ROS including ONOO~."% The design of NbzF incorporates
the benzil moiety that reacts specifically with H.O: to release a carboxy-fluorescein. This
released fluorescein is highly fluorescent, in contrast to the very weak fluorescence from
NbzF that is quenched by donor-excited PET (d-PET) effects.

Another benzil derivative, NbzF-BG, was created to covalently link to a SNAP protein in
order to give a fluorophore-protein conjugate to measure localised H2O, production within a

cell.

NO,

NbzF SNAP-NbzF

Figure 14. Fluorescent probes for HO; based on benzils: NbzF'%® and SNAP-NbzF.1%4

1.4 OPTICAL FIBRE SENSORS

Optical fibre based sensors are ideal for non-invasive sensing technologies as they are light,
flexible, chemically inert, do not carry current and are immune to electromagnetic
interference.'® Such sensors work by coupling a light source into the fibre, with the reflected
fluorescence from the sensing region collected by a spectrometer (Figure 15). A fluorophore
can be immobilised to the sensing region to perform this task. The collected fluorescence
reveals what is happening at the surface of the optical fibre. Thus a specific fluorophore can
be immobilised to an optical fibre to create a sensor, for example the Zn?" specific
fluorophore SP2 (Figure 2).*’
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Figure 15. Example of an optical fibre as a fluorescence-based sensor in a tip-sensor configuration. The
excitation is provided by a light source such as a laser or LED source and the emission spectrum is collected by
a spectrometer for analysis.

Optical fibre sensors can be significantly more sensitive than cuvette-based
measurements.'® In addition to this, fibre-based sensors functionalised with a fluorescent
sensor molecule present a non-invasive platform for bio-sensing that avoids the need for the
fluorophore to be released into the solution with the target.'®” The use of an optical sensor
also allows for spatial mapping of gradients around a cell, for time-based measurements and
single point measurements at desired locations within a sample. Figure 16 shows how an
optical fibre would be used in a biological experiment. The sensing region placed near a cell
such as an embryo allows detection of biomolecules, without releasing a fluorophore into the

solution.

To optics

Optical fibre
Culture dish

(Embryo)

Sensing region

Figure 16. An example of using an optical fibre tip-probe for sensing near a cell. Similar sensors based on
microstructured fibres can also be used in this way.

1.4.1 Fibre Tip Sensors

Several types of optical fibres can be used as remote fluorescence sensors.'® Solid-core
optical fibres can be functionalised on the tip of the fibre with a sensor molecule or
particle.'® 1% The functionalised fibre tip can then be placed in the desired media, such as a
biological environment shown in Figure 16. The coated tip will interact with the desired
biomolecule/ion and the fluorescence can be detected through the external optics. For

example, a pH sensor has been created by immobilising a pH-sensitive fluorophore to the tip
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of the optical fibre.9”111-113 These tip coatings can be created in various ways, either by
depositing the fluorophore using sol-gel matrixes, covalently linking to the surface or
embedding in an acrylamide matrix (Figure 17). The use of such fibre tip sensors for
detection of H2O: in biological systems has not been explored. Although a H>O sensor for
fuel degradation has previously been reported,"* it is not useful for H.O. sensing in
biological environments due to its non-compatibility with aqueous systems, and the general

nature of the Prussian blue dye for multiple ROS.

— UV Light
2 7@
@ :
° @
— 3-(trimethoxysilyl)propyl
R

methacrylate
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Acrylamide

Fluorophores

—— Optical Fibre

Figure 17. An example of a fluorescence tip-sensor. A fluorophore is immobilised to a fibre tip using a light-
catalysed polymerisation of a fluorophore-doped acrylamide solution.'!"113

1.4.2 Microstructured Fibres

Microstructured optical fibres (MOFs) are optical fibres with a structured lattice of air holes
that run the length of the fibre."® For sensing purposes, the suspended core fibre is the ideal
MOF,"8117 which can be made relatively large, while the core which guides the light can be
relatively small. This allows a significant proportion of the evanescent field to extend beyond
the solid fibre core to enable its interaction with and sensing of analytes within the air holes
(Figure 18). This sensing architecture allows for very low sample volumes and detection
limits,''®'1° improved in recent years to detect single nanocrystals from a distance along the

fibre.*

Although the detection limit of MOFs is in general extremely low, the sensing region (Figure
16) is within the fibre. Thus, for continued imaging of a biological sample that may change
over time, there must be continuous flow of media through the sensing region (i.e. air holes).
This may then require complicated fluidics to ensure the media within the fibre most
accurately represents the environment near the cell. The required fluidics may introduce a
complexity that outweighs the benefit of nL sensing volumes and hence reduce its
effectiveness as a sensor. Preliminary results using microstructured fibres for H>O, sensing

also revealed difficulties in reproducibility and surface attachment.'?® This is primarily due to
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the difficulty of functionalising interior glass surfaces within the MOFs. In order to
functionalise these surfaces, liquid is forced through the MOF by external pressure from a

nitrogen chamber. Slight variations in this pressure or concentration of the molecule for

attachment thus cause non-uniform surface coatings.

Air hole

Light-Guiding

Suspended Core

Surface-attached

“ON” fluorophore Surface-attached

“OFF” fluorophore

Figure 18. Cross-section of a suspended core MOF. The suspended core highlighted in green shows fluorophore
molecules attached to the glass surface, such that the evanescent field from light guided through the core will
excite the fluorophores.

1.5 PROJECT OUTLINE

The literature presented clearly details the necessity of detecting H2O: in reproductive
health. Furthermore, a clear gap exists between the current technologies for detecting H20>
using organic fluorescent probes and the target biological application. Organic fluorophores
cannot be used in developing human embryos during in vitro fertilisation (IVF) due to
stringent regulations prohibiting addition of external reagents. A non-invasive approach is
required to monitor H20: levels near embryos without introducing molecules of unknown
toxicity into the solution. Optical fibre-based sensors were proposed for this purpose, by
attaching the fluorescent probe for H>O, to the surface. As the fluorophore is immobilised to
the fibre surface, it will not pass into the embryo when immersed in solution. This would
allow detection of H.O2 and hence monitoring of embryo health in IVF. Furthermore, this
technology is not only desirable for clinical purposes, but for fundamental research into the
role of H>O- in male fertility and the development of embryos.

1.5.1 Commercial Motivation

This project was initiated in collaboration with Cook Medical Australia, through an Australian
Research Council linkage grant (LP 110200736). The aims of this collaboration were to
produce a H2O: sensor that could be used in an embryo incubator to monitor the health of

the embryo. In addition to this, concurrent research by Dr. Erik Schartner at the University of



PROJECT OUTLINE 18

Adelaide investigated non-invasive pH and temperature sensors. Detection of local pH and
temperature of embryos are also desirable as markers of embryonic health. A significant
goal of this linkage project was to combine these sensing capacities with detection of H.O>
to obtain a more complete picture of health of developing embryos. Ultimately, the sensors
could be incorporated into a commercially available incubators, giving better information to

IVF clinics and more successful outcomes for patients.

1.5.2 Research Objectives

This thesis is hence concerned with the following objectives:

1. Demonstrate detection of H2O; in a reproductive biological context using a new aryl
boronate-based fluorophore that is specific for H,O2, with the exclusion of other ROS.
2. Determine the most effective class of fluorescent probe for detection of H2O, for this
biological context.
Develop a functional non-invasive optical fibre-based probe for the detection of H2O5.
Integrate this H-O- probe with other relevant sensors such as pH or temperature for

use in reproductive biology.

1.5.3 Thesis Structure

Table 1. Overview of the objectives addressed in each chapter of this thesis.

Objective1 Objective2 Objective3 Objective4 Extensions/Applications

Chapter 1 INTRODUCTION

Chapter 2 v v

Chapter 3 v

Chapter 4 v v

Chapter 5 v v

Chapter 6 v v v
Chapter 7 v v

Chapter 1 has introduced the topics of H20,, fluorescent sensors and optical fibres.

Chapter 2 focuses on the use of aryl boronates to detect H-O» in human spermatozoa.
Three synthesised aryl boronate probes are compared against commonly used fluorophores

for ROS detection. The results show that aryl boronates, particularly the novel probe
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(EEPF1) are extremely effective for detecting H.O2 in human spermatozoa and validate their

use in reproductive biology.

Chapter 3 extends the use of aryl boronate probes to detect H.O, while bound to glass
surfaces. The aryl boronate probe carboxyPF1 (CPF1) was first functionalised to glass slides
to characterise its interaction with H.O2 on a surface. CPF1 was then immobilised to optical

fibre tips to create a functional non-invasive probe specific for H,Ox.

Chapter 4 incorporates the H>O, probe created in Chapter 3 using CPF1 with a pH sensor,
seminapthorhodofluor-2 (SNARF2). This dual probe for H.O, and pH is shown to be
effective across the physiological pH range and improves upon the single H>O, probe

design.

Chapter 5 compares two novel BODIPY-based probes for H20O., peroxyBODIPY-1 (PB1),
and nitrobenzoylBODIPY (NbzB). The mechanism of sensing using aryl boronate and benzil
moieties respectively are directly compared to give the strengths and weaknesses of each
approach. PB1 shows a greater fluorescent response to H.O, than NbzB, however NbzB

was shown to be more selective for H,O2 over other ROS.

Chapter 6 demonstrates efforts to improve the solution-based and fibre-based detection of
H20.. A red-emitting fluorescent probe, napthoperoxyfluor-1 (NPF1) was synthesised for use
in solution with cells of high autofluorescence in the green region. A reversible probe for
ROS, nicotinamide coumarin redox sensor 3 (NCR3) was attached to an optical fibre tip to

create a reversible non-invasive probe for H2O..

Chapter 7 discusses further applications of the work presented in chapters 1-6 and

summarises the conclusions of this thesis.
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21 ABSTRACT

Human spermatozoa are compromised by production of reactive oxygen species (ROS) and
detection of ROS in spermatozoa is important for the diagnosis of male infertility. Probes
2’ 7’-dichlorohydrofluorescein diacetate (DCFH), dihydroethidium (DHE) and MitoSOX red
(MSR) are commonly used for detecting ROS by flow cytometry, however these probes lack
sensitivity to hydrogen peroxide (H20>), which is particularly damaging to mammalian sperm
cells. This study reports the synthesis and use of three aryl boronate probes, peroxyfluor-1
(PF1), carboxy peroxyfluor-1 (CPF1) and a novel probe 2(2-ethoxyethoxy)ethoxy
peroxyfluor-1 (EEPF1) in human spermatozoa. PF1 and EEPF1 were found to be effective in
detecting H>O» and peroxynitrite (ONOQO~) produced by spermatozoa when stimulated with
menadione or 4-hydroxynonenal. EEPF1 was more effective at detection of ROS in
spermatozoa than DCFH, DHE and MSR; furthermore it distinguished poorly motile sperm
as shown by greater ROS production. EEPF1 should therefore have a significant role in
diagnosis of oxidative stress in male infertility, cryopreservation, age, lifestyle and exposure

to environmental toxicants.

" Purdey, M. S.; Connaughton, H. S.; Whiting, S.; Schartner, E. P.; Monro, T. M.; Thompson, J. G.;
Aitken, R. J.; Abell, A. D. Free Radical Biology and Medicine 2015, 81, 69-76.
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2.2 INTRODUCTION
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Figure 19. Chemical structures of the ROS sensors used in this study. MSR, DHE and DCFH are oxidised by
removal of the indicated hydrogens to produce a fluorescent aromatic structure. PF1, CPF1 and EEPF1 are
oxidised by the deprotection of the pinacolatoboron groups to produce highly fluorescent structures.

Reactive oxygen species (ROS) produced by human spermatozoa compromise sperm
function?® and as such their detection is important for the diagnosis of male infertility.’?' ROS
are typically detected in human spermatozoa using fluorescent probes such as
dihydroethidium (DHE), MitoSOX Red (MSR) and 2’,7’-dichlorohydrofluorescein diacetate
(DCFH) (Figure 19)."?2 DHE is an intracellular ROS probe that fluoresces within both the
head and the mitochondrial midsection of the spermatozoa upon oxidation. It is most
commonly used for detection of superoxide (O2™), although it also reacts with hydrogen
peroxide (H20,) in the presence of peroxidases, and with oxidases and cytochromes.”> MSR
is a charged variant of DHE that localises in the mitochondrial matrix to predominantly
respond to and measure the generation of O,. DCFH is a fluorescein-based nonspecific
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probe that reportedly reacts with H.O,'“> and other ROS, particularly hydroxyl radicals ("OH)

and peroxynitrite (ONOO").'** This probe has some disadvantages, since it requires the

concomitant presence of peroxidases to react with H20»,'?°

can undergo autoxidation and is
known to catalyse O, production.'?® An aryl boronate probe reported by Chang et al.,**
peroxyfluor-1 (PF1, 9), reacts with both H,O, and ONOO™; but not *OH, O™, nitrous oxide
(NO) or hypochlorite ("OCI).%41%° This class of probe has found wide use for the in vivo
detection of H,0,,%° including research into ROS production in cryopreserved mouse
spermatozoa.'® The ability of aryl boronates to detect the low levels of ROS generated by
mammalian spermatozoa suggests this class of probe as a potential diagnostic tool for the

selective detection of ROS, particularly H2O. in sperm cells. This would be of clinical
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significant as several independent studies have indicated that H.O is particularly damaging

to mammalian sperm function.?-2

A number of aryl boronates have been developed for use in a range biological applications.*°
We chose to use PF1, carboxyPF1 (CPF1) and a new probe 2(2-ethoxyethoxy)ethoxy-PF1
(EEPF1) for the study as they are structurally similar to allow for direct and meaningful
comparison, while being relatively easy to prepare on both small and larger scale. This is an
important consideration for future work in this area. CPF1 is a variant of PF1 originally
synthesised for attachment to other functional groups.’?”'?® EEPF1 contains a truncated
polyethylene glycol (PEG) group with increased hydrogen bond acceptors to enhance the
aqueous solubility relative to PF1. A series of comparative studies were performed to define
the relative ability of all three probes to detect ROS generation by human spermatozoa in a
sensitive and selective manner. This study examines the relative capacities of these probes
to detect H, O, and ONOO~ spontaneously generated by human spermatozoa exhibiting
impaired motility. The results have important diagnostic implications for the facilitated
detection of oxidative stress in mammalian spermatozoa exhibiting signs of impaired

functionality.

2.3 RESULTS AND DISCUSSION

2.3.1 ROS Characterisation of Probes
The sensitivity of EEPF1 to H.O» was defined by incubating separate samples with 0-100 uM

H202 and monitoring the resultant fluorescence, see Figure 20A. A clear, dose dependant
response is evident, with an emission maximum at 525 nm. EEPF1 was also incubated with
100 uM of each individual ROS to determine the selectivity of EEPF1 for various ROS and
the reactivity profiles are summarised in Figure 20B. For comparison, the reaction of DCFH
with each ROS was also characterised and the results are shown in Figure 20C. Similar
reactivity profiles for PF1 and CPF1 are reported in the supplementary data. EEPF1 showed
good reactivity with H>O2, and although there is a significant initial fluorescence response
from ONOQO-, a greater overall fluorescence was observed for H,O, over 40 min. This is
likely due to the more transient nature of ONOO~ compared with H20.. Limited fluorescence
was observed for the reaction of EEPF1 with all other ROS studied, with a similar result for
the other aryl boronates (section 2.7, Figure 25). By contrast, DCFH reacts best with both
ONOO™ and ‘OH (Figure 20C) and to a lesser extent with “OCl and O, but not H20, as
shown in Figure 20C. This lack of reactivity to H.O- is consistent with some literature,'?* but
contrasts other reports that infer the detection of H,O, using this probe.'?®> However, DCFH is

able to detect other ROS such as "OH produced from H2O: in vivo, and also H2O: in the
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presence of peroxidases.'?® Thus, the aryl boronates have a clear advantage over DCFH for

the detection of H.O: in the absence of any external catalyst.
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Figure 20. Fluorescence characterisation of EEPF1 and comparison with DCFH for selectivity to ROS. A)
Absorption and emission spectra of EEPF1 when treated with 0, 10, 25, 50, 75 and 100 uM H20O> and incubated
at 37 °C for 40 min in 20 mM HEPES buffer. (Excitation at 450 nm). B) EEPF1 and C) DCFH selectivity data,
each incubated at 37 °C with 100 uM ROS and measured at 0, 10, 20, 30 and 40 min. (Excitation 450 nm,
emission 520 nm).

2.3.2 Comparative Study on ROS Production in Human Spermatozoa

The ability of the aryl boronates PF1, CPF1, EEPF1 and other probes described in the
literature (the dihydrofluorescein DCFH and the hydroethidiums DHE and MSR) to detect
ROS in spermatozoa was then studied in populations of human spermatozoa, with a view to
defining their relative abilities to detect cellular ROS generation. ROS production in human
spermatozoa was induced by treating samples with three different compounds, menadione,
arachidonic acid (AA) and 4-hydroxynonenal (4HNE).'?? Menadione is a redox cycling
quinone known to produce significant oxidative stress due to quinone oxidoreductase
activity.'2130 AA is a cis-unsaturated fatty acid associated with the production of O~ by
sperm mitochondria,’>3!' while 4HNE is a lipid-derived aldehyde responsible for the
induction of mitochondrial ROS generation in senescent spermatozoa.’® Further samples
were also treated with 4mM H2O. as a positive control for probes sensitive to H.O, (DCFH,

PF1, CPF1, EEPF1). The ROS-producing compounds were incubated separately with each
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probe (DCFH, DHE, MSR, PF1, CPF1 and EEPF1) and the resulting fluorescence response

was measured by flow cytometry.

Figure 21 shows the percentage of fluorescent spermatozoa, indicating the percentage of
spermatozoa that generated ROS as measured by each probe. MSR showed the largest
background fluorescence in the negative control samples (Figure 21A), with significantly
higher fluorescent populations (P < 0.05) than aryl boronates PF1 and CPF1, presumably
reflecting the active generation of mitochondrial ROS by populations of human spermatozoa,
as previously described."® For the treated sperm samples, those incubated with DHE
exhibited the smallest fluorescent populations for all stimuli (Figure 21B-D). Conversely,
those stained with EEPF1 consistently showed the largest fluorescent populations, with over
90% responding positively following treatment with the ROS-generating reagents (Figure
21B-D). PF1 also showed readily measurable fluorescent responses to the stimuli, with
comparable or larger fluorescent populations than DCFH, DHE and MSR (Figure 21B-D).
Staining spermatozoa with CPF1 gave the lowest fluorescent populations of all three aryl
boronates. Nevertheless, treated sperm were more fluorescent with CPF1 than with DHE
and DCFH within the sperm treated with AA (Figure 21C) and 4HNE (Figure 21D) treatment

groups.
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Figure 21. Analysis of flow cytometry results, showing the percentage of human sperm populations which

indicated a fluorescent response. A) Negative control sample with no external stimulus. Samples exposed to
stimuli: B) 50 pM menadione for 15 min, C) 50 uM AA for 15 min or D) 200 uM 4HNE for 30 min. Significance
levels: *P < 0.05, **P < 0.01, ***P < 0.001 compared with untreated sample. 1P < 0.05, +1P < 0.01, t11P < 0.001
as compared on graphs.

Thus the aryl boronates PF1 and EEPF1 were the most broadly sensitive of the probes to
ROS produced by spermatozoa on stimulation with menadione, AA and 4HNE (Figure 21B-
D) with the latter clearly being the most sensitive. The third aryl boronate (CPF1), while
sensitive, gave less consistent results. Of the other probes, MSR gave the greatest response

to each stimuli (Figure 21B-D), while DHE was the least sensitive.

The fluorescent populations shown in Figure 21 also provide some insights into which ROS
are produced by spermatozoa on treatment with menadione and 4HNE (results for AA are
discussed separately, see Figure 22). Thus for samples stained with MSR, a smaller
proportion of fluorescent cells was apparent for 4HNE treatments (Figure 21D) compared to
menadione (Figure 21B), suggesting that the latter is the more efficient stimulator of O™
production. In contrast, fluorescence of the aryl boronates PF1, CPF1 and EEPF1 were
similar between menadione and 4HNE treatments (Figure 21B & D), indicating similar levels
of H20-/ONOO™ production. This suggests an efficient conversion of O, (detected by MSR)
to H202 or ONOO~ (detected by the aryl boronates) in those samples treated with 4HNE.
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However, similar to MSR, DCFH showed a lack of sensitivity for the ROS produced in
response to 4HNE (Figure 21D) compared with the menadione (Figure 21B) treatments.
Yet DCFH is also known to react with H.O, and ONOO-, as do the aryl boronates,
suggesting that DCFH should have similar sensitivity to the 4HNE treatment as to
menadione. This incongruity could be due to the production of "OH in samples treated with
menadione and not those treated with 4HNE. The "OH radical reacts with DCFH but not with
the aryl boronates, which would result in the greater positive populations observed for DCFH
in samples treated with menadione than 4HNE (Figure 21B & D). Another likely explanation
is the need for oxidation of DCFH to be facilitated by peroxidase which may not be trivial due
to the highly compartmentalised nature of the spermatozoon, limiting the distribution and
hence catalytic availability of the peroxidase. This again highlights the significant advantage
of the aryl boronates over DCFH in this regard, as no external catalysis is required to

produce a fluorescent response.
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Figure 22. Fluorescence response of PF1, CPF1 and EEPF1 to menadione, AA and 4HNE in the absence of
spermatozoa. Fluorescence readings were recorded in BWW solution after 30 min of incubation at 37 °C by a
microplate reader. Excitation wavelength was 485 nm, emission recorded at 520 nm. Each probe gave a dose-
dependent response upon exposure to AA, however no significant response was recorded when incubated with
either menadione or 4HNE.

We next investigated the fluorescence of PF1, CPF1 and EEPF1 on incubation with
menadione, AA and 4HNE in absence of spermatozoa, to directly assess the reactivity of the
probes to these compounds. Menadione (12.5, 25, 50uM), AA (12.5, 25, 50uM) and 4HNE
(100, 200, 400uM) were separately incubated with PF1, CPF1 and EEPF1 and the resulting
fluorescence measured. A fluorescent response was not observed when PF1, CPF1 or
EEPF1 were incubated with menadione or 4HNE (see Figure 22). However, AA did cause a
dose-dependent response with PF1 (r = 0.9999), CPF1 (r = 0.9898) and EEPF1 (0.9994) as
shown in Figure 22. This is possibly due to auto-oxidation of AA, generating a
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hydroperoxide'** capable of deprotecting the aryl boronates of the probes, thus leading to a

fluorescent response. This may explain the observed increase in fluorescent population for
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PF1, CPF1 and EEPF1 in the presence of AA compared to those populations stained with
DCFH, DHE and MSR. AA was not used to induce ROS production in further experiments
using spermatozoa with PF1, CPF1 and EEPF1.

2.3.3 Sensitivity of Aryl Boronates to ROS Production in Human Spermatozoa
Dose-dependent studies were subsequently carried out to further define the sensitivity of the
three new aryl boronates PF1, CPF1 and EEPF1 in spermatozoa stimulated with
menadione, 4HNE and H»O,. Diphenylene iodonium (DPI), an inhibitor of NO and Oj™
production by flavoproteins, was used to further test the sensitivity of the probes for ROS

generation.

2.3.3.1 Menadione

Populations of spermatozoa treated with menadione and incubated with EEPF1 show the
largest fluorescent populations, see Figure 23A. This result is consistent with the earlier
study comparing the aryl boronates to previously studied probes, where EEPF1 gave the
greatest fluorescent response of the six probes as shown in Figure 21. However, the
populations stained with EEPF1 (Figure 23A) were over 90 % positive at even the lowest
concentration of menadione (12.5 pM), significantly larger than PF1 (P < 0.05). Populations
stained with PF1 also revealed a dose-dependent increase in activity when treated with
12.5-50 yM menadione (Figure 23A, r = 0.937). In contrast, the fluorescent responses of
populations stained with CPF1 were not statistically significant even at 50 yM menadione
(Figure 23A). Thus it appears that the new probe EEPF1 is the most effective of the probes
for ROS production in spermatozoa on stimulation with menadione. The existing aryl
boronate PF1 is significantly less effective, while CPF1 is the least effective of all three.
Microscope images of spermatozoa stained with CPF1 and EEPF1 were obtained (see
supplementary data, 2.7). ROS produced by both the head and the mitochondria-rich
midpiece can be seen, indicating that neither CPF1 nor EEPF1 stained specifically for a

location inside the cell.
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Figure 23. Analysis of flow cytometry results for menadione, 4HNE and H;O. treated spermatozoa. A)
Menadione treated spermatozoa exhibit dose-response correlation with PF1 and CPF1; however EEPF1 show
large positive populations to 12.5, 25 and 50 uM treatments. B) PF1, CPF1 and EEPF1 all exhibit dose-response
correlations to sperm stimulated with 4HNE. C) EEPF1 show a dose-response correlating to spermatozoa treated
with H20» concentrations 0-500 pM. Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001 compared with
untreated sample. TP < 0.05, t1P < 0.01 as compared on graph.

Co-incubation of DPI with 50 yM menadione did not significantly decrease the positive
population for EEPF1 and although suggested, no statistically significant reduction in signal
was recorded in the presence of PF1 and CPF1 (Figure 23A) when treated with DPI.
Overall, incubation with menadione indicated greater sensitivity of EEPF1 over PF1 and

CPF1, suggesting that it may be a particularly useful probe for the detection of intracellular
ROS.

2.3.3.2 4HNE

Figure 23B shows the fluorescent responses for spermatozoa treated with 4HNE. Samples
stained with PF1 or EEPF1 revealed significant fluorescent populations at 100, 200 and
400 uM treatments of 4HNE. However those samples incubated with CPF1 did not produce
a significant fluorescent response as a consequence of the large variation associated with
these measurements. The signal generated in the presence of PF1 was significantly reduced
(P < 0.05) in the presence of DPIl. However, incubating with DPI did not reduce the
fluorescent response for samples treated with EEPF1, again suggesting an increased
efficacy over PF1. From these results it is clear that both PF1 and EEPF1 were capable of

detecting significant H.O, or ONOO™ production by 4HNE-stimulated spermatozoa.
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2.3.3.3 H202

EEPF1 gave the greatest fluorescent response to ROS in populations of spermatozoa
treated with H>O2, see Figure 23C. These fluorescent populations correlated with the
concentration of H,O, added (r = 0.946, P < 0.01). Figure 23C also shows that in contrast,
samples stained with PF1 only gave a limited increase in positivity at 250 yM and 500 pM of
H2>02 while CPF1 generated a negligible fluorescence response, even for samples treated
with up to 500 uM of H2O,. These results again indicate greater efficacy of EEPF1 over PF1
and CPF1 for the detection of ROS produced by human spermatozoa stimulated with H205.

The mechanism by which H;O, stimulates enhanced ROS generation by human
spermatozoa is thought to involve the induction of lipid peroxidation followed by the covalent
binding of lipid aldehydes such as 4HNE to proteins in the mitochondrial electron transport
chain (ETC), particularly, succinic acid dehydrogenase.’? The adduction of proteins within
the ETC is, in turn, thought to lead to electron leakage and sustained ROS generation. The
fact that DPI, an inhibitor of flavoproteins involved in mitochondrial electron transport such as
succinic acid dehydrogenase, could significantly impair the ROS response to H»O: as
detected by EEPF1 is in good agreement with this model.

In light of these results, EEPF1 is clearly able to sense ROS produced by human
spermatozoa more effectively than PF1, CPF1, DCFH, DHE or MSR. Hence, we suggest
that EEPF1 should be used in preference to DCFH, DHE or PF1, particularly for detection of

low concentrations (0-100 uM) of H202 or ONOO~ in human spermatozoa.

The different fluorescent responses of PF1, CPF1 and EEPF1 to ROS produced by
spermatozoa (Figure 21 and Figure 23) also provide some preliminary insights into
structure-activity relationships for the aryl boronate class of probe. CPF1 consistently
detected lower numbers of reactive spermatozoa than PF1 and EEPF1. As fluorescein-
based probes are susceptible to photobleaching, 10 uM solutions of CPF1 and PF1 were
irradiated with a 100 mW 488 nm argon laser to ensure the cause for differing fluorescent
responses was not a photobleaching effect. CPF1 and PF1 showed comparable rates of
photobleaching, as such, the reduced CPF1 positive populations observed in Figure 23 are
not the results of differences in rates of photobleaching. However, for spermatozoa to be
analysed by flow cytometry, the probe must be able to cross the plasma membrane in order
to react with intracellular ROS and generate a fluorescent signal. It is therefore likely that the
impaired cellular uptake of CPF1 is responsible for its lack of activity. Any localised
fluctuation in pH would affect the ionisation of the carboxyl group of CPF1, which would, in
turn, be expected to influence cell permeability and hence the intracellular concentration of

this probe. By contrast, EEPF1 is esterified with a truncated PEG (see Scheme 4) so would
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be expected to possess a higher capacity for intracellular penetration. Furthermore,
hydrolysis of the PEG ester by intracellular esterases may enhance cellular retention of the
active species, as reported for a similar aryl boronate probe, PF6-AM.*°

2.3.3.4 Spontaneous ROS Generation by Human Spermatozoa

Finally, the use of PF1, CPF1 and EEPF1 to detect spontaneous ROS generation by human
spermatozoa was investigated to validate the use of these probes for detecting the
increased ROS production associated with poorly motile sperm. To this end, the
spermatozoa were separated on discontinuous Percoll gradients into subpopulations
exhibiting high and low levels of motility respectively'?? (see methods, 2.6, for detail). These
sperm populations were then separately incubated with either PF1, CPF1 or EEPF1. Figure
24 clearly demonstrates the increased generation of ROS by poorly motile spermatozoa
compared with their more motile counterparts. A relative increase in the proportion of ROS—
generating cells was detected in the poorly motile cells with PF1, CPF1 and EEPF1. The
largest increase was seen with EEPF1, which detected ROS generation in around 40% of
the poorly motile cells compared with < 15% with PF1 and CPF1. These results confirm
EEPF1 as the most effective of these probes for the detection of released ROS in human
spermatozoa. As such, EEPF1 is recommended for use as an intracellular probe for

detection of ROS in human spermatozoa.
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Figure 24. Analysis of flow cytometry results showing the percentage of poorly motile and motile samples of
human spermatozoa populations indicating a fluorescent response. EEPF1 provides a greater fluorescent
response to the ROS produced in poorly motile sperm. Significance level relative to motile sample: *P < 0.05

2.4 CONCLUSION

The aryl boronate probes discussed here react directly with H>O, and therefore present a
distinct advantage over DCFH, which we show to be insensitive to H.O,. PF1 and EEPF1
were also shown to be effective fluorescent probes for the detection of both H>O, and
ONOO™ in human spermatozoa. Both PF1 and EEPF1 were significantly more effective at
detection of ROS by flow cytometry compared to DCFH and DHE when stimulated using

menadione and 4HNE. In particular, EEPF1 was the most effective of the studied probes for
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externally stimulated and spontaneously generated ROS produced by human spermatozoa.
This particular probe should therefore have a significant role to play in the diagnosis of
oxidative stress in spermatozoa in the context of a variety of circumstances including
spontaneous male infertility, cryopreservation, age, lifestyle and exposure to environmental

toxicants.
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2.6 MATERIALS AND METHODS

2.6.1 Materials:

Unless otherwise stated all chemicals were purchased from Sigma Aldrich. N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI) was obtained from GL
Biochem (Shanghai). 4HNE was from Sapphire Biosciences; MitoSox Red, dihydroethidium
and Live/dead fixable FAR red stain were from Life Technologies. 2’,7’-Dichlorofluorescein
diacetate was from molecular probes. Freshly prepared Biggers, Whitten and Whittingham
(BWW) medium was used for all experiments, supplemented with 1 mg/ml polyvinyl alcohol,
5 units/ml penicillin and 5 mg/ml streptomycin, and the osmolarity was kept between 290 and
310 mOsm/kg.'

2.6.2 Semen Samples:

The University of Newcastle human ethics committee and the NSW state Minister for Health
approved the use of semen samples for research. A cohort of unselected, normozoospermic
donors, mainly university students of unknown fertility status, supplied semen samples for
this study. Semen samples were produced into a sterile container and delivered to the

laboratory within 1 hour of ejaculation.

2.6.3 Sample Preparation:

Spermatozoa were isolated by discontinuous Percoll gradient centrifugation using a simple
2-step design incorporating 44% and 88% Percoll as described previously.'® Purified
spermatozoa were recovered and washed with HEPES-buffered BWW supplemented with 1
mg/ml PVA,"™® centrifuged at 500 g for 5 minutes, and resuspended at a concentration of

2x107 cells/ml.
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2.6.4 Leukocyte Removal:

Where indicated, all residual traces of leukocyte contamination in the sperm suspensions
were removed using magnetic beads (Dynabeads, Dynal, Oslo, Norway) coated with a
monoclonal antibody against the common leukocyte antigen, CD45 (Invitrogen, Carlsbad,
C). Following Percoll isolation, 5 x 10° cells in 100 yl BWW were added to pre-washed
antibody-bound Dynabeads and then placed on a rotor for 30 min. Following incubation,
each sample was placed in a magnetic holder to separate leukocyte-bound Dynabeads from
purified sperm cells in BWW. Luminol-peroxidase mediated chemiluminescence was then
used in order to confirm the removal of leukocytes from each sperm suspension; for this
purpose 20 pl of zymosan opsonized with autologous serum was added to each 400 pl

sample, 5 min from the beginning of the luminometry run.'??

2.6.5 Treatments:

Spermatozoa were treated with menadione (0-50 uM), AA (0-50 uM) and H20 (0-4 mM) for
15 min at 37 °C. Treatments with 4HNE (0-400 uM) were for 30 min at 37 °C. Stock
solutions of menadione were made up fresh daily in dimethyl sulfoxide (DMSO), with a

minimum dilution of 1/100 in BWW before being added to spermatozoa.

2.6.6 Staining:
After spermatozoa were treated they were incubated with PF1, CPF1 and EEPF1 for 30

mins @ 37°C at a final concentration of 10 uM. Stock solutions were made up using (DMSO)

at a concentration of 10 mM.

2.6.7 Flow Cytometry:

A FACS-Canto Flow Cytometer (Becton Dickinson) was employed using a 488 nm argon
laser coupled with emission measurements using the 530/30 band pass (green) FITC
channel. Ten thousand sperm events were recorded after non-sperm events were gated out.

Data were analysed using BD Diva Software (Becton Dickinson).

2.6.8 Statistical Analysis:

All graphed results are expressed as the mean * standard error of the mean (SE).
Experiments were replicated at least three times with independent samples. Data was then
analysed by one-way analysis of variance (ANOVA) using Graphpad Prism 6, followed by

post-hoc comparison by Fisher’'s LSD (Least Significant Difference).

2.6.9 ROS Selectivity Study:
Solutions of PF1, CPF1, EEPF1 and DCFH in 20 mM HEPES buffer at pH 7.4 were treated
with 100 uM of ROS: H,O,, ONOO~, “OClI, 'OH, 02", NO, and tert-butyl hydroperoxide
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(TBHP). A stock solution of approximately 100 mM H2O- in Milli-Q water was prepared from
a 30% H20: solution in water and the exact concentration was determined by UV absorption
at 240 nm (g0 = 43.6 M'cm™) using a Cary UV-Vis-NIR 5000 Spectrophotometer. A stock
solution of NaOCI was similarly prepared and the “OCI concentration determined by UV
absorption at 292 nm (g0, = 350 M'ecm™). A solution of ONOO- was prepared by a known
method,” and its concentration determined using UV absorption at 302 nm (g3, = 1670 M’
'em™). "OH was produced by the Fenton reaction of 100 uM H20O, with 1 mM FeClO4. Oy
was also produced by a known method,®® using a xanthine/xanthine oxidase system for
production of O>™ and catalase as a scavenger for any H.O. produced. NO was generated
from S-nitrosoglutathione, and TBHP was diluted from a stock solution. The ROS were
added to each probe and the fluorescence was monitored using a Biotek Synergy H4

fluorescence plate reader (excitation 450 nm, emission 520 nm) over 40 min.

2.6.10 Fluorescence Controls for Menadione, AA and 4HNE

Solutions of PF1, CPF1, EEPF1 in BWW were treated with menadione (0-50 uM), AA (0-50
uM) or 4HNE (0-400 uM) to give a final probe concentration of 10 yM. Samples were
incubated for 15 min (30 min for 4HNE) at 37°C, then fluorescence emission quantified using
a Fluostar Optima (BMG Labtech),with settings of excitation filter 485 + 10 nm, and emission
filter at 520 nm.
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Scheme 4. Synthesis of CPF1 and EEPF1. (a) 1. MeSOsH, 140 °C, 72 h 2. Recrystallisation 2:1 acetic
anhydride: pyridine%® (b) Bis(pinacolato)diboron, Pd(dppf)Cl;, KOAc, DMF, mic. synth., 100 °C, 3 h (c) 1. N-
Hydroxysuccinimide, EDC-HCI, DMF, 1 h. 2. 2-(2-ethoxyethoxy)ethanol, 2 h.

2.6.11 Synthesis
Peroxyfluor-1 (PF1) was prepared as described® using microwave irradiation in place of
conventional heating: 3’,6’-diiodofluoran® (89 mg, 0.16 mmol), bis(pinacolato)diboron (160

mg, 0.63 mmol), potassium acetate (141 mg, 0.63 mmol) and Pd(dppf)Cl2 (14 mg, 0.02
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mmol) pre-dried in vacuo, were dissolved in DMF (4 mL) under N2 atmosphere in a sealed
microwave vial fitted with a Teflon cap. The light brown mixture was reacted in a CEM
Discover microwave synthesiser (Matthews, NC) at 80 °C for 2 h. The solvent was removed
under reduced pressure to give a dark brown powder which was purified by column
chromatography eluting with 4:1 hexane:ethyl acetate to give PF1 as a white solid. (40 mg,
45%) The sample was characterised by 300 MHz proton nuclear magnetic resonance
spectroscopy ("HNMR) in deuterated chloroform. '"HNMR data: & 8.03 (1H, m), 7.74 (2H, s),
7.60 (2H, m), 7.43 (2H, dd, J1=7.8Hz, J>=1.1Hz), 7.06 (1H, m), 6.86 (2H, d, J=7.8Hz), 1.35
(24H, s).

CarboxyPeroxyfluor-1 (CPF1)'?” was similarly prepared: 3’,6'-Diiodo-6-carboxyfluoran
pyridinium salt (9)*® (109 mg, 0.16 mmol), bis(pinacolato)diboron (160 mg, 0.63 mmol),
potassium acetate (142 mg, 0.63 mmol) and Pd(dppf)Cl2 (13.9 mg, 0.017 mmol) were
dissolved in dry DMF (4 mL) in an anhydrous N» atmosphere. The resultant solution was
reacted in a sealed microwave vial sealed with a Teflon cap at 100 °C for 3 h in a CEM
Discover microwave synthesiser (Matthews, NC). The solution was evaporated under
reduced pressure to give a dark brown powder, which was purified by flash column
chromatography eluting with neat ethyl acetate to give CPF1 as a light brown solid. (55 mg,
58%) The sample was similarly characterised: '"HNMR (CDCl;, 300MHz): & 8.29 (dd, 1H,
J1=7.8Hz, J>=1.4Hz), 8.11 (d, 1H, J=7.8Hz), 7.79-7.73 (m, 3H), 7.43 (dd, 2H, J1=7.8Hz,
J2=1.1Hz), 6.81 (d, 2H, J=7.8Hz), 1.35 (s, 24H).

2-(2-Ethoxyethoxy)ethoxy Peroxyfluor-1 (EEPF1): CPF1 (50 mg, 0.08 mmol), N-
hydroxysuccinimide (11 mg, 0.08 mmol) and EDC-HCI (26 mg, 0.13 mmol) were added to
DMF (1 mL) in a dry N2 glovebox and stirred for 1 h. 2-(2-Ethoxyethoxy)ethanol (23 pL, 0.17
mmol) in dry DMF (0.5mL) was added and the solution stirred for a further 2 h. The solvent
was removed under reduced pressure, and the resultant solid was purified by column
chromatography eluting with ethyl acetate to give EEPF1 as a white powder. (28 mg, 47%)
The sample was similarly characterised by 'HNMR (CDCl;, 500MHz): & 8.28 (1H, dd,
J1=8.0Hz, J>=1.0Hz), 8.09 (1H, d, J1=8.0Hz), 7.76 (2H, s), 7.71 (1H, s), 7.44 (2H, d,
J1=8.0Hz), 6.82 (2H, d, J=7.5Hz), 4.42 (2H, t, J=4.5Hz), 3.76 (2H, t, J=4Hz), 3.61 (2H, t,
J=2.75), 3.52 (2H, t, J=4.5Hz), 3.45 (2H, q, J=7Hz), 1.35 (24H, s), 1.14 (3H, t, J=7HZz). This
new boronate probe was also characterised by 500MHz carbon 13 nuclear magnetic
resonance spectroscopy (**CNMR) and high resolution mass spectrometry (HRMS)."*CNMR
(CDCls, 125MHz): 6 168.6, 164.9, 154.0, 150.5, 136.5, 131.2, 130.0, 129.7, 129.4, 129.0,
128.8, 126.9, 125.3, 125.1, 123.8, 120.5, 84.2, 70.6, 69.8, 68.9, 64.8, 24.9, 15.1. HRMS:
calculated 712.3226, found 712.3237.



SUPPLEMENTARY DATA

2.7 SUPPLEMENTARY DATA

0.8 4

Relative Fluorescence Intensity
(RFI)

TBHP NO  H,0, ONOO- "OH

Figure 25. A) PF1 and B) CPF1 selectivity data, each incubated at 37 °C with 100 uM ROS for 0, 10, 20, 30 and
40 min. Excitation 450 nm, emission 520 nm, see methods for further details on production of ROS.
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Figure 26. Representative flow cytometry histograms, indicating the level of fluorescence for each of the 10,000
spermatozoa measured per sample. The indicated region in each graph marked as “FITC positive” denotes
spermatozoa that are counted as positive for ROS production. The samples shown above are sperm samples
incubated with PF1: A) Untreated spermatozoa (negative control). B) Spermatozoa treated with a 4mM H20»

(positive control).
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Figure 27. Microscope images at 40x magnification. Fluorescence response of sperm cells of menadione
treatments stained with: A) CPF1, B) backlight image of A); C) EEPF1 with D) backlight image of C).

Figure 28. Microscope images at 100x magnification: Fluorescence response of spermatozoa cells treated with:
A) Menadione, stained with CPF1. B) Backlight images of A). C) H.O,, stained with EEPF1, showing only
staining in mitochondria. D) Backlight images of C).
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Images of CPF1- or EEPF1-stained spermatozoa treated with menadione or H20> showed
fluorescence in both the head and midsection (Figure 27 and Figure 28). However, some

spermatozoa (Figure 27) only showed a fluorescent response in the mitochondrial midsect.
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Chapter 3: Localised Hydrogen Peroxide Sensing with Surface

Functionalised Fluorophores?

3.1 INTRODUCTION

H.0 is typically detected in cells using soluble fluorescent probes,?63° examples of this are
discussed in Chapter 2. However, the use of such fluorophores to study the local release of
H202 during in vitro fertilisation (IVF) poses significant scientific and ethical problems. The
effect that these probes may have on embryonic development is unknown and as such direct
contact with the embryo is not advisable. Hence, non-invasive and non-toxic diagnostic

sensors for H>O are highly sought after by clinical IVF laboratories.

A non-invasive alternative to solution-based measurements is to chemically attach the
fluorescent probe to a functional surface.®®3%'3 Immobilising a suitable fluorophore to a
surface allows the detection of H>,O, in a way that avoids exposure to the embryo. Optical
fibores are a unique platform that provide an opportunity for surface attachment of the
fluorophore to the fibre tip.'% The fibre guides the excitation light to the fluorophore on the tip
and the reflected emission light back to the spectrometer. This allows the sensing domain of
the fibre tip to be localised at a desired location within a sample, providing an opportunity for

temporal or spatial mapping.

Immobilisation of the fluorophore onto a glass surface can be achieved covalently using a
suitable linker or by embedding it within a material attached to the surface. The fluorophore
must therefore have a functional group compatible with attachment to the linker, e.g. a
carboxylic acid for attachment to an amine-functionalised surface. The selected surface
attachment method should also involve simple, reproducible chemistry. This is necessary to
control the deposition of fluorophore on the surface and hence provide the required
sensitivity of the fibre probe to H»O,. Additionally, the layer must not absorb significant
amounts of light as this would affect the performance of the device, and a uniform layer is
necessary to avoid scattering of light. Therefore, it is important that multiple surface

attachment methods be trialled in order to obtain the most effective H,O; probe.

T This work was in part presented as a conference paper accepted for publication at SPIE Optics and
Optoelectronics, Prague, Czech Republic:

Purdey, M. S.; Schartner, E. P.; Sutton-McDowall, M. L.; Ritter, L. J.; Thompson, J. G.; Monro, T. M,;

Abell, A. D., Localised hydrogen peroxide sensing for reproductive health. Proceedings of SPIE 2015,
9506, 950614.
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Scheme 5. Representative diagram of the deposition of poly electrolyte layers poly(allylamine hydrochloride) and
poly(acrylic acid) to a glass surface. The fluorophore is attached to the amines on the final layer of
poly(allylamine hydrochloride).

Polyelectrolyte deposition (Scheme 5) is a surface functionalisation technique where layers
of positively and negatively charged polymers are deposited alternately on the glass
surface.®13° Glass has a negative surface charge, so positively charged polymers such as
poly(allylamine hydrochloride) display strong ionic interactions that immobilise the polymer to
the surface. By alternating deposition of poly(allylamine hydrochloride) with negatively
charged poly(acrylic acid), layers of positively/negatively charged polymers are built up to
evenly coat the glass. Poly(allylamine hydrochloride) also contains amine functional groups
to which a fluorophore is covalently linked, hence immobilising it on the surface. The rapid
nature of layer-by-layer deposition is an important advantage of polyelectrolytes over other
surface functionalisation techniques. Furthermore, polyelectrolytes are deposited on the
surface in an aqueous solution. This requires less complicated washing steps and does not

involve organic solvents that may be harmful in a biological environment.'3®

3-Aminopropyl triethoxysilane (APTES) is commonly used for fluorophore attachment to a
surface, e.g. attachment of metal ion sensors to microstructured optical fibres.™” 4% This
silane can be functionalised to a glass surface to create an amino monolayer (Scheme 6). It
is generally deposited on a glass surface in the absence of water to prevent self-
polymerisation.™" 42 However, self-polymerisation of APTES on glass often occurs and
forms uneven coatings, despite the widespread assumption that a single monolayer is
formed."0'3 The amine of APTES can then be attached to a carboxy-terminal fluorophore

using traditional amide coupling agents.
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Scheme 6. Surface functionalisation of a fluorophore using APTES. Deposition of APTES to the fibre surface is
performed in anhydrous conditions to avoid polymerisation and create an even monolayer.

A fluorophore can also be immobilised to a surface within a polyacrylamide matrix (Scheme
7; see also Chapter 1, Figure 17).""" Specifically, 3-(trimethoxysilyl)propyl acrylate is
deposited on the glass surface, then immersed in a solution containing the fluorophore and
monomers acrylamide and bisacrylamide. Under light-catalysis, the monomers polymerise to
form a cross-linked polyacrylamide matrix. The fluorophore is thus trapped within the matrix
and hence physically immobilised to the surface. This is a non-covalent method for linking
the fluorophore to the surface and it has been employed for pH sensing on an optical fibre tip

in biological systems,1"144-146

HN._O
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h
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Scheme 7. Formation of a polyacrylamide matrix containing a fluorophore. A silane layer is deposited with
propylacrylate functionality. The polymer is then formed on the tip by immersing the fibre tip in an aqueous
solution of acrylamide/bisacrylamide with the fluorophore and irradiating with a light source.

However, the characterisation of optical fibre surfaces functionalised with a fluorophore is

notoriously difficult using standard surface analysis techniques.'® Optical fibres are

extremely small with curved surfaces or even internal surfaces and fluid flow considerations
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in the case of microstructured fibres (MOFs). For example, typhoon imaging scans a larger
surface area and cannot precisely measure fluorescence on a fibre tip only 200 um in
diameter. Likewise, the curved internal surfaces of MOFs cannot be characterised in this
manner. Conversely, a flat macroscopic glass surface made from the same glass
composition as the fibre to be used in the sensor provides a good model for the fibre tip and
allows the use of techniques such as typhoon imaging.'’ Glass slides are useful for this
purpose and provides an opportunity to compare surface-attached and solution-based

detection using a fluorophore.

This chapter reports the rationale for selection of the aryl boronate CPF1 and its

immobilisation to glass slides and optical fibre tips for the non-invasive detection of H20-.

3.2 FLUOROPHORE DESIGN

Derivatives of PF1 (Figure 29) were selected for immobilisation to glass surfaces in this
study since aryl boronates react selectively with H,O, over other ROS.%:%+127 Fyrthermore,
this class of fluorophore effectively detected H20- in a reproductive context as demonstrated
in Chapter 2. PF1 (Figure 29) is simple and easily synthesised, however it does not contain
a suitable functional group to allow attachment to a surface. Conversely, the carboxylic acid
on CPF1 (Figure 29) can be attached to an amine-functional surface by a simple amidation.
A linker with a terminal amine could be coupled to the carboxyl group to allow different
surface attachment protocols. For example, attachment to an amine-functionalised surface
can be performed in the absence of external coupling reagents by converting the carboxyl
group of CPF1 to an N-hydroxysuccinimide (CPF1-NHS, Figure 29). CPF1 was therefore
synthesised to compare to other PF1 derivatives shown in Figure 29.

Q Q

R, 0] 0]
PF1 R=H; Ry=H "
RN R, = any group for
CPF1 R =COOH; Ry=H surface attachment
10 R=H; Ry=Br

CPF1-NHS R =CONHS; Ry =H

Figure 29. PF1 can be modified to give any of the possible structures: A carboxy functional group (CPF1),
brominated variant (10) can be synthesised for alternate attaching strategies. CPF1-NHS is a carboxy-activated
derivative of CPF1. Right (11): The lactone ring has been converted to a lactam with a functional side chain at R,
for surface attachment.

Bromo-PF1 (10, Figure 29) provides another option for surface attachment to glass. The

component bromo substituent could be coupled with an alkene-functionalised surface via a
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Heck reaction.™” Compound 10 was prepared by Tim Engler*,'® and is here compared with

CPF1 for potential attachment to a surface.

The relative sensitivity of 10 and CPF1 to H.O2 were compared in solution. Specifically,
2 mM stock solutions of 10 and CPF1 were prepared in DMSO. These were then diluted to
10 pM in a-MEM buffer solution with H>O. of concentration 0, 20, 40 or 60 pM. The
fluorescent response of each solution was recorded using a Cary Eclipse Fluorescence
Spectrometer at 37 °C with the results shown in Figure 30. 10 showed no fluorescent
response to H2O., even after 5 h incubation. Conversely, CPF1 showed a significant
fluorescent response within 1 h. This suggests that fluorescence of bromo-substituted 10 is
quenched even after reaction with H>O,, due to the presence of the 6-bromo group. The
ultimate derivative of 10 attached to the surface may not experience this quenching,
however this could not be compared to the fluorescent response of 10 in solution, whereas a
solution comparison is possible for CPF1. This result therefore suggests CPF1 is a better
candidate than 10 for surface attachment. Thus, CPF1 presents an opportunity to directly

compare the reaction of a fluorophore with H>O> in solution and on a glass surface.
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Figure 30. Fluorescent response of A) 10 to 0, 20, 40 and 60 uM H>O; over 5 h. B) CPF1 to 0, 20, 40 and 60 uM
H20, over 1 h.

Moreover, the precursor of 10 (Scheme 8) proved extremely difficult to separate from an
isomeric mixture. Multiple purifications by column chromatography gave only 5 % of the
isomerically pure 5’,6’-iodo-6-bromofluoran.'® Conversely, 5’,6'-iodo-5-carboxyfluoran (see
Scheme 8) was obtained as a single isomer by recrystallization, giving a much higher yield

of 36 %. 149150

* Timothy Engler was an Honours student at the University of Adelaide in 2012.
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Scheme 8. Retrosynthesis of PF1 derivatives. The red box highlights the 5- and 6- isomers of bromo/carboxy
diiodofluoran.

An alternative fluorophore for surface attachment is suggested in Figure 29 where the
lactone of PF1 is replaced with a lactam that provides an R, group for surface attachment.
The synthesis of lactam 11 as outlined in Scheme 8 would also avoid problems associated
with isomeric separation of the precursors of both CPF1 and 10. A model system (12,
Scheme 9) for the lactam 11 was explored using a similar fluorophore, Rhodamine B.
Rhodamine B was amidated with propargyl amine (Scheme 9) to give a Rhodamine B
alkyne (12). This compound was isolated as a light pink solid that, unlike Rhodamine B, did
not fluoresce. This lack of fluorescence is thought to arise from formation of the non-
fluorescent lactam 13 shown in Scheme 9. Other rhodamines and fluoresceins are also
known to be quenched when this corresponding carboxyl group is amidated."'52 The
lactam 11 (Scheme 8) would react with H2O- to form a fluorescein analogous to 13, which
would similarly be expected to have quenched fluorescence. Therefore, given the anticipated
shortfalls of both 10 and 11, CPF1 was selected for functionalisation to glass surfaces in this

study.
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Scheme 9. Synthesis of a Rhodamine B alkyne 13. The favoured and more stable form is the cyclised lactam
(13), which does not fluoresce. (a) 1. Oxalyl chloride, DCM, DMF, 1 h; 2. Propargyl amine, Na,CO3, DCM, 16 h,
52 % yield.

The change in absorption and fluorescence spectra of CPF1 was then measured in H2O; of
concentration 10-100 uM, to more accurately characterise its response to H.O,. Samples of
CPF1 were incubated at 37 °C with 0, 10, 25, 50, 75 and 100 yM of H,O and the resultant
fluorescence was recorded with a microplate reader over 40 min (Figure 31A). A significant
increase in absorption and fluorescence was observed after 40 min exposure of CPF1 to as
little as 10 uM of H2O,. Furthermore, higher concentrations of H.O, gave rise to a greater
fluorescent response from CPF1. The emission peak from the product of CPF1 with 100 uM
H2O. was monitored during this 40 min period. A clear, linear increase is evident in Figure
31B. Therefore CPF1 effectively detects 10 yM H20: in buffer, and a linear increase in

fluorescence is observed from samples over a 40 min period in 100 uM H20..
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Figure 31. A) Absorption and emission spectra of CPF1 in 20 mM HEPES at pH 7.4 when treated with 0, 10, 25,
50, 75 and 100 pM H»O;. B) Fluorescence over 40 min of CPF1 treated with 100 uM H2O,. Excitation was at 450
nm and emission at 520 nm with a band pass of 20 nm.

3.3 CHARACTERISATION OF CPF1 ATTACHED TO GLASS SLIDES

CPF1 was initially functionalised by polyelectrolyte deposition to glass confocal microscope
dishes, rather than optical fibre tips, as discussed in section 3.1. Each microscope dish was
immersed in a solution of poly(allylamine hydrochloride), depositing a layer of positively

charged polymer onto the negatively charged glass surface. The dishes were washed with
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Milli-Q water, then immersed in a solution containing poly(acrylic acid) in order to deposit this
negatively charged polymer layer on top of the initial positive layer. Another layer of
poly(allylamine hydrochloride) was then deposited, and CPF1 was finally coupled to this
layer using N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC-HCI) and
N-hydroxysuccinimide (NHS) (see 3.7.5.1). These functionalised dishes were then immersed
in a solution of H.O, to oxidise the CPF1 on the surface to increase the fluorescence. The
typhoon imager was then used to measure the resulting surface fluorescence, see Figure
32. A control was also established by functionalising only with polyelectrolyte layers, not
CPF1. An increase in fluorescence intensity is shown from this control to the samples with
CPF1 attached (Figure 32). This increase in fluorescence confirms that CPF1 was
deposited on the surface. The dishes functionalised with CPF1 and treated with H.O:
showed a further increase in fluorescence (Figure 32). This observed fluorescent response
indicates that CPF1 reacted with H.O, on the glass surface in a similar manner to the

solution-based studies.
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Figure 32. Characterisation of glass dish functionalised with CPF1 on polyelectrolytes. The above data is an
analysis of the fluorescence measured by typhoon imaging. Error bars represent the standard error of the mean
(SE). The control sample was functionalised only with polyelectrolytes.

Functionalised microscope dishes were then treated with lower concentrations of H20; in
order to examine its sensitivity to H2O,. These dishes were functionalised with CPF1 as
above, and 5 uL drops of bovine IVF media containing 0, 10, 50 and 100 uM of H.O, were
added. The droplets were overlaid with paraffin oil to avoid evaporation in accordance with
standard IVF experiments. These dishes were then imaged with a typhoon imager (Figure
33A) and a confocal microscope (Figure 33B-E). The results clearly show that higher
concentrations of H»O, (i.e. Figure 33E) lead to a greater fluorescence than lower
concentrations (c.f. Figure 33B-C). A clear increase in fluorescence is visible for droplets
containing 10 uM H20, (Figure 33A,C) compared to the control in the absence of H20;
(Figure 33A-B). Therefore, while bound to a surface, CPF1 effectively detects H.O, as it
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does in solution-based experiments. This also demonstrates the compatibility of surface-
bound CPF1 with experimental conditions associated with IVF.

A) B) C)
£
Tom BRI

Figure 33. A glass slide functionalised with CPF1 has several droplets with differing concentrations of H2Oa.
A) Typhoon image with concentrations increasing from left to right, top to bottom. Confocal microscope images
corresponding to these droplets show increasingly bright green fluorescence for increased concentration of H2O:
B) 0 uyM C) 10 yM D) 50 uM E) 100 pM.

3.4 ATTACHMENT METHODS OF CPF1 TO OPTICAL FIBRE TIPS

CPF1 was then functionalised to silica optical fibre tips in order to create a tip-probe for
H2.0,. Three methods of functionalisation were compared in order to produce the most
effective probe. Silica fibres (FG200UCC, Thorlabs) were selected for durability and

attenuation properties.

3.4.1 Polyelectrolyte deposition

Polyelectrolyte deposition (Scheme 5) was the first method of functionalisation investigated
on optical fibre tips. This allowed a direct comparison between the tip-probe and confocal
microscope slides functionalised in section 3.3. The fibre tips were dipped in a solution of
positively charged polymer poly(allylamine hydrochloride), then washed in Milli-Q water. The
tips were then dipped into negatively charged poly(acrylic acid) and washed in Milli-Q again.
Fifteen alternate layers of positive and negative polymers were deposited on the fibre tip.
The final three layers of the positively charged poly(allylamine hydrochloride) also contained
CPF1-NHS. This ensured a denser surface coverage of CPF1 to increase the fluorescent
signal. The distal end of these functionalised fibres were then coupled into a 473 nm light
source to detect any increase in fluorescence from the tip (see experimental section 6.5.4).
The functionalised tip of the fibre was dipped into 1 mM H>0, and the fluorescence
monitored over 20 min (Figure 34). No significant increase in fluorescence was apparent,
despite the high 1 mM concentration of H2O2. The observed unchanging signal at 515 nm
(Figure 34) corresponds to background fluorescence from the glass fibre.
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Figure 34. Poly electrolyte coating with CPF1 attached, in 1 mM HO; for 20 min. The lack of increase in
fluorescence indicates the poor signal on the fibre tip.

By comparison, the use of polyelectrolytes on glass slides (section 3.3) had been effective at
detecting an increase in H.O,. This difference could be due to the higher sensitivity of the
confocal microscope and typhoon imager used in section 3.3, compared with the lower laser
power used in this experiment that was required to minimise photobleaching on the fibre tip.
It is clear that while polyelectrolyte deposition affords an acceptable fluorescent response
from CPF1 on glass confocal microscope dishes, there is insufficient CPF1 deposited on a

fibre tip for H2O- detection.

3.4.2 Silane Monolayer Formation

The next method of functionalisation formed an amine-functional silane layer on the fibre tip
(Scheme 6). The tips were dipped into a mixture of 5 % APTES in toluene under anhydrous
conditions. The tips were washed in toluene then acetonitrile, before immersing in a solution
of CPF1-NHS in acetonitrile and washed in acetonitrile, then Milli-Q water. The distal end of
the fibre was coupled to a 473 nm laser and the functionalised tip dipped into a 1 mM
solution of H202 in bovine IVF media. The resultant fluorescence over 20 min is recorded in
Figure 35. A slight increase was observed in the fluorescence maximum at 520 nm, showing
CPF1 immobilised to the fibre tip was reacting with H>O.. However, the increase in
fluorescence that was expected should be much higher than the observed fluorescence. In
solution, CPF1 showed an increase in fluorescence upon reaction with as little as 10 yM
H2O, (Figure 31). By comparison, this surface gives a relatively poor fluorescent response
to a 100-fold greater concentration of H202. This suggests that while the APTES coating
method was superior to using polyelectrolytes, it is not sensitive enough to be an effective
tip-probe for H20o.
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Figure 35. APTES-coated fibre tip shows a poor increase in fluorescence to 1 mM H20-.

3.4.3 Light-Catalysed Polymerisation of Acrylamide/Bisacrylamide Matrix

The third functionalisation method trialled was the light-catalysed formation of a
polyacrylamide matrix on the fibre tip (Scheme 7). Fibre tips were immersed in an aqueous
solution of 3-(trimethoxysilyl)propyl acrylate to form an acrylate monolayer on the tips. Each
tip was then dipped into a solution of CPF1-NHS in acrylamide/bisacrylamide. 405 nm light
was coupled into the fibre catalysing polymerisation to the silane acrylate on the surface.
The thus formed cross-linked polyacrylamide effectively traps CPF1-NHS in the polymer
matrix, while allowing small molecules such as H20- to diffuse through it. The fibre tip was
then washed in pH 7.4 buffer and 473 nm light was coupled into the distal end of the fibre.
The functionalised tip was dipped into 1 mM H.O. and the fluorescence of CPF1-NHS was
recorded over 20 min (Figure 36).
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Figure 36. The response of CPF1-NHS in polyacrylamide to 1 mM H2O, (ex. 473 nm laser): A) Overlaid spectra
over 20 min of exposure to H>O,. B) Intensity change over time at emission peak 520 nm. The initial drop in
fluorescence at O s represents the fibre tip being dipped into solution; the fluorescence is quenched slightly in
water compared with air.
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A near linear increase can be seen in the fluorescence maximum over 20 min (Figure 36B),
indicating a kinetic response of CPF1-NHS to H.O»; similar to the initial solution-based
studies (Figure 31B). The fluorescent response of this probe using the polyacrylamide
method was roughly 100-fold greater than the probe functionalised with APTES (Figure 35).
Hence, the polyacrylamide method gives a higher surface density of fluorophore than either
APTES or polyelectrolyte functionalisation. The probe produced using the polyacrylamide

method is the most effective at detecting H-O» and produces a functional tip-probe for H20,.

3.5 USE OF OPTICAL FIBRE PROBES WITH MICROMANIPULATORS

The fibre tips functionalised with CPF1-NHS using polyacrylamide were then trialled with a
microscope setup. This aimed to validate the combination of the fibre tip-probe with the
equipment used in biological experiments. Fibres were functionalised with CPF1-NHS in
polyacrylamide as above and mounted to a micromanipulator (see experimental section
3.7.7). A sample was prepared by adding a 1 pL drop of 100 mM H2O2 embryo culture media
into a confocal microscope dish. Using the micromanipulators (with assistance from Ms.
Leslie Ritter, Dr. Erik Schartner and Dr. Melanie Sutton-McDowall¥), the fibre tip was
inserted into the droplet containing H20O. while under a microscope. The 473 nm laser source
was coupled into the distal end of the fibre and the fluorescence was recorded over 6.5 min
(Figure 37). A rapid increase in the integrated fluorescent signal was observed due to the
high concentration of H,O,. This result confirmed that micromanipulators can precisely guide

the optical fibres into a single droplet of media.
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Figure 37. Fibre tip functionalised with CPF1-NHS and dipped into 100mM H,0- using micromanipulators. A high
concentration of H,O, was used in these trials to ensure a large fluorescent response.

§ Dr. Erik Schartner is an ARC postdoctoral fellow at the Institute for Photonics and Advanced
Sensing, University of Adelaide, SA, Australia. Ms. Leslie Ritter is a research assistant in the
Robinson Research Institute, University of Adelaide, SA, Australia. Dr. Melanie Sutton-McDowall is an
ARC postdoctoral fellow in the Robinson Research Institute, University of Adelaide, SA, Australia.
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The same microscope and micromanipulator setup was then used to sense H>O» by
mimicking the release of H20- into media from a cell. A fibre, functionalised as before, was
placed in the micromanipulator and the tip inserted into a drop of embryo culture media,
under the microscope. A second micromanipulator was used to manoeuvre the tip of a
controlled liquid dispenser into the droplet, within 100 um of the fibre tip. A concentrated
solution of 100 mM H20- in the dispenser was released slowly over 5 min. Fluorescence was
monitored during this period and after the addition of the H>O- for 45 min (Figure 38). This
graph indicates that the initial addition of H>O. actually caused a rapid decrease in integrated
fluorescence within a couple of minutes. This spatially corresponded to H.O> solution flowing
directly over the fibre tip. The flow rate was clearly too high over the tip, as turbulence of the
solution caused disruption of the polymer layers on the tip, leading to a decrease in

fluorescence.
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Figure 38. Fluorescent response from CPF1-NHS on a fibre tip after dispensing 100mM H20 into the drop over
5 min.

The spatial direction of flow was then altered several times, then a gentler flow rate of H.O>
again over the tip gave rise to the large spike at 250 s (Figure 38). However, increasing the
flow rate again led to a sharp decrease in fluorescence intensity, indicating that the flow
negatively affected the polymer layers. At 500 s, the flow was ceased in order to observe the
fluorescent response from diffusion of the H.O. throughout the droplet. A more stable
fluorescence intensity signal was observed after 500 s (Figure 38, shown in red). At 1000 s,
the fluorescent intensity then began to increase. This was likely due to the dispersion of the
H20, throughout the drop of media and the fibre tip was exposed to the now diluted H-O-.

This suggests that a precise release of H20: into a droplet of media, even if not directed at



CONCLUSION 66

the fibre tip, will cause a fluorescent response within 10 min. The flow of H2O, directly over
the tip also gave a valuable insight into the effect of turbulence on the fluorescence from
CPF1-NHS in the polymer layers. By contrast, a gradual increase in fluorescent intensity
was observed due to passive diffusion which is more similar to the release expected from a
cell.

3.6 CONCLUSION

CPF1 and carboxy-activated CPF1-NHS were selected from similar aryl boronate probes
and functionalised to glass surfaces for non-invasive detection of H.O.. CPF1 effectively
detected H-O> when bound to a surface by polyelectrolyte deposition onto glass confocal
microscope dishes. Furthermore, a working optical fibre tip-probe for H>O, was
demonstrated by light-catalysed polymerisation of polyacrylamide with CPF1-NHS to the
fibre tip. The use of the polyacrylamide coating method produced a high surface density of
CPF1 on the tip, giving a greater fluorescent response to H>O, compared with
polyelectrolytes or APTES deposition techniques. This probe detected H-O, both in stock
solutions, and by passive diffusion in droplets of bovine IVF media when guided with
micromanipulators and a microscope. This shows that the fibre tip-probe effectively detects

H-0., and demonstrates its compatibility with equipment commonly used to image embryos.

3.7 EXPERIMENTAL

3.7.1 Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Bovine IVF
medium was prepared using VitroFert from IVF Vet Solutions (Adelaide, Australia); 4 mg/ml
fatty acid free BSA (ICPBio Ltd; Auckland, New Zealand); 10 IU/ml heparin, 25 yM
penicillamine, 12.5 yM hypotaurine and 1.25 pM epinephrine. Bis(acrylamide) was
purchased from Polysciences (Warrington, PA). HPLC grade toluene was purchased from
Southern Cross Science (Adelaide, AUS), and dried using a Puresolv solvent purifier from
Innovative Technology (Amesbury, MA). HPLC grade methanol and acetonitrile was
purchased from Scharlau. 200 ym core diameter multimode fibre was purchased from
Thorlabs (USA). CPF1 was prepared as described in Chapter 2.5 Milli-Q water was purified
by a Millipore purification system (Billerica, MA). Glass bottom, confocal microscope dishes
were purchased from Cell E&G (Houston TX).
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3.7.2 Synthesis

o
AT
-0

Rhodamine B Alkyne (13): Modified from a literature procedure of a similar compound.'*
Rhodamine B (958 mg, 2 mmol), oxalyl chloride (5 mL, 60 mmol) and a catalytic amount of
dry DMF (3 drops) were stirred in dry DCM (60 mL) for 1 h. Solvent removed by vacuum,
then resultant solid redissolved in dry DCM (100 mL) and anhydrous sodium carbonate
(1.06 g) added. Propargyl amine (0.64 mL, 10.0 mmol) was added dropwise over 5 min and
stirred for 20 h. NaCOs; removed by filtration, then solvent and residual propargyl amine
removed by vacuum to give a crude pink solid. This was eluted through a silica column using
1 % methanol in DCM as eluent, to give a light pink solid 22 (540 mg, 52 %) 'HNMR
(DMSO-des, 600MHz): 8(ppm) 7.80 (dd, 1H, J1=6.0 Hz J> = 1.2 Hz), 7.50 (m, 2H), 7.02 (dd,
1H, J1=6.6 Hz, J.= 1.2 Hz), 6.37 (d, 2H, J = 1.8 Hz), 6.35-6.31 (m, 4H), 3.77 (d, 2H,J =24
Hz), 3.31 (q, 8H, J = 7.0 Hz), 2.64 (t, 1H, J = 2.4 Hz), 1.08 (t, 12H, J = 7.2 Hz) ®*CNMR
(DMSO-ds, 600MHZz): d(ppm) 166.3, 153.6, 152.7, 148.4, 132.9, 129.5, 128.4, 128.3, 123.6,
122.4, 108.0, 104.3, 97.2, 78.6, 72.6, 64.0, 43.6, 28.1, 12.4. LC-MS [C31H34N30] Calculated

480.3, found 480.2.

o-B O o O Bug
o O S

0
CPF1-NHS:'?” CPF1'®® (276 mg, 0.46 mmol), EDCeHCI (157 mg, 0.77 mmol) and N-
hydroxysuccinimide (67 mg, 0.50 mmol) were dissolved in anhydrous dimethylformamide (7
mL) under nitrogen and stirred for 1 h. The reaction mixture was poured into diethyl ether
(100 mL) and washed with water (100 mL). The aqueous phase was washed with diethyl
ether (2x100 mL), the organic layers combined and dried over MgSOa. The resultant solution
was filtered, evaporated onto celite and eluted through a silica column using 1% methanol in
dichloromethane to afford an off-white solid CPF1-NHS (165 mg, 53%) '"HNMR (CDCls,
500 MHz): &(ppm) 8.32 (d, 1H, J = 8.1 Hz), 8.15 (dd, 1H, J1 = 8.0 Hz, J> = 1 Hz), 7.78 (s,
1H), 7.74 (s, 2H), 7.45 (d, 2H, J = 7.8 Hz), 6.81 (dd, 2H, J; = 7.8 Hz), 2.82 (br. s, 4H), 1.32
(s, 24H)
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3.7.3 Fluorescence Assay in Fluorimeter

The response of CPF1 and 10 to H>O, was compared using a Cary Eclipse Fluorescence
Spectrometer. CPF1 and 10 were dissolved in DMSO to 2 mM and then diluted to a final
concentration of 10 uM in separate a-MEM buffer solutions. H20> was added to give final
concentrations of 0, 20, 40 and 60 uM. Fluorescence spectra were measured after 40 min of

incubation at 37°C.

3.7.4 Fluorescence Assay in Plate Reader

The response of CPF1 to H.O> was measured using a Biotek Synergy H4 plate reader.
CPF1 was dissolved in DMSO to 2 mM, then diluted to a final concentration of 10 pM in 20
mM HEPES buffer at pH 7.4. H.O, was added to give final concentrations of 0, 10, 25, 50,
75 and 100 puM. Absorption and fluorescence spectra were measured after 40 min of

incubation at 37°C.
3.7.5 Surface Attachment Protocols

3.7.5.1 Preparation of Confocal Microscope Dishes

Confocal microscope dishes were washed with Milli-Q water before being sonicated in HPLC
grade methanol for 20 min and dried under vacuum for 1 h. Stock solutions of
poly(allylamine hydrochloride) and poly(acrylic acid) were made up to 1 mg/mL ina 1 M
sodium chloride solution. 1 mL of poly(allylamine hydrochloride) stock was carefully pipetted
onto the exposed glass surface of the cleaned confocal dish and left for 15 min. The
poly(allylamine hydrochloride) solution was decanted, and the surface carefully rinsed 4x
with 2.5 mL of Milli-Q water. 1 mL of poly(acrylic acid) stock was then pipetted onto the glass
surface and left for 15 min. After decanting, the glass was rinsed with a further 4x 2.5 mL of
Milli-Q water. A further layer of poly(allylamine hydrochloride) was deposited and rinsed as
previously described. 1 mL of an aqueous solution of EDCeHCI (1 mM), NHS (1 mM) and
CPF1 (10 uM) was pipetted onto the glass and left for 1 h. The excess was decanted and
the dish washed with 4x 2.5 mL of Milli-Q water and placed under vacuum for 12 h to

remove excess water.

5 uL droplets of Bovine IVF medium with increasing concentrations of H>O, (0-500 uM) were
added to the plates and covered with paraffin oil (Merck; Darmstadt, Germany) to eliminate
evaporation, then incubated at 38.5 °C for 1 h. The fluorescence of individual media drops
on the plates was captured using an Olympus (Tokyo) Fluoview FV10i (ex = 470 nm and

em = 500-600 nm), before being imaged on the Amersham Typhoon imager as per below.
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The fluorescence generated on the glass slides before and on reaction with H2O, was
measured using a Typhoon TM 8600 variable mode imager from Amersham Bioscience.
Excitation was performed using a 488 nm laser, and the emission measured through a 520
nm filter with a 40 nm bandwidth. Sensitivity was set to 100 um per pixel, and photomultiplier
tube voltage was 500 V. Average fluorescence intensity per mm? was collected from 100

data points and the error was calculated to give the standard error of the mean (SE).

3.7.5.2 Polyelectrolyte Deposition on Optical Fibre Tips

Stock solutions of poly(allylamine hydrochloride), poly(acrylic acid) (1 mg/mL in a 1 M
sodium chloride) and a 100 pM CPF1-NHS solution with 1 mg/mL poly(allylamine
hydrochloride) in 1M sodium chloride were prepared. The freshly cleaved tip of a length of
multi-mode fibre (200um) was immersed in the poly(allylamine hydrochloride) solution for 5
min, rinsed in Milli-Q water and then re-immersed in poly(acrylic acid) for 5 min (Scheme
10). This process was repeated 11 times to give alternating layers of poly(allylamine
hydrochloride) and poly(acrylic acid). The fibre tip was finally immersed in the poly(allylamine
hydrochloride) solution containing CPF1-NHS for 5 min and then washed and immersed in
poly(acrylic acid) for 5 min. This process was repeated to give 3 layers of poly(allylamine
hydrochloride) containing CPF1-NHS on the fibre tip, with 15 layers of poly(allylamine
hydrochloride) in total.

Poly(allylamine "@—M@_r@r
hydrochloride) @ @

Optical Fibre Surface

N\ = Poly(allylamine hydrochloride)
<\~ = Poly(acnylic acid)
Poly(acrylic acid)

CPF1-NHS/
Poly(allylamine hydrochloride)

Optical Fibre Surface

Optical Fibre Surface

Scheme 10. Representative diagram of the deposition of poly electrolyte layers poly(allylamine hydrochloride)
and poly(acrylic acid) to a glass surface. Although this schematic depicts 3 layers, 15 alternate layers of each
polymer were actually deposited on the fibre tip. The final three deposited layers of poly(allylamine hydrochloride)
contained CPF1-NHS.
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3.7.5.3 Silane Functionalisation on Optical Fibre Tips

Multi-mode fibre (200 um diameter) was cut to length and the end face was cleaved in order
to provide a clean surface. Under a dry nitrogen atmosphere, the fibre tips were washed with
ethanol followed by dry toluene for 30 min. The fibre tips were then functionalised by placing
them in a 5% mixture of (3-aminopropyl)triethoxysilane (APTES) in toluene before a further
wash with dry toluene (Scheme 11). The fibre was removed from nitrogenous atmosphere
and washed with HPLC grade acetonitrile. The tip was immersed in a mixture of EDCeHCI (1
mM), NHS (1 mM) and CPF1 (100 uM) in HPLC grade acetonitrile. The fibre tip was then

removed, washed with further acetonitrile and Milli-Q water for use on an optical fibre setup.

HoN_ HoN_ HoN

N R R O i O i
(IDH (IDH (IDH Sl,l Si Si I SIO S|,O Si
| | | |
o APTES
Optical Fibre Surface ———— > | Optical Fibre Surface — | Optical Fibre Surface |

Scheme 11. Surface functionalisation of CPF1-NHS with APTES. Deposition of APTES to the fibre surface is
performed in anhydrous conditions to avoid polymerisation and create an even monolayer.

3.7.5.4 Polyacrylamide Photopolymerisation on Optical Fibre Tips

A solution of 3-(trimethoxysilyl)propyl methacrylate in pH 3.5 adjusted Milli-Q water was
mixed and sonicated until clear. Multi-mode fibre (200 um diameter) was cut to length and
the end face was cleaved in order to provide a clean surface, then immersed in the
methacrylate solution for 1 h (Scheme 12). The fibre tip was then dried under N, rinsed with
Milli-Q water and dried under N2 again. The distal end of the fibre was then coupled into the
fibore setup shown in Figure 61 below. A monomeric stock solution comprising of 3%
bisacrylamide, 27% acrylamide and 70% pH 6.5 phosphate buffer solution was dissolved
under sonication. CPF1-NHS (0.2 mg) was dissolved in the monomeric solution (400 pL)
with triethylamine (10 uL) and 200 pL of this was pipetted into a small Eppendorf tube. The
functionalised fibre tip was immediately immersed in this solution, and irradiated under 405

nm light for 2s to form a polymeric coating on the fibre tip (Scheme 12).
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Scheme 12. Formation of a polyacrylamide matrix containing CPF1-NHS. A silane layer is deposited with
propylacrylate functionality. The polymer is then formed on the tip by immersing the fibre tip in an aqueous
solution of CPF1-NHS in acrylamide/bisacrylamide and irradiating through the fibre with a 405 nm laser source.

3.7.6 Fibre Setup

A schematic of the optical setup is shown in Figure 61, for both photopolymerisation of the

polymer using the 405 nm source, and optical measurements using the 473 nm source.

473 nm

405 nm \ 200um

S 405 DC
200um @
@ To Spectrometer

V|
Coated tip \1&" 473 LP

Figure 39. Experimental configuration for photopolymerisation, and optical measurements.

For excitation of the fluorophore for both direct attached and polymer embedded methods,
the 473 nm laser (Toptica iBeam Smart) was coupled into the distal end of the probe fibre,
with the 405 nm arm blocked. The coupled laser light then excites the fluorophore-doped
probe tip, and a portion of this fluorescent light is then captured into a back-propagating
mode in the fibre. This then passes through a 473 nm long-pass filter (Semrock EdgeBasic)
to remove excess pump light, before being coupled into a spectrometer (Horiba iHR320) via

a 200 um optical fibre patch cable.
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The same experimental configuration was used to induce photopolymerisation on the fibre
tips, with the 473 nm path blocked, and a timed shutter used on the 405 nm source to control

the deposition time of the polymer.

3.7.7 Micromanipulator Trials

Fibres functionalised as in 6.5.3.1 were attached to an Eppendorf TransferMan NK2
micromanipulator for use with a Nikon Eclipse TE2000-E microscope. 473 nm laser light
(Toptica iBeam Smart) was coupled into the fibre and the fluorescence recorded as in
section 6.5.4 with a Horiba iHR320 spectrometer.

Droplets of Bovine IVF media (1 mL) were prepared in a confocal microscope dish with or
without 100 mM H20,. The optical fibre tip was gently inserted into the droplet of media by
use of the controls on the micromanipulator. A second micromanipulator was used to move
the tip of an Eppendorf AG oil Cell Tram dispenser into the droplet of media for controlled

addition of low volumes of 100 mM H20..
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Chapter 4

A DUAL SENSOR FOR PH AND HYDROGEN PEROXIDE USING POLYMER-
COATED OPTICAL FIBRE TIPS



The difference between stupidity and genius is that genius has its limits.
Albert Einstein
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4.1 ABSTRACT

This paper demonstrates the first single optical fibre tip probe for concurrent detection of
both hydrogen peroxide (H202) concentration and pH of a solution. The sensor is
constructed by embedding two fluorophores [carboxyperoxyfluor-1 (CPF1) and
seminaphtharhodafluor-2 (SNARF2)] within a polymer matrix located on the tip of the optical
fibre. The functionalised fibre probe reproducibly measures pH, and is able to accurately
detect H>O2 over a biologically relevant concentration range. This sensor offers potential for

non-invasive detection of pH and H2O: in biological environments using a single optical fibre.

” Purdey, M. S.; Thompson, J. G.; Monro, T. M.; Abell, A. D.; Schartner, E. P. , A dual sensor for pH
and hydrogen peroxide using polymer-coated optical fibre tips. Sensors 2015, 15 (12), 31904-31913.
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4.2 INTRODUCTION

Hydrogen peroxide (H20:) and pH play vital combined roles in cellular signalling,?% 155156
tumour development'”1% and reproductive health science.'”-?4%516' For example, the
unregulated production of H,O, by an embryo is a hallmark of embryonic stress,” while pH
fluctuations during embryo culture can negatively affect embryonic development.'®? The
simultaneous detection of pH and H202 would therefore provide significant benefit in
monitoring the associated cellular processes. H.O2 and pH can be detected in cells by
specific fluorophores, measuring either an increase in fluorescence intensity,?**° or a change
in emission spectra respectively.'®31% However the use of these fluorescent probes in
applications such as in vitro fertilisation (IVF) poses significant scientific and ethical
questions, as their effect on the development of embryos is unknown. As such, direct contact
of fluorophores with an embryo is ethically unsound and not allowable in most regulatory

jurisdictions.

Optical fibre-based probes offer an attractive and non-invasive approach. Here a
fluorophore of interest can be attached to the fibre surface for localised measurement
without being released into the solution.®3°'37 Various configurations of optical fibres have
been examined for development of such fluorescent sensors, specifically; functionalized

165 and microstructured fibres.%¢187 Although

end-faces (tip sensors),'%'"% exposed core
microstructured fibre based sensors can be more sensitive than tip sensors,® filling of the
air holes with analyte is required in order to perform a measurement. This typically restricts
microstructured fibres to single temporal measurements, unless microfluidics or external
flushing systems are employed, and these may impede on the cell culture environment.
Exposed-core fibre sensors are ideal for environmental sensing and do not require
microfluidics or external flushing and offer advantages in distributed sensing. However, tip-
based sensors offer potential for temporal measurements in a single location rather than
distributed along the length, or can be repositioned to obtain a spatial map of the sample as
desired. Tip sensors often have reduced sensitivity compared to microstructured fibres, 68
especially as conventional attachment of a single layer of fluorophore to a fibre tip results in
a low signal intensity.'®® However, the signal intensity can be improved by increasing the

density of fluorophore on the fibre tip.

H»O, can be detected by aryl boronate-based fluorophores such as peroxyfluor-1 (PF1)%
and carboxyPF1 (CPF1, Figure 40).5® These aryl boronates have been shown as
particularly effective fluorescent probes for detection of H>O» in human spermatozoa and
bovine oocytes.’*17° pH can be detected using a range of fluorophores, with

seminaphthorhodofluor-2 (SNARF2, Figure 40) offering some advantages over alternative
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probes, as the ratiometric emission from this probes changes its spectral features over the
physiological pH range, with a pK, of 7.5.""" This minimises potential errors which could
arise from using a solely intensity-based probe. Additionally, its emission spectrum overlaps
minimally with the emission of CPF1,'?" allowing the separate interrogation of each

fluorophore.

CPF1 6-Carboxyfluorescein

Non-fluorescent Fluorescent
Emission: 520 nm

SNARF2 (open) SNARF2 (closed)
Low pH High pH
Emission: 600 nm Emission: 650 nm

Figure 40. Chemical structures of fluorescent probes used in this study. Carboxyperoxyfluor-1 (CPF1) reacts with
H20, to form the fluorescent 6-carboxyfluorescein. Seminaphthorhodofluor-2 (SNARF2) is found in the
protonated (open) form and lactone (closed) at low and high pH respectively.

This paper reports the first dual probe for sensing pH and the detection of H.O: by
immobilising two separate fluorophores (CPF1 and SNARF2) onto a single optical fibre tip in
a polyacrylamide matrix. The two fluorophores are attached to a multi-mode fibre tip by a
light-catalysed polymer coating,' to allow for greater control of fluorophore surface density
and thus subsequent signal intensity. This then allows detection of both H,O» and pH within
a single system.
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4.3 RESULTS AND DISCUSSION
4.3.1 Hydrogen Peroxide Detection

4.3.1.1 Detection of Biologically Relevant Hydrogen Peroxide Concentrations
CPF1 and SNARF2 immobilised on fibre tips were tested in solutions containing H2O, to
establish the sensitivity of this surface configuration. Fibre tips were first functionalised with
3-(trimethoxysilyl)propyl methacrylate, then dipped into a solution of
acrylamide/bisacrylamide with N-hydroxysuccinimide esters of CPF1 and SNARF2. The N-
succinimide esters of CPF1 and SNARF2 increase solubility in the acrylamide solution to
provide a more reproducible density of fluorophores embedded in the polymer matrix.
Excitation light (405 nm) was coupled into the distal end of the fibre and the tip irradiated for
10 s to form a polymer layer on the tip containing the fluorophores. The functionalised fibres
were dipped into a range of concentrations of H202 (0, 50, 75 and 100 pyM) in pH 7.5
phosphate buffer, and the emission peaks from CPF1 at 520 nm and SNARF at 600 and 660
nm were observed under 473 nm excitation. A low excitation power was used (27 yW) for
these trials to minimise any potential effects of photobleaching. The entire spectrum was
then integrated and normalised to the initial peak of CPF1 at 520 nm. This was necessary
because each probe has slightly different initial fluorescence values and hence raw intensity
values cannot be directly compared. Furthermore, each fibre probe was only used once for
detection of H20, to ensure maximum consistency between trials. Figure 41 shows an
increase in normalised integrated fluorescence due to CPF1 over a 20 min exposure to
H20,. This time interval was dictated by the reaction rate of aryl boronates such as CPF1
with H,0,."%°

Normalised fluorescence of CPF1 in the presence of 100 uM H.O; is greater than for the
control, which lacked H-O. (Figure 41A). This increase in fluorescence is consistent with
CPF1 reacting with H-O» on the fibre tip. Furthermore, a plot of the rate of increase in
fluorescence vs concentration of H202 (Figure 41B) clearly shows this rate increasing as the
concentration of H20; increases from 0 yM to 50 uM, 75 uM and 100 uM of H>O,. A similar
increase was observed in our previous studies on the detection of H»O, with CPF1 in

89 and we have also shown that CPF1 is able to detect relevant H»O»

solution,
concentrations in reproductive biology.'® Hence this probe exhibits sufficient sensitivity for

this biological environment.
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Figure 41. A) Integrated fluorescence intensity from CPF1 using blue excitation with varied peroxide
concentration in pH 7.5 buffer. 100 yM H;O2 shows an increased fluorescent response from the fibre without
H>0,. B) Slope of integrated fluorescence for increasing concentrations of H.O, (0, 50, 75 and 100 uM). Error
bars indicate the standard error of the calculated slope.

An initial drop in fluorescence was observed for some probes (see Figure 41A), particularly
the probe immersed in a 50 yM H20- solution. This is likely due to a change in emission
properties of the fluorophores as the probe is moved from air into the solution. A more rapid
increase in fluorescence was observed in the first 5 min, suggesting the probe is
equilibrating in the new medium. After 5 min the probes show a near linear increase in
fluorescence intensity. Thus, an incubation time of greater than 5 min is required to give an
accurate indication of the rate of increase in fluorescence due to H>O,. A plateau was not
observed over the time course of the experiment, suggesting quantitative data should be
obtained from the rate of increase in fluorescence rather than the overall increase in

fluorescence.

It is also important to note that an increase in the integrated fluorescent signal was evident,
even in the absence of H>O, (Figure 41A). A decrease in fluorescence would be expected if
photobleaching or leaching of the fluorophore from the polymer occurred over the course of
the experiment. The effect of photobleaching on CPF1 was of particular interest, since CPF1
is oxidised by H»O, to give 5-carboxyfluorescein. 5-carboxyfluorescein is known to
photobleach,'”? a process which occurs more rapidly in the presence of reactive oxygen
species such as H,0,."® In order to accurately sense H,O, with CPF1, low rates of
photobleaching must be achieved. An increase in fluorescence in the absence of H2O-
suggests that photobleaching was not occurring on the fibre during the experiment. This is
an important observation for the practical use of the probe since the fibre’s ability to sense

accurately would be reduced by photobleaching of the fluorophores on the fibre tip.
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4.3.1.2 Effect of Change in pH on Detection of Hydrogen Peroxide

The effect of pH on the detection of H2O, in fibre was next investigated by immersing
functionalised fibre tips in solutions of H2O. of differing pH. Fibre tips were functionalised
with CPF1 and SNARF2 as before and separately immersed in 100 uM separate solutions of
H2.0O, at a pH of 7.05, 7.55 or 8.05. A 470 nm light source was coupled into the fibre for
excitation and the increase in fluorescence was recorded over 20 min. All spectra were
integrated and normalised as before, with the results shown in Figure 42A. The rate of
increase in fluorescence was calculated as depicted in Figure 42B. The observed rate at pH
8.05 was 1.5 times greater than the rate observed at pH 7.05 (Figure 42B).
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Figure 42. Response of CPF1 to 100 uM H»O; in solutions that varied in pH. A) Integrated fluorescent responses
of probes to 100 yM H2O3 in pH 7.05, 7.55 and 8.05 over 20 min using blue excitation. B) Rate of increase in
fluorescence of each probe with H>O; in each of the 3 pH solutions. Error bars indicate the standard error of the
calculated slope.

The reaction rate of aryl boronates (such as CPF1) with H2O2 is higher in more basic

74 CPF1 reacts with the conjugate base of H.O. (hydroperoxide ion HOO")*® to

solutions.
give fluorescent 5-carboxyfluorescein. As the pH increases, more H>O. dissociates into its
conjugate base, HOO~. The concentration of HOO~ available to react with CPF1 will
therefore be higher in more basic solutions, accounting for the observed upward trend in
rates due to increasing pH (Figure 42B). Furthermore, the product of CPF1 with H205 is a
carboxyfluorescein, and fluorescein exhibits different quantum vyields of fluorescence at
differing pH.'” Thus, the pH of the solution is highly pertinent to the accurate detection of
H20,. This is further highlighted by a comparison of rates of increase in fluorescence at
different pH and H20. concentration, shown in Figure 41B and Figure 42B. A rate of
approximately 1.2 a.u./min was calculated for a 100 yM solution of H2O; in pH 7.05 (Figure
42B). However, a similar rate was calculated for a 50 uM solution of H>.O, at a pH of 7.55
(Figure 41B). The observed rate in these experiments is clearly dependent on the pH, in

addition to the concentration of H20.. It is hence necessary that the pH of a solution must be



A DUAL SENSOR FOR PH AND HYDROGEN PEROXIDE USING POLYMER-COATED OPTICAL FIBRE
TIPS 85

known in order to calculate an unknown concentration of H>O- resulting from an increase in
fluorescence. Therefore it is critical that the probe also incorporates a pH sensitive
component to accurately determine the H.O, concentration. This improves upon many
systems for detection of H2O; that do not simultaneously measure pH, despite the reported

effect on H-O, detection.°
4.3.2 pH Sensing

4.3.2.1 Initial pH Sensing

The sensitivity of these functionalised fibre tips was defined across a series of solutions of
differing pH, ranging from 6.5 to 8.5. Fibres functionalised with CPF1 and SNARF2 as before
were dipped into phosphate buffer solutions of each pH. 532nm light attenuated to 13 yW
was coupled into the fibre for excitation, and the fluorescent signal from immobilised
SNARF2 was collected after 1 min equilibration time. The fibre was removed from solution,
dried, and immersed in a subsequent buffer solution. Two fibre probes were calibrated in this
way using sixteen buffer solutions ranging from pH 6.5 to 8.5 as shown in Figure 43. This
broad pH range (6.4-8.5) was chosen in order to demonstrate the potential of the probe in
biological applications beyond the narrower constraints of an embryo. Five additional probes
were then calibrated in selected solutions across this range (see fibres 3-7 in Figure 43B).
The fluorescence spectra were recorded as shown in Figure 43A. The probe exhibits a
decrease in intensity of fluorescence at 600 nm as the pH increases, with an increase in

intensity at 660 nm.
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Figure 43. pH response of SNARF2 embedded in polyacrylamide on fibre tip to varied pH. A) Emission spectra
of SNARF2 in various pH buffers. B) Ratio of emission peak intensities 600/660nm shown with over multiple
trials. The effect of noise was reduced by taking the mean of eight values between 598-602 nm and 558-662 nm.
Error bars represent the standard deviation of these values.

The pH of the buffer was correlated with the observed fluorescent signal by calculating the

ratio of intensities at 600 nm and 660 nm for each spectrum (Figure 43B). This analysis
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revealed an inverse correlation between this fluorescent ratio and pH of the solution. The
plot also shows a linear trend over the pH range 7.0 to 8.0 and indicates that the sensor
should be of use for determining the pH of a biological sample near physiological pH.
Moreover, multiple fibre trials produced similar pH calibration curves (Figure 43B) showing
good reproducibility between fibres. This data also indicates that SNARF2 bound to a fibre
tip behaves as in solution.'” Therefore, SNARF2 effectively senses the pH of a buffer

solution when embedded in polyacrylamide on a fibre tip.

4.3.2.2 pH Sensing Before and After Detection of Hydrogen Peroxide

The functionalised fibre probes were used to sense pH before and after immersion in HzOg,
in order to determine if this affected the pH sensing capability. Each fibre was functionalised
with CPF1 and SNARF2 and calibrated in phosphate buffer solutions of known pH as
described in section 3.2.1. The fibre tips were then immersed for 20 min in one of three H20»
solutions: 100 uM solution of H20- in pH 7.55 buffer, 50 yM H203 in pH 7.55 buffer or 100
MM H202 in pH 7.05 buffer. These conditions represent the range of conditions that the
probe may experience in unknown samples. Each probe was calibrated again in phosphate
buffer solutions as above. The resulting pH calibration curves were plotted for each probe

both before and after immersion in H2O2 (Figure 44).

The fluorescent ratios shown in Figure 44A show minimal changes before and after
immersion in 100 uM H20; in pH 7.55. This indicates that reaction of H,O, with CPF1 does
not affect the sensing of pH by SNARF2. Figure 44B reveals similar fluorescent ratios
before and after immersion in 50 yM H>O- in pH 7.55 buffer. H>O» again does not affect the
sensing of pH over the tested concentration range, 50 uM to 100 pM H>O. Figure 44C
shows the fluorescent ratios of SNARF2 on fibre tips before and after immersing in 100 uM
H.O2 in pH 7.05 buffer. As per the previous results, the fluorescent ratio curves did not
change significantly after immersion in H.O.. Importantly, immersing the probe into a
solution containing H-O» does not affect the pH sensing capability of the probe. This
demonstrates that SNARF2 can be used on optical fibre tips for sensing pH independent of
the detection of H.O, by CPF1.
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Figure 44. Sensing of pH before and after immersion in H>O,. Each graph plots the ratio of emission peaks of
SNARF2 at 600/660 nm with the pH of the buffer solution tested, before and after solutions: A) 100 uM solution
of H2O2 in pH 7.55 buffer; B) 50 uM H2O- in pH 7.55 buffer; C) 100 uM H203 in pH 7.05 buffer. Three different
samples were trialled before and after H,O, solutions to demonstrate the independence of the result to
concentration of H2O» or the pH of the H>0- solution. The mean of eight values between 598-602 nm and 558-
662 nm to reduce any effect of noise. Error bars represent the standard deviation of these values.

4.4 CONCLUSION

The tip of an optical fibre has been functionalised with two separate fluorophores, CPF1
and SNARF2 embedded in polyacrylamide, in order to allow measurement of the H.O»
concentration and pH simultaneously. The probe is demonstrated to effectively detect H.O-
over a physiological pH range. The probe shows a minimum detectable concentration of 50
MM H20; at pH 7.5, and pH was measured repeatedly over the range 6.5-8.5 with resolution
of 0.1 pH units. Each fluorophore was used in tandem by alternating excitation sources, i.e.
blue excitation to interrogate CPF1 for H20. detection, and green excitation for SNARF2 to
sense pH, with minimal cross-talk. The combination of pH and H.O. detection also
addressed the crucial issue of accurate measurement of H>O, in solutions with varying or
unknown pH, where the pH of the solution alters the apparent H>O, concentration. This is
the first example of a dual pH and H2O, probe and is an important proof of concept for the
detection of pH and H-2O- in ethically complex biological environments such as found in an

IVF laboratory.
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This probe could find potential application if placed near the cumulus cells of an oocyte
for monitoring of extracellular pH and H20: fluxes during fertilisation and during early
embryonic development. Tapering of the fibre tip could also increase the resolution from 200
um to a few micron if required.'® This fibre probe may offer potential not only in embryology,
but a range of biological applications whereby the system must remain isolated from any

external agents such as organic fluorophores.
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4.7 METHODS

4.7.1 Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Bis(acrylamide)
was purchased from Polysciences (Warrington, PA). HPLC grade acetonitrile was purchased
from Scharlau. 100 mM Phosphate buffer solutions were prepared from monosodium
phosphate and disodium phosphate in Milli-Q water. Multimode fibre (200 um core diameter,
FG200UCC) was purchased from Thorlabs (USA), with one end connectorised for

attachment to the optical setup.

4.7.2 Polyacrylamide Photo-polymerisation on Optical Fibre Tips

A solution of 3-(trimethoxysilyl)propyl methacrylate (5 uL) in 10 % acetic acid solution (30
uL) and ethanol (1 mL) was mixed and sonicated until clear. Multi-mode fibre was cleaved
and each segment immersed in the methacrylate solution for 1 h. The fibre tip was then
dried under N, rinsed with Milli-Q water and re-dried under N2. The distal end of the fibre
was coupled into a 405 nm source (Crystalaser 405 nm) using a 10x microscope objective. A
monomeric stock solution comprising of 3 % bisacrylamide, 27 % acrylamide and 70 % pH
6.5 phosphate buffer solution was dissolved under sonication. CPF1-NHS (0.2 mg), and
SNARF2-NHS (0.2 mg) were added to this solution (400 pL) and 200 uL of the resulting

solution was pipetted into a small Eppendorf tube. Triethylamine (10 uyL/mL) was added to
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the mixture, and the fibre tip was immersed in this solution exactly 60 s after addition of the
triethylamine and immediately irradiated under 405nm light for 10 s at 13.4 mW, to form a

polymeric coating on the fibre tip.

4.7.3 Optical Measurements

The experimental configuration used for optical measurements is shown in Figure 45.

447/60 BP

Blue LED Bifurcated Fibres

532 laser

Spec

488/532 LP Polymer
Coated Tip

Figure 45. Experimental configuration for optical measurements of the combined pH/peroxide sensor. The blue
LED source was used to illuminate the peroxide sensitive CPF1 fluorophore, while the green excites the pH
sensitive SNARF2.

A 470 nm blue LED source (Thorlabs M470F1) with an appropriate bandpass filter (Semrock
Brightline 447/60) was coupled into one input of a bifurcated fibre (Ocean Optics 200 um,
UV/VIS). Attached CPF1 was then excited with light from a 532 nm green laser (Crystalaser
25 mW) coupled into the other input for excitation of the SNARF2. An additional bifurcated
fibore was used to connect the excitation sources to the sensing fibre, with the remaining
input connected to the input of the spectrometer (Horiba iHR550, Synapse detector). Long-
pass filters were inserted directly into the spectrometer input cage, with 488 nm (Semrock
488 nm Edgebasic) and 532 nm (Semrock 532 nm Razoredge) used for peroxide and pH

respectively.

The two excitation channels were controlled independently, with only one excitation
wavelength used at any particular time to excite either the peroxide or pH channel. The
corresponding emission filter was used with each excitation source to attenuate residual
pump light from the fibres. The use of connectorised fibres and multi-mode fibres greatly
simplifies the measurement procedure, as no adjustments or realignment are required when

swapping between pH and peroxide measurements.
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4.8 SUPPLEMENTARY INFORMATION

4.8.1 Synthesis of CPF1 and SNARF2

CPF1 N-hydroxysuccinimide ester (CPF1-NHS) was prepared using a modification of a
literature procedure:'?” CPF1'** (276 mg, 0.46 mmol), EDCHCI (157 mg, 0.77 mmol) and N-
hydroxysuccinimide (67 mg, 0.50 mmol) were dissolved in anhydrous dimethylformamide (7
mL) under nitrogen and stirred for 1 h. The reaction mixture was poured into diethyl ether
(100 mL) and washed with water (100 mL). The aqueous phase was washed with diethyl
ether (2x100 mL), the organic layers combined and dried over MgSOa. The resultant solution
was filtered, evaporated onto celite and eluted through a silica column using 1 % methanol in
dichloromethane to afford an off-white solid CPF1-NHS (165 mg, 53 %) The product was
then characterised by 500 MHz 'HNMR in CDCl; for comparison to literature [1]: d(ppm)
8.32 (d, 1H, J = 8.1 Hz), 8.15 (dd, 1H, J1 = 8.0 Hz, J> = 1 Hz), 7.78 (s, 1H), 7.74 (s, 2H), 7.45
(d, 2H, J =7.8 Hz), 6.81 (dd, 2H, J;1 = 7.8 Hz), 2.82 (br. s, 4H), 1.32 (s, 24H)

SNARF2 N-hydroxysuccinimide ester (SNARF2-NHS) was prepared according to
literature.'” The solid product was characterised by 500 MHz "HNMR in de-acetone for
comparison to literature: &(ppm) 8.65 (s, 1H), 8.50 (d, 1H, J = 9.1 Hz), 8.48 (d, 1H, J = 8.1
Hz), 7.59 (d, 1H, J = 7.9 Hz), 7.38 (d, 1H, J = 8.7 Hz), 7.32 (dd, 1H, J1 = 9.0 Hz, J> = 2.3 Hz),
7.25 (d, 1H, J = 2.2 Hz), 6.84-6.81 (m, 2H), 6.78 (d, 1H, J =9 Hz), 6.58 (dd, 1H, J1 =9 Hz, J,
= 2.5 Hz), 3.74 (br. s, 4H), 3.49 (q, 4H, J = 5.3 Hz), 1.21 (t, 6H, J = 4.9 Hz)
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4.8.2 Fluorescence Spectra of Functionalised Fibre Tips
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Figure 46. Fluorescence spectra of functionalised optical fibre dipped into various solutions: pH 6.5 and 8.4 in
the absence of HyO, excitation 532 nm. Initial (0 min) and final (20 min) when in 100 uM H.O, at pH 7.4,
excitation 488nm. The spectra were normalised at the fluorescent peak of 600 nm for visual comparison.

Figure 46 shows the normalised fluorescent spectra of the fibre probe when excited with
either 488 or 532 nm. It clearly shows the ability of the probe to distinguish the SNARF2
signal (532 nm excitation) from the increase in fluorescence from CPF1 (473 nm excitation).
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Figure 47. Fluorescent ratio of probes dipped into solutions of varying pH multiple times to determine if any
hysteresis is shown.

Figure 47 shows the fluorescent ratio of functionalised probes dipped first into a solution pH

6.5, then into a pH 8.0 buffer. After the basic solution, probes were then inserted into the pH
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6.5 solution a second time and finally into the pH 8.0 buffer. The graph exhibits a good
correlation between each on both ascending in basicity and descending, suggesting the

probes suffer from minimal hysteresis.
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5.1 ABSTRACT

The detection of hydrogen peroxide (H20O2) is critical in the study of oxidative stress in
biological environments. This paper presents a comparison of two new cell-permeable
boron-dipyrromethene (BODIPY) based fluorescent probes for the detection of H2O2. The
aryl boronate PeroxyBODIPY-1 (PB1) gives a greater change in fluorescence upon reaction
with H202 and was able to detect H.O in denuded bovine oocytes. However the benzil,
nitrobenzoylBODIPY (NbzB), exhibits exclusive selectivity for H,O2 over other ROS. This
crucial comparison reveals the importance of selecting the appropriate fluorophore for a

given biological application.

T Purdey, M.S.; McLennan, H.J.; Sutton-McDowall, M.L.; Abell, A.D.; Aryl boronate and benzil
BODIPY-based probes for hydrogen peroxide. 2015 In Preparation
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5.2 COMMUNICATION
Hydrogen peroxide (H202) is an important reactive oxygen species (ROS) that acts as both

76 and a causative of oxidative stress.' Such cellular stress can have

an cell signaller
serious consequences to cell function, for example it is known to result in defective sperm
function® and compromised embryonic development” in reproductive biology. The detection
of H203 is thus of real importance in understanding both the mechanisms of oxidative stress

and a range of important cellular signalling processes.
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Figure 48. Fluorescent probes. 2’,7’-dichlorohydrofluorescein diacetate (DCFH) is a general ROS probe, PF1 is

an aryl boronate probe that selectively targets H,O, and NbzF is a benzil that shows selectivity for H,O, over all
other ROS. Highlighted in red are the fluorescein and BODIPY cores.

Fluorescent probes, such as those shown in Figure 48 are commonly used for in situ
detection of H,O, and real-time monitoring of associated processes within a cell. In each
case, the fluorophore functions by giving a measurable change in fluorescence on reaction
with H2O2, Many of these probes (e.g. 2’,7’-dichlorohydrofluorescein diacetate DCFH, see
Figure 48) react with a range of ROS, however the aryl boronates3®'53'77 (e.g. peroxyfluor-

1, PF1) and benzil-based probes'®'% (e.g. NbzF) exhibit selectivity for H.O. over other
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ROS."> The aryl boronates react with H,O; to form a phenol;*>'% e.g. the weakly fluorescent
probe PF1 is irreversibly oxidized to give a fluorescent fluorescein derivative (Figure
48).949%9 The nitro-benzyl group of NbzF quenches fluorescence by donor-excited photo-
induced electron transfer (d-PET), an effect that is lost after reaction with H2O,, giving a

measurable increase in fluorescence.'®

Although many studies have reported new aryl boronate*® or benzil probes,’ to date no
meaningful comparison has been made between the two classes of probes. As detection of
H20: is vital in many applications, there is a real need to directly compare aryl boronate and

benzil fluorescent probes with regards to their reaction for H>O-.

Two new probes, peroxyBODIPY-1 (PB1) and nitrobenzoyl-BODIPY (NbzB) are reported
here that allow a direct and meaningful comparison of an aryl boronate (PB1) with a benzil
(NbzB) (Figure 48). The boron-dipyrromethene (BODIPY) fluorescent core structure was
selected for this comparative study because of its stability under physiological conditions and
an ability to tune its excitation and emission properties with minor structural modifications.*?
H20O2-sensitive boronate and para-nitrophenyl diketone groups were attached at R» of the
common BODIPY core (see Figure 48) of PB1 and NbzB, respectively. PB1 and NbzB
were also designed to allow future chemical modification of the BODIPY core. For example,

178

it is known that substituents at Ry can affect excitation and emission wavelengths,'”® and

photostability.2

PB1 and NbzB were synthesised from a common intermediate 16, which was itself readily
prepared on reaction of 2,4-dimethylpyrrole 14 with 4-iodobenzoic acid 15, see Scheme 13.
Reaction of 16 with bis(pinacolato)diboron under Suzuki conditions gave PB1 in a 48 %
yield. Alternately, reaction of intermediate 16 with 4-ethynyl-1-nitrobenzene 17, under
Sonigashira conditions, gave 18 as an immediate precursor to NbzB. The alkyne of
compound 18 was oxidized with DMSO and PdCl; to give NbzB in 54 % yield over two steps

from intermediate 16.
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Scheme 13. Synthesis of BODIPY-based H;O; sensors. (i) 1.CHCIs, r.t., 72 h; 2.EtsN, BF3.Et;0, r.t.,, 24h. (i)
Pd(dppf)Cl2, KOAc, DMF, 100 °C, 2h. (iii) PdCl(PPhs),, Cul, EtsN, THF, r.t., 16h. (iv) PdClz, DMSO, 145 °C, 4h.

A direct comparison of PB1 with NbzB chiefly involves determining the response of each to
H-O.. PB1 was reacted with five different concentrations of H.O2 (ranging from 5 to 100 uM)
and the fluorescent responses were measured after 50 min. The resultant plots shown in
Figure 49A clearly reveal that fluorescence decreases as the concentration of H20-
increases. A significant reduction in fluorescence was evident at the lowest concentration
(5 uM) of H20,, a level of detection consistent with reports on other aryl boronate probes.>
The absorption spectrum of PB1 was also measured over the course of the above
experiment, and does not change for all concentrations of H.O, (see Supplementary
Information Figure 52).

The second probe, benzil NbzB, gave an increase in fluorescence with increasing
concentrations of H2O2 (from 5 yM to 100 uM) as shown in Figure 49B. Again, NbzB was
sensitive to 5 yM H20», as per the literature fluorescein-based benzil probe NbzF.'” NbzB
presents approximately 1.75-fold increase in fluorescence on incubation with 100 pM H2O-
(Figure 49B). This contrasts the change in fluorescence shown by PB1, that was a >5-fold
decrease in fluorescence (Figure 49A). The fluorescent responses of PB1 and NbzB

incubated with lower concentrations of H.O: also reflected this trend.
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Figure 49. Response of PB1 and NbzB to 0, 5, 10, 25, 50, 75 and 100 pyM of H>O; over 50 min in 100 mM
phosphate buffer at pH 7.4. (A) Decrease in fluorescent spectra of PB1 when incubated with H,O- (excitation 470
nm). PB1 is oxidized by H>0O- to give the alcohol 19 as shown. (B) Increase in fluorescent spectra of NbzB when
incubated with H2O, (excitation 470 nm). NbzB is oxidized by H,0- to give the acid 20 as shown.

The selectivity of PB1 to a range of other ROS [hydroxyl radicals ("OH), hypochlorite (FOCl),
tert-butyl hydroperoxide (TBHP), nitric oxide (NO), superoxide (O2™) and peroxynitrite
(ONOO7)] was also investigated. Each ROS (100 uM) was incubated with separate samples
of PB1 and the resultant fluorescent responses measured. The results shown in Figure 50A
clearly show that PB1 is more sensitive to H.02 compared to the other six ROS, with some
decrease in fluorescence observed for ONOO~ and "OH but not “OCI, TBHP, NO and O:".
Thus PB1 has good selectivity for H2O2 over most ROS with the exception of ONOO™.

NbzB was also incubated with 100 uM solutions of ‘OH,"OCI, TBHP, NO*, Oz~ and ONOO-
and the resultant fluorescence spectra compared in order to define the probes selectivity
profile (see Figure 50B). Little difference in fluorescence was apparent for samples
incubated with *OH, “OCI, TBHP, NO*, Oz~ and ONOO~. Thus NbzB shows high selectivity

103 and is more

for H202, similar to probe NbzF that has the same benzil-activating group,
selective for H,O2 than PB1. This observation is supported by literature, which suggests that

benzil-based probes'®1% generally exhibit a higher selectivity for HO over other ROS than
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do the aryl boronate counterparts.’® Benzil-based probes such as NbzB are therefore well

suited to applications where a high degree of selectivity for H,O- is required.
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Figure 50. Response of PB1 and NbzB to H,O, and hydroxyl radicals (*OH), hypochlorite (“OCI), tert-butyl
hydroperoxide (TBHP), nitric oxide (NO*), superoxide (O2*") and peroxynitrite (ONOO~). Samples were exposed
to 100 uM ROS over 50 min in 100 mM phosphate buffer at pH 7.4. Excitation was set at 470 nm, and emission
was collected at 510 nm. (A) Fluorescent quenching of PB1 when incubated with 100 uM ROS. (B) Fluorescent
quenching of NbzB when incubated with ROS.

PB1 and NbzB were then tested in vitro with bovine oocytes, a species noted for poor
permeability of fluorophores into the cell. Oocytes were matured in vitro and denuded of
cumulus cells before incubating in the absence or presence of 1 mM H>O, for 30 min at
38°C. The oocytes were washed and then stained with either PB1 or NbzB and incubated
for a further 30 min. Confocal microscopy was used to image the oocytes, with
representative results shown in Figure 51 (see supplementary information, Figure 53, for
population average). Both PB1 and NbzB clearly permeate into the oocytes. The
fluorescence intensity of oocytes stained with PB1 decreased significantly from absence of
H.O- (Figure 51A) compared to in the presence of H.O; (Figure 51B). Conversely, oocytes
stained with NbzB only showed a minor increase in fluorescence when treated with H.O;
(Figure 51C and D). Thus PB1 is more sensitive to H-O» than NbzB in vitro. The confocal
images of oocytes (Figure 51) also reveal that NbzB is localised close to the cell membrane,

whereas PB1 exhibits higher fluorescence across the diameter of the cell.



ARYL BORONATE AND BENZIL BODIPY-BASED PROBES FOR HYDROGEN PEROXIDE
105

Intensity (a.u.)
300

Intensity (a.u.)
300

Figure 51. Confocal microscope images of denuded bovine oocytes stained with PB1 and NbzB (exc. 490 nm,
em. 509 nm). The intensity of fluorescence across the diameter of each oocyte is plotted for comparison. A) PB1
stain in absence of H>O,. B) PB1 stain after H,O, treatment. C) NbzB stain in absence of H>O,. D) NbzB stain
after H2O, treatment.

5.3 CONCLUSIONS

The aryl boronate-based PB1 and benzil-based NbzB show good selectivity for H.O» over
other ROS, with a sensitivity limit of at least 5 uM of H.O.. NbzB has the advantage of
showing enhanced selectivity for H,O, over other ROS. However, PB1 has somewhat higher
sensitivity with a greater fluorescent response and is as such effective at detecting H20: in
bovine oocytes. This crucial comparison presents the advantages of these two probes for
given biological applications and suggests aryl boronates show greater sensitivity to H2O>

than benzils in bovine oocytes.
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5.5 SUPPLEMENTARY INFORMATION

5.5.1 Materials

All reagents were purchased from Sigma-Aldrich unless otherwise stated. Tetrahydrofuran
(THF) was purchased from Scharlau and dried using an Innovative Technology Pure-Solv
solvent purification system. Davsil silica gel (40-63 pm) was used for column
chromatography. 'H and ®C NMR spectra were recorded in CDCl; (Cambridge Isotope
Laboratories, Cambridge, MA) at 26 °C on an Agilent Technologies 500 MHz NMR with DD2
console, then analysed using Bruker TopSpin 3.2. FTIR spectra were recorded using a
Perkin Elmer Spectrum 400 FT-IR/FT-FIR Spectrometer. High resolution mass spectrometry
(HRMS) samples were recorded using an Agilent 6230 TOF LC-MS. All analytical reverse-
phase HPLC was performed using an Agilent 1260 Infinity Analytical HPLC, using a
Phenomenex Luna 5u C18(2) 100A column. Samples were run in a gradient of 10-100%
acetonitrile in water over 15 min. Bovine IVF medium was prepared using VitroFert from IVF
Vet Solutions (Adelaide, Australia); 4 mg/ml fatty acid free BSA (ICPBio Ltd; Auckland, New
Zealand); 10 IU/ml heparin, 25 pM penicillamine, 12.5 uM hypotaurine and 1.25 pM

epinephrine.

5.5.2 Calibration of PB1 and NbzB in Hydrogen Peroxide

A stock solution of approximately 100 mM H2O- in Milli-Q water was prepared from a 30%
H20: solution in water and the exact concentration was determined by UV absorption at 240
nm (g220 = 43.6 M'cm™) using a Cary UV-Vis-NIR 5000 Spectrophotometer. PB1 and NbzB
were separately added to a 96-well plate in 100 mM phosphate buffer at pH 7.4 to give a
final concentration of 10 uM of each probe. Samples were treated with 0, 5, 10, 25, 50, 75 or
100 uM of H203 in a 96-well plate. The resultant absorption and/or fluorescent spectra were
monitored using a Biotek Synergy H4 fluorescence plate reader (fluorescence excitation 490

nm) over 50 min. All experiments were performed in triplicate and the results averaged.
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Figure 52. Oxidation of PB1 to 11 with H2O, after 50 min in 100 mM phosphate buffer at pH 7.4. Absorption (left)
and fluorescence (right) spectra of PB1 when incubated with 0, 5, 10, 25, 50, 75 and 100 pM H202 (fluorescence
excitation 470 nm). This shows the clear quenching of fluorescence with increasing H-O2, however there is no
change in the absorption spectrum.

5.5.3 ROS Selectivity Study
Solutions of PB1 and NbzB in 100 mM phosphate buffer at pH 7.4 were treated with 100 uM
of ROS: H.02, ONOO~, ~OCl, ‘OH, Oz, NO, and tert-butyl hydroperoxide (TBHP). A stock
solution of approximately 100 mM H.O in Milli-Q water was prepared from a 30% H20:
solution in water and the exact concentration was determined by UV absorption at 240 nm
(€240 = 43.6 M'cm™") using a Cary UV-Vis-NIR 5000 Spectrophotometer. A stock solution of
NaOCI was similarly prepared and the “OCI concentration determined by UV absorption at
292 nm (g202 = 350 M'em™). A solution of ONOO~ was prepared by a known method,” and
its concentration determined using UV absorption at 302 nm (&3, = 1670 M'cm™). *OH was
produced by the Fenton reaction of 100 pM H202 with 1 mM FeClO4. O2™~ was also produced
by a known method,® using a xanthine/xanthine oxidase system for production of O, and
catalase as a scavenger for any H20. produced. NO was generated from S-
nitrosoglutathione, and TBHP was diluted from a stock solution. The ROS were added to
each probe and the fluorescence was monitored using a Biotek Synergy H4 fluorescence
plate reader (excitation 490 nm, emission 510 nm) over 50 min. All experiments were

performed in triplicate and the results averaged.

5.5.4 Detection of H20: in Bovine Oocytes

Bovine oocytes were denuded of cumulus cells and matured in vitro for 24 h at 38 °C in
bovine IVF media according to literature procedures. Half of the oocytes were then treated
with 1 mM H2O- and then incubated for a further 30 min. Oocytes were then transferred to

solutions containing either PB1 or NbzB at a concentration of 10 uM in Bovine IVF media.
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These were then incubated for 30 min, before transferring oocytes from each treatment
group into 5uL drops in glass-bottom confocal dishes (Cell E&G; Houston, TX). These
droplets were overlaid with oil and the fluorescence from each oocyte was captured using a
FluoView FV10i confocal microscope and accompanying software (Olympus; Tokyo, Japan).
Both PB1 and NbzB were measured using 490 nm excitation and 509 nm emission filters.
Microscope settings, including laser intensity and image size were kept constant while
imaging. Quantification of the fluorescence was calculated using ImageJ software (National
Institutes of Health, Bethesda, MD). The fluorescence intensity across the diameter of the
oocyte was calculated, and an average for each treatment group is presented in Figure 53.

Representative graphs and images are presented in the manuscript in Figure 51.
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Figure 53. Average of the fluorescence intensity across the oocyte populations of each treatment group. A) PB1
with and without treatment of H,O, — a significant decrease was shown after treatment, which agreed with
fluorescence studies in the absence of cells. B) NbzB with and without treatment of H,O, — no significant
increase was seen, although a slight increase is suggested. This agrees with solution based studies shown in
Figure 49.
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5.5.5 Synthesis

Compound 16: (Synthesised as per literature®®) 4-lodobenzoic acid (496 mg, 2 mmol) was
dissolved in anhydrous CHCIz (20 mL) under argon atmosphere. Thionyl chloride (4 mL) was
added whilst stirring and the resultant solution was refluxed for 1 h. The reaction mixture was
evaporated to dryness to produce crude 4-iodobenzoyl chloride which was used without
further purification. Crude 4-iodobenzoyl chloride was dissolved in CHCI3; (25 mL), and 2,4-
dimethylpyrrole (412 uL, 4 mmol) was added under N2 and the reaction mixture was stirred
at room temperature for 3 days. Triethylamine (1.5mL) and BF3.Et;O (2mL) were added
dropwise and the solution was stirred for a further 24 h. The crude product was eluted
through a silica column using 3:1 PET ether:CHCI; to afford 3 as an orange solid (298 mag,
33 %) 'HNMR (CDCls, 500MHz): 8(ppm) 7.84 (2H, d, J = 8.0 Hz), 7.04 (2H, d, J = 7.5Hz),
5.99 (2H, s), 2.55 (6H, s), 1.41 (6H, s).

PeroxyBODIPY-1 (PB1): BODIPY phenyl iodide 16 (54 mg, 0.12 mmol),
bis(pinacolato)diboron (121 mg, 0.48 mmol), potassium acetate (107 mg, 1.12 mmol) and
Pd(dppf).Cl. were combined in a heavy-walled microwave reaction vial. The solution was
dissolved in dry DMF (2 mL) and sealed with a Teflon cap in an inert N> atmosphere. The
vial was heated under microwave irradiation at 100 °C for 2 h. The resultant dark brown
solution was poured into saturated sodium bicarbonate (15 mL), and extracted with DCM (15
mL, 2 x 10 mL). The combined organic layers were dried over MgSO4 and solvent removed

under reduced pressure. The crude product was eluted through a silica column using 1:1
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PET ether:CHCI; to afford PB1 as a light orange solid (54 mg, 48 %). '"HNMR (CDCls,
500MHz): 6(ppm) 7.90 (2H, d, J =7 Hz), 7.29 (2H, d, J = 7 Hz), 5.96 (2H, s), 2.55 (6H, s),
1.38 (12H, s), 1.36 (6H, s). *CNMR (CDCls, 125MHz): 8(ppm) 155.5, 143.2, 141.6, 137.9,
135.4, 131.2, 127.3, 121.2, 84.15, 25.0, 14.6 (t, J = 10 Hz), 14.5. HRMS-ESI: calculated
451.2539, found 451.2521. IR (dry film) vmax: 2978 (CH, aliphatic), 1543, 1511 (C=C), 1470,
1398, 1360, 1307, 1260, 1194, 1157, 1144, 1084, 982, 858, 835, 719. HPLC retention time
25.1 min; purity 94%.

Compound 18: BODIPY phenyl iodide (42 mg, 0.095 mmol), 4-nitroethynyl benzene 17 (17
mg, 0.11 mmol), PdClx(PPhs), (4.5 mg, 0.006 mmol) and copper (l) iodide (3 mg,
0.015 mmol) were placed in a dry vial in an inert N2 glovebox. Triethylamine (0.1 mL) and
THF (3 mL) were added and stirred overnight. The reaction mixture was then evaporated to
dryness, then purified by eluting through a silica column with 2:1 PET ether:CHCI; to afford
an orange solid, 5 (43 mg, 96 %) '"HNMR (CDCls;, 500MHz): 8(ppm) 8.24 (2H, d, J = 8.5 Hz),
7.71-7.69 (4H, d, J = 7.5 Hz), 7.34 (2H, d, J = 8.0 Hz), 6.00 (2H, s), 2.56 (6H, s), 1.43 (6H,
s). ®CNMR (CDCls, 125MHz): &(ppm) 156.0, 147.2, 142.9, 140.3, 136.1, 132.5, 132.3,
131.1, 129.7, 128.5, 123.7, 123.0, 121.4, 93.7, 88.7, 14.6 (t, J = 10 Hz), 14.6. HRMS: [M+H]
calculated 471.1930, found 471.1956. IR (dry film) vmax: 2921 (CH, aliphatic), 2220 (-C=C-),
1593, 1539, 1508 (C=C), 1468, 1436, 1405, 1370, 1339, 1302, 1187, 1158, 1079, 1047,
971, 854, 833, 810, 765, 748, 704.
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NitrobenzoylBODIPY (NbzB): 18 (24 mg, 0.051 mmol) and PdCl, were dissolved in DMSO
(0.5 mL) and heated to 145 °C for 4 h. The solvent was removed under reduced pressure,
and the crude solid was purified by eluting through a silica column using 1:1 PET
ether:CHCI; to afford an orange powder, NbzB (14 mg, 55 %) 'HNMR (CDCl;, 500 MHz):
d(ppm) 8.39 (2H, d, J = 8.0 Hz), 8.23 (2H, d, J = 8.5 Hz), 8.15 (2H, d, J = 8 Hz), 7.53 (2H, d,
J =8 Hz), 6.01 (2H, s), 2.56 (6H, s), 1.38 (6H, s) *CNMR (CDCls, 125 MHz): 5(ppm) 191.6,
191.2, 156.5, 151.3, 142.6, 142.5, 139.1, 137.1, 132.7, 131.1, 130.7, 129.4, 124.2, 121.7,
14.6, 14.6 (t, J = 9.6 Hz). MS: [M+H] calculated 503.18, found 503.17. IR (dry film) Vmax:
2920, 2851 (CH, aliphatic), 1712, 1676 (C=0, ketone), 1544, 1519 (C=C), 1408, 1406, 1346,
1307, 1195, 1157, 1084, 982, 897, 833, 776, 738, 709. HPLC retention time 23.0 min; purity
95%.
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5.5.6 Spectra
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Chapter 6

EXTENDING CURRENT SENSING TECHNOLOGIES



Not only does God play dice, but... he sometimes throws them where they
cannot be seen.

Stephen Hawking
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Chapter 6: Extending Current Sensing Technologies
6.1 INTRODUCTION

6.1.1 Autofluorescence background signal

The detection of hydrogen peroxide (H202) using fluorescent probes is often frustrated by
interference from autofluorescence within cells and organisms. Autofluorescence is the
intrinsic fluorescence of natural proteins and biomolecules such as NADH, NADPH and
FAD*."® This provides a significant background signal that can be extremely difficult to
separate from emission spectra of fluorescent probes.'®® The autofluorescent signal arises
mostly from excitation in the blue region (450-490 nm) and green emission (510-530 nm).""®
These are common excitation and emission regions for fluorescent probes including many of
the fluorophores discussed in prior chapters [such as peroxyfluor-1 (PF1),
carboxyperoxyfluor-1 (CPF1, Figure 54), 2-ethoxy(2-ethoxyethoxy)peroxyfluor-1 (EEPF1),
peroxyBODIPY-1 (PB1) and nitrobenzoylBODIPY (NbzB)]. The interference from
autofluorescence reduces the apparent sensitivity of these probes in both in vitro and in vivo
applications. Therefore, it is desirable to avoid autofluorescence in order to improve the

detection limit of fluorescent probes in biological environments.

SO
O O
HO
o O
CPF1 NPF1
HO O
HO O o ‘ o O 0 ‘
Z O /
‘ COOH ! COOH
Fluorescein Naphthofluorescein

Figure 54. Fluorescent probes, carboxyperoxyfluor-1 (CPF1) and naphthoperoxyfluor-1 (NPF1). Fluorescein
and naphthofluorescein are shown here for comparison. Fluorescein has an emission maximum of 520 nm,
and naphthofluorescein emits at 650 nm.

One solution to this problem is to use a fluorescent probe with a red emission spectrum.
Hence the red emitted light would avoid the autofluorescence background signal in the blue

and green regions.'®" This has further advantages, as the excitation spectrum would also be



INTRODUCTION 122

red-shifted, i.e. the fluorophore would be excited by photons of lower energy. This then
decreases the phototoxicity of the excitation light to a biological environment, as higher

energy photons such as UV light cause DNA mutations. 82

The aryl boronate naphthoperoxyfluor-1 (NPF1, Figure 54) has been reported as a red-
emitting probe for H>O: in order to address the issue of autofluorescence.® This fluorophore
reacts with H.O> to form naphthofluorescein (Figure 54), with a red emission maximum of
650 nm. Furthermore, NPF1 is similar to other aryl boronates such as PF1 as it shows
selectivity for H>O. over many reactive oxygen species (ROS).*®* These characteristics
present NPF1 as a promising alternative to green-emitting fluorophores such as PF1 or
CPF1. The use of NPF1 for solution-based in vitro studies and immobilisation to optical fibre
tips could avoid autofluorescence and therefore improve the detection limit of H.O:

compared to the green-emitting probes.

This chapter reports the synthesis of NPF1 and its comparison to CPF1 for the detection of
H20..

6.1.2 Reusable Fibre Probes

The reported optical fibre tip probes for H2O2 (see Chapters 3 and 4) were functionalised
with the aryl boronate CPF1. However, the reaction of aryl boronates with H2O: is
irreversible® and these probes therefore cannot detect further H,O; after the CPF1 has been
oxidised. Immobilisation of a reversible ROS probe onto a fibre tip would therefore create a
sensor for H,O, that could be re-used for multiple experiments, including performing

continuous measurements in dynamic environments.

Naphthalimide Flavin redox sensor 1 (NpFR1) and Flavin coumarin redox sensor 2 (FCR2)
have recently been reported for the detection of ROS (Figure 55).83% These fluorescent
probes lack selectivity for H.O, compared to other ROS, but reversibly oxidise and reduce in
response to the redox state of a biological environment. NpFR1 is a turn-on fluorescence
probe that is non-fluorescent until oxidised by ROS such as H»O,. The resultant oxidised
compound fluoresces green (550 nm).8 The compound can then be reduced to re-form the
non-fluorescent NpFR1. Reduction can take place inside a cell by natural antioxidants, or
the compound can be reduced in a fluorescence assay using a reducing agent such as
NaBHs.
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NEty

NCR3

Figure 55. Reversible probes for ROS, naphthalimide Flavin redox sensor 1 (NpFR1), Flavin coumarin redox
sensor 2 (FCR2) and nicotinamide coumarin redox sensor 3 (NCR3).

FCR2 is a Forster resonance energy transfer (FRET)-based ratiometric probe (see
discussion in section 1.2.4).8* FCR2 fluoresces blue (470 nm) until it reacts with ROS such
as H>O,, and emits green fluorescence (510 nm). This improves upon NpFR1, as the
fluorescence of FCR2 is visible within a cell either in oxidised or reduced form. However, the
shift in emission upon oxidation is minor (less than 50 nm). This complicates the analysis of
obtained spectra, as the blue and green emission peaks overlap significantly. Therefore
another reversible ROS probe, nicotinamide coumarin redox sensor 3 (NCR3, Figure 55)
was synthesised by Kaur et al.'® This new probe is based on nicotinamide, in contrast to the
Flavin-inspired NpFR1 and FCR2. NCR3 exhibited an excellent spectral shift of greater than
100 nm upon oxidation by H2O,, with emission peaks at 500 nm and 635 nm in its reduced
and oxidised forms respectively (Figure 56). As such, NCR3 has ideal spectral properties for

use on a fibre tip sensor.



NAPHTHOPEROXYFLUOR-1 124

Reduced

Oxidised

Fluorescence (a.u.)
w
1

I I I T 1 1

500 550 600 650 700 750
Wavelength (nm)

Figure 56. Emission spectra of NCR3 in reduced and oxidised form. Excitation maxima are 458 nm for both
forms. 183

This chapter reports the functionalisation of NCR3 in polyacrylamide to an optical fibre tip to

create a reversible sensor for H20..

6.2 NAPHTHOPEROXYFLUOR-1

NPF1 was synthesised with minimal modifications to procedures reported in literature
(Scheme 14).% 1,6-Dihydroxy naphthelene (40) and phthalic anhydride (41) were heated in
methanesulfonic acid to give naphthofluorescein. Naphthofluorescein was then triflated
with N-phenyl bis(trifluoromethanesulfonimide) to give the triflated compound 42.
Intermediate 42 was then reacted with bis(pinacolato) diboron under Suzuki conditions as
shown (Scheme 14) to give NPF1 in a yield of 81 %.
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Scheme 14. Synthesis of NPF1. (a) MeSOsH, 135 °C, 48 h. (b) N-phenyl-bis(triflate), DIPEA, DMF, r.t., 24 h. (c)
bis(pinacolato)diboron, Pd(dppf).Cl,, KOAc, dioxane, 100 °C, 24 h.

For NPF1 to be used in a cell or on a fibre tip, it must detect H.O with similar sensitivity to
the fluorophores previously described in this thesis. Therefore, NPF1 and CPF1 were both
incubated with H202 and the fluorescent responses compared. NPF1 was dissolved to give a
2 mM solution in DMSO. This was then diluted to 10 uM in a-MEM buffer solution containing
different concentrations of H2O,. These solutions of NPF1 were prepared with 0, 1, 50 or
100 uM of H202, and the resultant fluorescence measured by a Cary Eclipse Fluorescence
Spectrometer at 37 °C. Figure 57A shows the fluorescence from samples in H>O, after
40 min. Only a slight increase in fluorescence was observed, even in solutions with 50 or
100 uM H20,. These results were then compared to CPF1 as reported in Chapter 3
(reprinted here in Figure 57B). The previously obtained fluorescent response of CPF1 to
20 uM of H20, was 20-fold greater than the response of NPF1 to 100 uM of H,O; (Figure
57A). This lower fluorescent response indicates that NPF1 is far less sensitive to H.O> than
CPF1.
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Figure 57. Response of (A) NPF1 to 0, 1, 50 and 100 pM H20- after 40 min at 37 °C in a-MEM media. (B) CPF1
to 0, 20, 40 and 60 pM H,O; after 40 min at 37 °C in a-MEM media.

These results hence suggest that NPF1 will not be able to detect biologically relevant
concentrations of H,O2 <100 uM in vitro, due to this poor fluorescent response. Furthermore,
this response also suggests that NPF1 is not a good candidate for functionalisation to optical
fibre tips. As there is a low fluorescent signal from NPF1, a higher excitation power would be
required to improve the emission signal for detection by a spectrometer. However,
increasing the power of excitation would also increase the photobleaching of NPF1 on the
fibre tip, thus reducing the recorded fluorescence. This counteracts the increase in
fluorescence that would be observed upon reaction with H>O,, again reducing its effectivity
in detection H2O.. Hence, NPF1 is less suitable than CPF1 for use in vitro or immobilised to

optical fibres, and was not investigated further.

6.3 REVERSIBLE FIBRE-TIP SENSOR FOR HYDROGEN PEROXIDE

The reversible ROS sensor NCR3* (Figure 58) was functionalised to optical fibre tips using
the polyacrylamide method described in Chapters 3 and 4. The distal end of the fibre was
then coupled to a 473 nm light source for excitation, and the emission collected by a
spectrometer (see Experimental section 6.5.4, Figure 61). These functionalised fibre tips
were washed in pH 7.4 buffer, then dipped in a 1 mM solution of H20,. After removal from
solution, the fluorescence was recorded in air before being dipped into a reducing solution of
1 mM NaCNBHs. The fibre was removed from solution and the fluorescent signal recorded
again. This process was repeated, alternately immersing in oxidising, then reducing
solutions, in order to examine the reversibility of the fibre sensor. The ratio of the two
emission peaks at 500 nm and 635 nm was then calculated. A similar fluorescent ratio was

observed for all seven cycles after oxidation of the probe by H2O. (Figure 59). However, the

# NCR3 was used as provided by Amandeep Kaur and Elizabeth New at the University of Sydney,
Sydney, NSW. The author wishes to thank them for the design, synthesis and provision of a sample
of NCR3.
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ratio shown by the reduced form of the probe was less consistent across the cycles, as a
decrease of the ratio was observed in cycle one and six. This error may have been caused
by a slight difference in time the fibre tip was dried in air before the fluorescent ratio was
measured or the time in the reducing solution (NaCNBH3). These differences thus could
have led to a lower fluorescent ratio. Despite this, a clear difference was observed between
the fluorescent ratio of the oxidised and reduced forms of the probe (Figure 59). These
results clearly indicate that the sensor can be cycled multiple times between the oxidised
form of NCR3 to the reduced form. This implies that NCR3 may be used on a fibre tip to

create a reversible sensor for H,O2 and other ROS.

NaCNBH;

AN
ROS/H,0, N 0

NCRS3 reduced NCRS3 oxidised

Figure 58. Oxidation and reduction of NCR3 by H,O, and NaCNBHj3 respectively.
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Figure 59. Fluorescent ratio of NCR3 in air after treatment with NaCNBHj3 (reduced), or H2O» (oxidised). This
graph shows very little change in fluorescent ratio after 7 cycles.

Furthermore, these results also demonstrate that the reversibility of a redox probe such as
NCR3 can be rapidly measured on a fibre tip. Standard solution-based measurement of
reversibility requires the oxidant and reductant to be added sequentially. Multiple cycles
requires the tedious addition of exact amounts of oxidant and reductant. Moreover, the
number of cycles that can be tested in solution is limited by the volume of liquid added to the
cuvette each cycle. In contrast, this fibre sensor can simply be moved between

oxidising/reducing solutions as many times as is desired, allowing longer trials to test many
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iterations of oxidation and reduction. This would also enable the determination of the

maximum number of redox cycles before the fluorophore is degraded.

Although the fluorescent ratios in Figure 59 indicated reversible oxidation and reduction of
the sensor; Figure 60 shows a drop in the fluorescence intensity from the sensor over 2 min
in buffer solution. This drop was initially thought to be due to photobleaching of the NCR3.
However, attenuation of the laser excitation power revealed the same decrease in
fluorescent signal over multiple trials. Therefore the decrease in fluorescence intensity can
be explained by the leaching of NCR3 out of the polymer and into the buffer solution. This
explanation is supported by the structure of NCR3, as there are multiple polar groups,
including a formal positive charge in its oxidised state (Figure 58). The hydrophilicity of the
oxidised form of NCR3 allows ionic and ion-dipole interactions with the polar buffer solution,
while it maintains much weaker interactions with the more hydrophobic polyacrylamide
backbone. This explains the rapid diffusion of NCR3 from the polymer that results in the

observed decrease in fluorescence.
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Figure 60. Fluorescence of NCR3 (oxidised) on a fibre tip over 2 min in pH 7.4 phosphate buffer.

Therefore, the leaching of NCR3 from the polymer limits its ultimate use as a tip-sensor,
despite its ability to reversibly detect oxidation and reduction. Structural modification of
NCR3 could include more hydrophobic groups in order to reduce the interactions with the
buffer solution. Thus the new fluorophore would not leach from the polymer, and the sensor

could be used for reversible detection of H202 without loss of fluorescence intensity.

6.4 CONCLUSION AND OUTLOOK
NPF1 was found to be much less sensitive to H.O, than CPF1 that had been used in

previous chapters. The benefit from NPF1 competing with less autofluorescent background
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does not compensate for the greater than 20-fold loss in relative to CPF1. Therefore, NPF1

should not be used for detection of H>O5 in solution or on optical fibre tips.

NCR3 was effective at reversibly detecting H2O, on an optical fibre tip. This fibre tip
functionalised with NCR3 showed potential as a re-useable optical sensor for HyO..
However, the apparent diffusion of NCR3 from the polyacrylamide matrix into the buffer
solution limits its use as a re-usable H.O; sensor. Further improvements to this system could
include the addition of a hydrophobic group to NCR3 in order to anchor the compound within
the polymer network. The suggested modification should hence produce a re-usable,

reversible sensor for H205.
6.5 EXPERIMENTAL

6.5.1 Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Bis(acrylamide)
was purchased from Polysciences (Warrington, PA). 200 um core diameter multimode fibre
was purchased from Thorlabs (USA). a-MEM bovine IVF medium was prepared using
VitroFert from IVF Vet Solutions (Adelaide, Australia); 4 mg/ml fatty acid free BSA (ICPBio
Ltd; Auckland, New Zealand); 10 IU/ml heparin, 25 uM penicillamine, 12.5 yM hypotaurine
and 1.25 yM epinephrine.

6.5.2 Synthesis

Modification of a literature procedure.®® Dihydroxynaphthelene (3.2 g, 20.0 mmol) and
phthalic anhydride (1.48 g, 10.0 mmol) were suspended in methanesulfonic acid (25 mL)
under N2 atmosphere. The mixture was heated to 135 °C for 48 h, then cooled and poured
into an ice/water slurry (250 mL). The crude product was then eluted through a silica column
with 5 % DCM in methanol to afford a red solid, naphthofluorescein (450 mg, 11 %)
"HNMR (CDCl;, 300MHz): &(ppm) 10.15 (s, 2H), 8.69 (d, 2H, J = 9 Hz), 8.09 (dd, 1H,
J1=6.3 Hz, 2.7 Hz), 7.78-7.74 (m, 2H), 7.45 (d, 2H, J = 8.7 Hz), 7.35 (dd, 2H, J1 = 9.0 Hz,
J2=2.4 Hz), 7.31 (dd, 1H, J1 = 5.4 Hz, J> = 3 Hz), 7.20 (d, 2H, J = 2.7 Hz), 6.70 (d, 2H, J =
8.7 Hz).
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Modification of a literature procedure.®® Naphthofluorescein (217 mg, 0.5 mmol) was
dissolved in anhydrous DMF (3 mL) and DIPEA (495.9 uL, 3.0 mmol) was added dropwise
whilst stirring. N-phenyl-bis(triflate) in anhydrous DMF (3 mL) was added dropwise over
5 min, the reaction was then stirred for 24 h. Diluted with ethyl acetate (100 mL), washed
with water (2 x 50 mL), then brine (50 mL), was dried on Na;SO4 and the solvent was
removed in vacuo. The sample was then eluted through a silica column with neat DCM as
eluent to yield the desired off-white solid 42. (205 mg, 59 %) 'HNMR (CDCls, 300MHz):
d(ppm) 8.77 (d, 2H, J = 9.6 Hz), 8.16 (d, 1H, J = 6.6 Hz), 7.71-7.64 (m, 5H), 7.55 (dd, 2H, J1
= 9.3 Hz, J, = 2.4 Hz), 7.40 (d, 2H, J = 8.7 Hz), 7.03 (d, 1H, J = 6.9 Hz), 6.82 (d, 2H, J = 8.7
Hz).

Modification of a literature procedure. 42 (160 mg, 0.23 mmol), Pd(dppf)Cl2eCH2Cl» (57 mg,
0.072 mmol), dppf (38.7 mg, 0.072 mmol), potassium acetate (228.5 mg, 2.33 mmol) and
bis(pinacolato)diboron (295 mg, 1.17 mmol) were dried overnight under vacuum. Under a
nitrogen atmosphere, 1,4-dioxane (10 mL) was added dropwise by cannula, and reaction
mixture was stirred at 100 °C for 24 h. The solvent was removed in vacuo and the sample
was eluted through a silica column using neat DCM as eluent. The resultant light yellow solid
was then triturated with diethyl ether (3x3 mL) to give the desired bone-white solid NPF1.
(122 mg, 81 %) '"HNMR (CDCls, 300MHz): 5(ppm) 8.76 (2H, d, J=8.4Hz), 8.37 (2H, s), 8.16-
8.08 (3H, m), 7.69-7.61 (2H, m), 7.57 (2H, d, J=8.4Hz), 7.17-7.12 (1H, m), 6.86 (2H, d,
J=9.0Hz).

6.5.3 Fluorescence Assay
The response of NPF1 and CPF1 to H.O, was compared using a Cary Eclipse Fluorescence
Spectrometer. NPF1 and CPF1 were each dissolved in DMSO to a concentration of 2 mM,

then diluted to a final concentrations of 10 uM in separate a-MEM buffer solutions. H.O, was
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added to give final concentrations of either 0, 1, 20, 40, 50, 60 and 100 uM. Fluorescence

spectra were measured after 40 min of incubation at 37°C.

6.5.3.1 Polyacrylamide Photopolymerisation on Optical Fibre Tips

A solution of 3-(trimethoxysilyl)propyl methacrylate in pH 3.5 adjusted Milli-Q water was
mixed and sonicated until clear. Multi-mode fibre (200 um diameter) was cut to length and
the end face was cleaved in order to provide a clean surface, then immersed in the
methacrylate solution for 1 h. The fibre tip was then dried under N2, rinsed with Milli-Q water
and dried under N2 again. The distal end of the fibre was then coupled into the fibre setup
shown in Figure 61 below. A monomeric stock solution comprising of 3% bisacrylamide,
27% acrylamide and 70% pH 6.5 phosphate buffer solution was dissolved under sonication.
NCR3 (0.2 mg) was dissolved in the monomeric solution (400 pL) with triethylamine (10 pL)
and 200 pL of this was pipetted into a small Eppendorf tube. The functionalised fibre tip was
immediately immersed in this solution, and irradiated under 405 nm light for 2s to form a

polymeric coating on the fibre tip.

6.5.4 Fibre Setup

A schematic of the optical setup is shown in Figure 61, for both photopolymerisation of the

polymer using the 405 nm source, and optical measurements using the 473 nm source.

473 nm

405 nm \ 200um

S 405 DC
200um @
@ To Spectrometer

V|
Coated tip \1&" 473 LP

Figure 61. Experimental configuration for photopolymerisation, and optical measurements.

For excitation of the fluorophore for both direct attached and polymer embedded methods,
the 473 nm laser (Toptica iBeam Smart) was coupled into the distal end of the probe fibre,
with the 405 nm arm blocked. The coupled laser light then excites the fluorophore-doped
probe tip, and a portion of this fluorescent light is then captured into a back-propagating
mode in the fibre. This then passes through a 473 nm long-pass filter (Semrock EdgeBasic)
to remove excess pump light, before being coupled into a spectrometer (Horiba iHR320) via

a 200 um optical fibre patch cable.
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The same experimental configuration was used to induce photopolymerisation on the fibre
tips, with the 473 nm path blocked, and a timed shutter used on the 405 nm source to control

the deposition time of the polymer.

6.5.5 NCR3 Oxidation and Reduction on Fibre Tips

Fibres tips were functionalised with NCR3 and coupled into excitation sources and detectors
as above. The fibre tip was dipped into a solution of H2O2 (1 mM in pH 7.4 phosphate buffer)
for 2 min, then removed and air dried for 2 min. The emission spectrum was recorded in air,
and the fibre tip inserted into a pH 7.4 phosphate buffer for 2 min. The fibre tip was removed
from solution, air dried for 2 min, and the fluorescence spectrum recorded. The fibre tip was
then dipped into a solution of NaCNBH3 (1 mM in pH 7.4 phosphate buffer) for 2 min, then
removed from solution and air dried for a further 2 min. The fluorescence was recorded, and
the fibre was again washed in pH 7.4 buffer as above. This process of oxidation and
reduction of the fluorophore in H20. and NaCNBH3 was repeated to give a total of seven

cycles.
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Chapter 7: Applications and Conclusions

7.1  APPLICATIONS

Thus far in this thesis | have reported only the work undertaken that addresses the
development of hydrogen peroxide sensors for reproductive health, as outlined in Chapter 1.
However, | have applied the described research in broader contexts with collaborators in the
disciplines of optics, oncology, geology, embryology and andrology. These applications arise
from compounds, ideas or technology written within this thesis.

7.1.1 pH Sensor for Tumour Margin Detection

pH probes (such as in Chapter 4) have uses in other biological environments and as
medical diagnostics. For example, tumours have a lower pH than the surrounding healthy
tissue. Detection of this pH margin, however, is frustrated by the high autofluorescence from
the tissue. A “lift-off” method for an optical pH probe was developed with collaborators Dr.
Erik Schartner and Dr. Matt Henderson'. This allowed the pH probe to detect tumour
margins and avoid the autofluorescence of the tissue by lifting the probe off the sample
before recording the fluorescence spectrum (Figure 62). Rationalisation of the effectiveness
of this “lift-off” method was provided by the author. This implication from use of the “lift-off” is
that the dual pH and H>O. probe (Chapter 4) could also be used for detection of pH and

H.O- in such applications.
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Figure 62. Demonstration of the lift-off method to remove the autofluorescence background. The fluorescence

spectrum of a pH probe is shown in acidic and basic solutions, both before and after lifting the probe off the
sample.

" Schartner, E. P.; Henderson, M. R.; Purdey, M. S., Dhatrak, D.; Monro, T. M.; Gill, P. G.; Callen, D.
F., Tumour detection in human tissue samples using a fibre tip pH probe. 2016, In preparation.
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7.1.2 Detection of Redox States and Oxidative Stress in Bovine Oocytes
Samples of PF1 (Chapter 2) synthesised by the author have been used to identify oxidative
stress in oocytes. For example, a study was undertake of cumulus oocyte complexes that
were treated with bone morphogenic protein 15 and follicle stimulating hormone to assess
the effect of each on NADPH production (see Appendix 1)". NADPH is a reducing agent,
therefore the redox state of the cell was examined by imaging the reduced glutathione and
H20: levels (Figure 63). This study found that stimulation with follicle stimulating hormone
alone showed a decrease in the ability of the oocyte to regulate oxidative stress. Another
study examined the role of non-esterified fatty acids in oxidative stress of endoplasmic
reticulum*. PF1 was again used to detect H,O, production within the cell. This work using
bovine oocytes was performed in collaboration with Dr. Melanie Sutton-McDowall and

Assoc. Prof. Jeremy Thompson in the Robinson Research Institute.

-FSH -BMP15 +FSH +BMP15 +F5H +BMP15

Mitotracker MCB
Red

PF1

Merge

Figure 63. Oocytes with different treatments of follicle stimulated hormone and bone morphogenic protein 15.
PF1 indicates H,O» production, mitrotracker red shows the location of the mitochondria, and MCB is a reduced
glutathione probe.

T Sutton-McDowall, M. L.; Purdey, M. S.; Brown, H. M.; Abell, A. D.; Mottershead, D. G.; Cetica, P. D.;
Dalvit, G. C.; Goldys, E. M.; Gilchrist, R. B.; Gardner, D. K.; Thompson, J. G., Redox and anti-oxidant
state within cattle oocytes following in vitro maturation with bone morphogenetic protein 15 and follicle
stimulating hormone. Molecular Reproduction and Development 2015, 82 (4), 281-294

* Sutton-McDowall, M. L.; Wu, L.; Purdey, M.; Brown, H. M.; Abell, A. D.; Goldys, E. M.; MacMillan, K.
L.; Robker, R. L.; Thompson, J. G., Non-Esterified Fatty Acid-Induced Endoplasmic Reticulum Stress
in Cattle Cumulus Oocyte Complexes Alters Cell Metabolism and Developmental Competence.
Biology of Reproduction 2015, Available online, doi:10.1095/biolreprod.115.131862.
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7.1.3 Hydrogen Peroxide Monitoring in Spermatozoa

PF1 and EEPF1 (Chapter 2) are continuing to be utilised in human spermatozoa by ongoing
collaboration with Dr. Mariana Neves under the supervision of Prof. John Aitken at the
University of Newcastle. This project aims to monitor H>O» production in sperm (e.g. Figure
64) with respect to mitochondrial ROS production and characterise this relationship in
healthy sperm. Furthermore, factors present in the female reproductive tract such as
cytokines will be explored for their role in sustained H,O; release during capacitation of
spermatozoa. Other trials in spermatozoa will examine the capacitation of equine sperm
cells to increase the success rate for equine in vitro fertilisation (IVF).

Figure 64. Sperm incubated with EEPF1 fluoresce to reveal oxidative stress.

7.1.4 Detection of Gold Nanoparticles for Mining Industry

Another area of interest is the detection of gold nanoparticles. This is extremely important in
the mining industry as new techniques for nanoparticle detection are required to explore
underground gold deposits. The author thus synthesised a diiodo-BODIPY probe (I-
BODIPY) for gold nanoparticles. I-BODIPY is similar in structure to the fluorophores
peroxyBODIPY-1 (PB1) and nitrobenzoylBODIPY (NbzB) reported in Chapter 5. The
fluorescent response of I-BODIPY to gold nanoparticles was then tested by Dr. Agnieszka
Zuber in cuvette and microstructured optical fibres. This method using I-BODIPY was found

to improve upon previously known detection limitsS. The author would also like to

§ Zuber, A.; Purdey, M.; Schartner, E.; Forbes, C.; van der Hoek, B.; Giles, D.; Abell, A.; Ebendorff-
Heidepriem, H., Detection of gold nanoparticles with different sizes using absorption and fluorescence
based method. Sensors and Actuators B: Chemical 2016, 227, 117-127.

Australian patent application 2015902890 — “Detection of Gold Nanoparticles” (Deep Exploration
Technologies CRC Limited) — 21 July 2015
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acknowledge that this work was supported by the Deep Exploration Technologies
Cooperative Research Centre whose activities are funded by the Australian Government's

Cooperative Research Centre Program.

1-BODIPY H-BODIPY
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Figure 65. Reaction of non-fluorescent I-BODIPY with gold nanoparticles to form the fluorescent H-BODIPY.

7.2 CONCLUSIONS

This thesis has presented a range of work on the detection of hydrogen peroxide (H20?) for
reproductive health. H>O, is fundamental to biological processes such as oxidative stress
and embryo development. The examined literature summarised the chemistry of fluorescent

probes for H2O2 and outlined the physics of non-invasive optical fibre probes.

Three aryl boronates, [peroxyfluor-1 (PF1), carboxyperoxyfluor-1 (CPF1) and a novel probe
2-ethoxy(2-ethoxyethoxy)peroxyfluor-1 (EEPF1)] were synthesised, and detected H20: in
artificially stimulated and poor quality human spermatozoa. These aryl boronates were
shown to be more effective than commercially available probes in this biological system.
Furthermore, PF1 detected H.O- in bovine oocytes, indicating the redox state of the cumulus
oocyte complex. Aryl boronate and benzil-based borondipyrromethene (BODIPY) probes
were synthesised and compared, with aryl boronate peroxyBODIPY-1 (PB1) showing a
greater fluorescent response to H2O: than nitrobenzoylBODIPY (NbzB). Thus the aryl
boronates selected for use throughout this thesis were more sensitive to H2O, than benzil
counterparts. A red emitting fluorophore, naphthoperoxyfluor-1 (NPF1) was also examined to
address autofluorescence within biological environments. However, NPF1 was found to be
insufficiently sensitive for H2O2, thus the other aryl boronates such as CPF1 were suggested

for use in preference to NPF1.

CPF1 attached to glass confocal microscope dishes was characterised by confocal
microscopy and typhoon imaging. This model system indicated that CPF1 detected H20O-
effectively on a glass surface as per in solution. The light-catalysed formation of a
polyacrylamide matrix was found to be the most effective method for functionalising CPF1 to
optical fibre tips. This produced a functional tip probe for H2O,. This work was expanded by
functionalising fibre tips with CPF1 and seminaphthorhodofluor-2 (SNARF2) to give a fibre

tip probe for H2O2 and pH. The probe detected H,O, at biologically relevant concentrations
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and reproducibly sensed pH 6.5-8.4, suggesting this probe would be useful for non-invasive
detection of H2O2 and pH near embryos. Furthermore, this study revealed the importance of
combining H202 and pH sensing, as accurate detection of H.O- is affected by the pH of the
solution. The described “lift-off” method for pH detection of tumour margins also suggested
this dual probe could find applications in other biological environments. Finally, a reversible
fibre tip sensor for H2O, was explored by functionalising a redox probe, nicotinamide
coumarin redox sensor 3 (NCR3) onto an optical fibre tip. The fibre tip sensor was shown to
detect multiple cycles of oxidation and reduction. However, the fluorescence intensity was
reduced over time due to leaching of NCR3 from the polymer on the fibre tip. This first
example of a reversible H2O, fibre probe shows promise for the use of redox probes to

construct a re-useable optical sensor for H,O5.

In conclusion, aryl boronates PF1, CPF1, PB1, NbzB and EEPF1 were used effectively in
reproductive biology. CPF1 was then used to create an optical fibre tip probe for H.O,, and
this was combined with the pH sensor SNARF2 to give the first example of a dual probe for
H202 and pH. These outcomes are promising for the non-invasive detection of H2O; in
reproductive biology. Moreover, this research achieved the goal set by the industry partners,
Cook Medical, to create an optical fibre probe for H-O- that could be used within an embryo
incubator. This would allow real-time monitoring of H.O> near human embryos in order to

improve embryo health and potentially better clinical outcomes for patients undergoing IVF.
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There’s a way to do it better — find it.

Thomas Edison
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Human spermatozoa are compromised by production of reactive oxygen spedes (ROS), and detection of
ROS in spermatozoa is important for the diagnosis of male infertility. The probes 2',7'-dichlorohydro-
fluorescein diacetate (DCFH), dihydroethidium (DHE), and MitoSOX red (MSR) are commonly used for
detecting ROS by flow cytometry; however, these probes lack sensitivity to hydrogen peroxide (H,0,),
which is particularly damaging to mammalian sperm cells. This study reports the synthesis and use of
three aryl boronate probes, peroxyfluor-1 (PF1), carboxyperoxyfluor-1, and a novel probe, 2-(2-
ethoxyethoxy)ethoxyperoxyfluor-1 (EEPF1), in human spermatozoa. PF1 and EEPF1 were effective at
detecting H,0, and peroxynitrite (ONOO ) produced by spermatozoa when stimulated with menadione
or 4-hydroxynonenal. EEPF1 was more effective at detection of ROS in spermatozoa than DCFH, DHE, or
MSR; furthermore it distinguished poorly motile sperm as shown by greater ROS production. EEPF1
should therefore have a significant role in the diagnosis of oxidative stress in male infertility,
cryopreservation, age, lifestyle, and exposure to environmental toxicants.

Free radicals

© 2015 Elsevier Inc. All rights reserved.

Reactive oxygen species (ROS) produced by human spermato-
zoa compromise sperm function [1-5], and as such their detection
is important for the diagnosis of male infertility [6]. ROS are
typically detected in human spermatozoa using fluorescent probes
such as dihydroethidium (DHE), MitoSOX red (MSR), and 2',7'-
dichlorohydrofluorescein diacetate (DCFH) (Fig. 1) [7]. DHE is an
intracellular ROS probe that fluoresces within both the head and
the mitochondrial midsection of the spermatozoon upon oxida-
tion. It is most commonly used for detection of superoxide (03™),
although it also reacts with hydrogen peroxide (H,0;) in the
presence of peroxidases and with oxidases and cytochromes [8].
MSR is a charged variant of DHE that localizes in the mitochondrial
matrix to predominantly respond to and measure the generation
of 03™. DCFH is a fluorescein-based nonspecific probe that report-
edly reacts with H,0; [9] and other ROS, particularly hydroxyl
radicals ("OH) and peroxynitrite (ONOO~) [10]. This probe has

* Corresponding authors.
E-mail addresses: john.aitken@newcastle.edu.au (R). Aitken),
andrew.abell@®adelaide.edu.au (A.D. Abell).

http://dx.doi.org/10.1016/j.freeradbiomed.2015.01.015
0891-5849/@ 2015 Elsevier Inc. All rights reserved.

some disadvantages, because it requires the concomitant presence
of peroxidases to react with H,0, [11], can undergo autoxidation,
and is known to catalyze O3 production [9]. An aryl boronate
probe reported by Chang et al. [12], peroxyfluor-1 (PF1), reacts
with both H,0, and ONOO ~, but not *OH, O5™, nitric oxide (NO), or
hypochlorite (~OCl) [12,13]. This class of probe has found wide use
in the in vivo detection of H,0; [14], including research into ROS
production in cryopreserved mouse spermatozoa [15]. The ability
of aryl boronates to detect the low levels of ROS generated by
mammalian spermatozoa suggests this class of probe as a potential
diagnostic tool for the selective detection of ROS, particularly H,0,
in sperm cells. This would be of clinical significance as several
independent studies have indicated that H,0, is particularly
damaging to mammalian sperm function [16-18].

A number of aryl boronates have been developed for use in a
range of biological applications [14]. We chose to use PF1, carboxy-
PF1 (CPF1), and a new probe, 2-(2-ethoxyethoxy)ethoxy-PF1
(EEPF1), for the study as they are structurally similar, to allow
for direct and meaningful comparison, while being relatively easy
to prepare on both small and larger scales. This is an important
consideration for future work in this area. CPF1 is a variant of PF1
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Fig. 1. Chemical structures of the ROS sensors used in this study. MSR, DHE, and DCFH are oxidized by removal of the indicated hydrogens to produce a fluorescent aromatic
structure. PF1, CPF1, and EEPF1 are oxidized by the deprotection of the pinacolatoboron groups to produce highly fluorescent structures.

originally synthesized for attachment to other functional groups
[19,20]. EEPF1 contains a truncated polyethylene glycol (PEG)
group with increased hydrogen bond acceptors to enhance the
aqueous solubility relative to PF1. A series of comparative studies
were performed to define the relative ability of all three probes to
detect ROS generation by human spermatozoa in a sensitive and
selective manner. This study examines the relative capacities of
these probes to detect H,0, and ONOO ™~ spontaneously generated
by human spermatozoa exhibiting impaired motility. The results
have important diagnostic implications for the facilitated detec-
tion of oxidative stress in mammalian spermatozoa exhibiting
signs of impaired functionality.

Materials and methods
Materials

Unless otherwise stated all chemicals were purchased from
Sigma Aldrich. N<3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC-HCI) was obtained from GL Biochem (Shang-
hai). 4-Hydroxynonenal (4HNE) was from Sapphire Biosciences;
MitoSOX red, dihydroethidium, and Live/Dead fixable FAR red
stain were from Life Technologies. 2',7'-Dichlorofluorescein diace-
tate was from Molecular Probes. Freshly prepared Biggers, Whit-
ten, and Whittingham (BWW) medium was used for all exper-
iments, supplemented with 1 mg/ml polyvinyl alcohol (PVA),
5 units/ml penicillin, and 5 mg/ml streptomycin, and the osmolar-
ity was kept between 290 and 310 mOsm/kg [21].

Semen samples

The University of Newcastle Human Ethics Committee and the
NSW State Minister for Health approved the use of semen samples
for research. A cohort of unselected, normozoospermic donors,
mainly university students of unknown fertility status, supplied
semen samples for this study. Semen samples were produced into
a sterile container and delivered to the laboratory within 1h of
ejaculation.

Sample preparation

Spermatozoa were isolated by discontinuous Percoll gradient
centrifugation using a simple two-step design incorporating 44

and 88% Percoll as described previously [22]. Purified spermatozoa
were recovered and washed with Hepes-buffered BWW medium
supplemented with 1 mg/ml PVA [21], centrifuged at 500g for
5 min, and resuspended at a concentration of 2 x 107 cells/ml.

Leukocyte removal

Where indicated, all residual traces of leukocyte contamination
in the sperm suspensions were removed using magnetic beads
(Dynabeads, Dynal, Oslo, Norway) coated with a monoclonal
antibody against the common leukocyte antigen CD45 (Invitrogen,
Carlsbad, CA, USA). After Percoll isolation, 5 x 10° cells in 100 pl
BWW medium were added to prewashed antibody-bound Dyna-
beads and then placed on a rotor for 30 min. After incubation, each
sample was placed in a magnetic holder to separate leukocyte-
bound Dynabeads from purified sperm cells in BWW medium.
Luminol-peroxidase-mediated chemiluminescence was then used
to confirm the removal of leukocytes from each sperm suspension;
for this purpose 20 ul of zymosan opsonized with autologous
serum was added to each 400-ul sample, 5 min after the beginning
of the luminometry run [7].

Treatments

Spermatozoa were treated with menadione (0-50 pM), arachi-
donic acid (AA; 0-50 uM), and H,0, (0-4 mM) for 15 min at 37 °C.
Treatments with 4HNE (0-400 pM) were for 30 min at 37 °C. Stock
solutions of menadione were made up fresh daily in dimethyl
sulfoxide (DMSO), with a minimum dilution of 1/100 in BWW
medium before being added to spermatozoa.

Staining

After spermatozoa were treated they were incubated with PF1,
CPF1, and EEPF1 for 30 min at 37 °C at a final concentration of
10 uM. Stock solutions were made up using DMSO at a concentra-
tion of 10 mM.

Flow cytometry

A FACS-Canto flow cytometer (Becton-Dickinson) was emp-
loyed using a 488-nm argon laser coupled with emission measure-
ments using the 530/30 band pass (green) FITC channel. Ten
thousand sperm events were recorded after nonsperm events
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were gated out. Data were analyzed using BD Diva software
(Becton-Dickinson).

Statistical analysis

All graphed results are expressed as the mean + standard error
of the mean. Experiments were replicated at least three times with
independent samples. Data were then analyzed by one-way
analysis of variance using GraphPad Prism 6, followed by post
hoc comparison by Fisher's least significant difference test.

ROS selectivity study

Solutions of PF1, CPF1, EEPF1, and DCFH in 20 mM Hepes buffer
at pH 74 were treated with 100 uM ROS: H;0,, ONOO~, ~0Cl,
*OH, 05, NO, and tert-butylhydroperoxide (TBHP). A stock solu-
tion of approximately 100 mM H,0, in Milli-Q water was prepared
from a 30% H,0, solution in water and the exact concentration was
determined by UV absorption at 240 nm (£,40=43.6 M~ 'cm™")
using a Cary UV-Vis-NIR 5000 spectrophotometer. A stock solu-
tion of NaOCl was similarly prepared and the ~OCI concentration
determined by UV absorption at 292 nm (£29,=350 M~ 'em~'). A
solution of ONOO ~ was prepared by a known method (23], and its
concentration was determined using UV absorption at 302 nm
(€30, =1670 M~ ' cm~"'). "OH was produced by the Fenton reaction
of 100 uM H,0, with 1 mM FeClO4. O3 was also produced by a
known method [24], using a xanthine/xanthine oxidase system for
the production of O3 and catalase as a scavenger for any H,0,
produced. NO was generated from S-nitrosoglutathione, and TBHP
was diluted from a stock solution. The ROS were added to each
probe and the fluorescence was monitored using a Biotek Syne-
rgy H4 fluorescence plate reader (excitation 450 nm, emission
520 nm) over 40 min.

Fluorescence controls for menadione, AA, and 4HNE

Solutions of PF1, CPF1, and EEPF1 in BWW medium were
treated with menadione (0-50 pM), arachidonic acid (0-50 uM),
or 4-hydroxynonenal (0-400 uM) to give a final probe concentra-
tion of 10 uM. Samples were incubated for 15 min (30 min for
4HNE) at 37 °C, then fluorescence emission was quantified using a
Fluostar Optima (BMG Labtech), with settings of excitation filter
485 + 10 nm and emission filter at 520 nm.

Synthesis

PF1 was prepared as described [12] using microwave irradia-
tion in place of conventional heating: 3',6'-diiodofluoran [12]
(89 mg, 0.16 mmol), bis(pinacolato)diboron (160 mg, 0.63 mmol),
potassium acetate (141 mg, 0.63 mmol), and Pd(dppf)Cl, (14 mg,
0.02 mmol), predried in vacuo, were dissolved in DMF (4 ml)
under N, atmosphere in a sealed microwave vial fitted with a
Teflon cap. The light brown mixture was reacted ina CEM Discover
microwave synthesizer (Matthews, NC, USA) at 80 “C for 2 h. The
solvent was removed under reduced pressure to give a dark brown
powder, which was purified by column chromatography eluting
with 4:1 hexane:ethyl acetate to give PF1 as a white solid (40 mg,
45%). The sample was characterized by 300-MHz proton nuclear
magnetic resonance spectroscopy ('H NMR) in deuterated chloro-
form. "H NMR: 6 8.03 (1H, m), 7.74 (2H, s), 7.60 (2H, m), 7.43 (2H,
dd, J; =7.8 Hz, J,=1.1 Hz), 7.06 (1H, m), 6.86 (2H, d, J=7.8 Hz), 1.35
(24H, s).

CPF1 [19] was similarly prepared: 3',6'-diiodo-6-carboxyfluoran
pyridinium salt [25] (109 mg, 0.16 mmol), bis(pinacolato)diboron
(160 mg, 0.63 mmol), potassium acetate (142 mg, 0.63 mmol), and
Pd(dppf)Cl> (13.9 mg, 0.017 mmol) were dissolved in dry DMF

(4 ml) in an anhydrous N atmosphere. The resultant solution was
reacted in a microwave vial sealed with a Teflon cap at 100 °C for
3h in a CEM Discover microwave synthesizer. The solution was
evaporated under reduced pressure to give a dark brown powder,
which was purified by flash column chromatography eluting with
neat ethyl acetate to give CPF1 as a light brown solid (55 mg, 58%).
The sample was similarly characterized. "H NMR (CDCls, 300 MHz):
0 8.29 (dd, 1H, J; =78 Hz, J,=14 Hz), 8.11 (d, 1H, J]=7.8 Hz), 7.79-
7.73 (m, 3H), 743 (dd, 2H, /=78 Hz, J>=11Hz), 6.81 (d, 2H,
J=78Hz), 1.35 (s, 24 H).

EEPF1 was prepared as follows: CPF1 (50 mg, 0.08 mmol), N-
hydroxysuccinimide (11 mg, 008 mmol), and EDC-HCl (26 mg,
0.13 mmol) were added to DMF (1 ml) in a dry N, glove box and
stirred for 1 h. 2-(2-Ethoxyethoxy Jethanol (23 ul, 0.17 mmol) in dry
DMF (0.5 ml) was added and the solution stirred for a further 2 h.
The solvent was removed under reduced pressure, and the resultant
solid was purified by column chromatography eluting with ethyl
acetate to give EEPF1 as a white powder (28 mg, 47%). The sample
was similarly characterized by 'H NMR (CDCl;, 500 MHz): & 8.28
(1H, dd, J; =8.0 Hz, J,=1.0 Hz), 809 (1H, d, J,=8.0 Hz), 7.76 (2H, s),
7.71(1H,s),7.44 (2H,d, J;=80 Hz), 682 (2H,d, J]=7.5 Hz), 442 (2H,
t, J=45 Hz), 3.76 (2H, t, J=4 Hz), 3.61 (2H, t, J=2.75), 3.52 (2H, t,
J=4.5 Hz), 3.45 (2H, q, J=7 Hz), 1.35 (24H, s), 1.14 (3H, t, J]=7 Hz).
This new boronate probe was also characterized by 125-MHz
carbon 13 nuclear magnetic resonance spectroscopy (**C NMR)
and high-resolution mass spectrometry (HRMS). *C NMR (CDCls,
125 MHz): & 1686, 164.9, 154.0, 150.5, 136.5, 131.2, 130.0, 129.7,
129.4,129.0, 128.8, 126.9, 125.3,125.1, 123.8, 120.5, 84.2, 70.6, 69.8,
68.9, 64.8, 24.9, 15.1. HRMS: calcd, 712.3226; found, 712.3237. The
synthesis of CPF1 and EEPF1 is shown in Scheme 1.

Results and discussion
ROS characterization of probes

The sensitivity of EEPF1 to H,0, was defined by incubating
separate samples with 0-100 uM H,0, and monitoring the resul-
tant fluorescence (see Fig. 2A). A clear, dose-dependent response is
evident, with an emission maximum at 525 nm. EEPF1 was also
incubated with each individual ROS at 100 uM to determine the
selectivity of EEPF1 for various ROS, and the reactivity profiles are
summarized in Fig. 2B. For comparison, the reaction of DCFH with
each ROS was also characterized and the results are shown in
Fig. 2C. Similar reactivity profiles for PF1 and CPF1 are reported in
the supplementary material. EEPF1 showed good reactivity with
H,0>, and although there was a significant initial fluorescence
response from ONOO~, a greater overall fluorescence was
observed for H,0, over 40 min. This is probably due to the more
transient nature of ONOO~ compared with H,0,. Limited fluor-
escence was observed for the reaction of EEPF1 with all other
ROS studied, with a similar result for the other aryl boronates
(Supplementary Fig. S1). By contrast, DCFH reacts best with both
ONOO™~ and "OH (Fig. 2C) and to a lesser extent with ~OCl and
03", but not H;0,, as shown in Fig. 2C. This lack of reactivity to
H,0, is consistent with some literature [10], but contrasts with
other reports that infer the detection of H,0, using this probe [9].
However, DCFH is able to detect other ROS, such as *OH produced
from H,0, in vivo and also H,0, in the presence of peroxidases
[11]. Thus, the aryl boronates have a clear advantage over DCFH for
the detection of H,0; in the absence of any external catalyst.

Comparative study on ROS production in human spermatozoa

The ability of the aryl boronates PF1, CPF1, and EEPF1 and other
probes described in the literature (the dihydrofluorescein DCFH
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Fig. 2. Fluorescence characterization of EEPF1 and comparison with DCFH for selectivity to ROS. (A) Absorption and emission spectra of EEPF1 when treated with 0, 10, 25,
50, 75, and 100 uM H,0; and incubated at 37 °C for 40 min in 20 mM Hepes buffer (excitation at 450 nm). (B) EEPF1 and (C) DCFH selectivity data, each incubated at 37 °C
with 100 uM ROS and measured at 0, 10, 20, 30, and 40 min (excitation 450 nm, emission 520 nm).

and the hydroethidiums DHE and MSR) to detect ROS in sperma-
tozoa was then studied in populations of human spermatozoa,
with a view to defining their relative abilities to detect cellular ROS
generation. ROS production in human spermatozoa was induced
by treating samples with three different compounds, menadione,
AA, and 4HNE [ 7). Menadione is a redox-cycling quinone known to
produce significant oxidative stress due to quinone oxidoreductase
activity [26,27]. AA is a cis-unsaturated fatty acid associated with
the production of O3~ by sperm mitochondria [28,29], and 4HNE
is a lipid-derived aldehyde responsible for the induction of

mitochondrial ROS generation in senescent spermatozoa [30].
Further samples were also treated with 4 mM H,0; as a positive
control for probes sensitive to H,0, (DCFH, PF1, CPF1, EEPF1). The
ROS-producing compounds were incubated separately with each
probe (DCFH, DHE, MSR, PF1, CPF1, and EEPF1) and the resulting
fluorescence response was measured by flow cytometry.

Fig. 3 shows the percentage of fluorescent spermatozoa, indi-
cating the percentage of spermatozoa that generated ROS as
measured by each probe. MSR showed the largest background
fluorescence in the negative control samples (Fig. 3A), with
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Fig. 3. Analysis of flow cytometry results, showing the percentage of human sperm populations that indicated a fluorescent response. (A) Negative control sample with no
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significantly higher fluorescent populations (P< 0.05) than aryl
boronates PF1 and CPF1, presumably reflecting the active genera-
tion of mitochondrial ROS by populations of human spermatozoa,
as previously described [31]. For the treated sperm samples, those
incubated with DHE exhibited the smallest fluorescent popula-
tions for all stimuli (Fig. 3B-D). Conversely, those stained with
EEPF1 consistently showed the largest fluorescent populations,
with over 90% responding positively after treatment with the ROS-
generating reagents (Fig. 3B-D). PF1 also showed readily measur-
able fluorescent responses to the stimuli, with comparable or
larger fluorescent populations than DCFH, DHE, and MSR (Fig. 3B-
D). Staining spermatozoa with CPF1 gave the lowest fluorescent
populations of all three aryl boronates. Nevertheless, treated
sperm were more fluorescent with CPF1 than with DHE and DCFH
within the sperm groups treated with AA (Fig. 3C) and 4HNE
(Fig. 3D).

Thus the aryl boronates PF1 and EEPF1 were the most broadly
sensitive of the probes to ROS produced by spermatozoa on
stimulation with menadione, AA, and 4HNE (Fig. 3B-D), with the
latter clearly being the most sensitive. The third aryl boronate
(CPF1), although sensitive, gave less consistent results. Of the
other probes, MSR gave the greatest response to each stimulus
(Fig. 3B-D), and DHE was the least sensitive.

The fluorescent populations shown in Fig. 3 also provide some
insights into which ROS are produced by spermatozoa on treat-
ment with menadione and 4HNE (results for AA are discussed

800 - mPF1 WCPF1 WEEPF1
700

Fluorescence (A.U.)
FY
8

pounds (uM)

Fig. 4. Fluorescence response of PF1, CPF1, and EEPF1 to menadione, AA, and 4HNE
in the absence of spermatozoa. Fluorescence readings were recorded in BWW
solution after 30 min of incubation at 37 °C by a microplate reader. Excitation
wavelength was 485 nm, emission recorded at 520 nm. Each probe gave a dose-
dependent response upon exposure to AA; however, no significant response was
recorded when incubated with either menadione or 4HNE.

separately, see Fig. 4). Thus for samples stained with MSR, a
smaller proportion of fluorescent cells was apparent for 4HNE
treatments (Fig. 3D) compared to menadione (Fig. 3B), suggesting
that the latter is the more efficient stimulator of 05~ production. In
contrast, fluorescence of the aryl boronates PF1, CPF1, and EEPF1
were similar between menadione and 4HNE treatments (Fig. 3B
and D), indicating similar levels of H;0,/ONOO™ production. This
suggests an efficient conversion of O3~ (detected by MSR) to H,0,
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or ONOO~ (detected by the aryl boronates) in those samples
treated with 4HNE. However, similar to MSR, DCFH showed a lack
of sensitivity for the ROS produced in response to 4HNE (Fig. 3D)
compared with the menadione (Fig. 3B) treatments. Yet DCFH is
also known to react with H;0, and ONOO~, as do the aryl
boronates, suggesting that DCFH should have similar sensitivities
to the 4HNE and the menadione treatments. This incongruity
could be due to the production of *OH in samples treated with
menadione and not those treated with 4HNE. The *OH radical
reacts with DCFH but not with the aryl boronates, which would
result in the more positive populations observed for DCFH in
samples treated with menadione than with 4HNE (Fig. 3B and D).
Another likely explanation is the need for oxidation of DCFH to be
facilitated by peroxidase, which may not be trivial owing to the
highly compartmentalized nature of the spermatozoon, limiting
the distribution and hence the catalytic availability of the perox-
idase. This again highlights the significant advantage of the aryl
boronates over DCFH in this regard, as no external catalysis is
required to produce a fluorescent response.

We next investigated the fluorescence of PF1, CPF1, and EEPF1
on incubation with menadione, AA, and 4HNE in the absence of
spermatozoa, to directly assess the reactivity of the probes to these
compounds. Menadione (12.5, 25, 50 uM), AA (12.5, 25, 50 uM),
and 4HNE (100, 200, 400 pM) were separately incubated with PF1,
CPF1, and EEPF1 and the resulting fluorescence was measured. A
fluorescent response was not observed when PF1, CPF1, or EEPF1
was incubated with menadione or 4HNE (see Fig. 4). However, AA
did cause a dose-dependent response with PF1 (r=0.9999), CPF1
(r=0.9898), and EEPF1 (0.9994), as shown in Fig. 4. This is possibly
due to autoxidation of AA, generating a hydroperoxide [32]
capable of deprotecting the aryl boronates of the probes, thus
leading to a fluorescent response. This may explain the observed
increase in fluorescent population for PF1, CPF1, and EEPF1 in the
presence of AA compared to those populations stained with DCFH,
DHE, and MSR. AA was not used to induce ROS production in
further experiments using spermatozoa with PF1, CPF1,and EEPF1.

Sensitivity of aryl boronates to ROS production in human
spermatozoa

Dose-dependent studies were subsequently carried out to fur-
ther define the sensitivity of the three new aryl boronates PF1,
CPF1, and EEPF1 in spermatozoa stimulated with menadione,
4HNE, and H,0,. Diphenylene iodonium (DPI), an inhibitor of NO
and O3 production by flavoproteins, was used to further test the
sensitivity of the probes for ROS generation.

Menadione

Populations of spermatozoa treated with menadione and
incubated with EEPF1 show the largest fluorescent populations
(see Fig. 5A). This result is consistent with the earlier study com-
paring the aryl boronates to previously studied probes, in which
EEPF1 gave the greatest fluorescent response of the six probes as
shown in Fig. 3. However, the populations stained with EEPF1
(Fig. 5A) were over 90% positive at even the lowest concentration
of menadione (12.5 M), significantly larger than with PF1
(P<0.05). Populations stained with PF1 also revealed a dose-
dependent increase in activity when treated with 12.5-50 uM
menadione (Fig. 5A, r=0937). In contrast, the fluorescent
responses of populations stained with CPF1 were not statistically
significant even at 50 pM menadione (Fig. 5A). Thus it appears that
the new probe EEPF1 is the most effective of the probes for ROS
production in spermatozoa on stimulation with menadione. The
existing aryl boronate PF1 is significantly less effective, and CPF1 is
the least effective of all three. Microscope images of spermatozoa

stained with CPF1 and EEPF1 were obtained (see supplementary
material). ROS produced by both the head and the mitochondria-
rich midpiece can be seen, indicating that neither CPF1 nor EEPF1
stained specifically for a location inside the cell.

Co-incubation of DPI with 50 uM menadione did not signifi-
cantly decrease the positive population for EEPF1 and, although
suggested, no statistically significant reduction in signal was
recorded in the presence of PF1 and CPF1 (Fig. 5A) when treated
with DPIL Overall, incubation with menadione indicated greater
sensitivity of EEPF1 over PF1 and CPF1, suggesting that it may be a
particularly useful probe for the detection of intracellular ROS.

4HNE

Fig. 5B shows the fluorescent responses for spermatozoa
treated with 4HNE. Samples stained with PF1 or EEPF1 revealed
significant fluorescent populations at 100, 200, and 400 uM treat-
ments with 4HNE. However, those samples incubated with CPF1
did not produce a significant fluorescent response as a conse-
quence of the large variation associated with these measurements.
The signal generated in the presence of PF1 was significantly
reduced (P<0.05) in the presence of DPI. However, incubating
with DPI did not reduce the fluorescent response for samples
treated with EEPF1, again suggesting an increased efficacy over
PF1. From these results it is clear that both PF1 and EEPF1 were
capable of detecting significant H,0, or ONOO™~ production by
4HNE-stimulated spermatozoa.

H20,

EEPF1 gave the greatest fluorescent response to ROS in popula-
tions of spermatozoa treated with H,0, (see Fig. 5C). These
fluorescent populations correlated with the concentration of
H,0, added (r=0.946, P<0.01). Fig. 5C also shows that in
contrast, samples stained with PF1 gave only a limited increase
in positivity at 250 and 500 uM H,0,, whereas CPF1 generated a
negligible fluorescence response, even for samples treated with up
to 500 uM H,0,. These results again indicate a greater efficacy of
EEPF1 over PF1 and CPF1 for the detection of ROS produced by
human spermatozoa stimulated with H,0,.

The mechanism by which H,0, stimulates enhanced ROS
generation by human spermatozoa is thought to involve the
induction of lipid peroxidation followed by the covalent binding
of lipid aldehydes such as 4HNE to proteins in the mitochondrial
electron transport chain (ETC), particularly, succinic acid dehydro-
genase [23]. The adduction of proteins within the ETC is, in turn,
thought to lead to electron leakage and sustained ROS generation.
The fact that DPI, an inhibitor of flavoproteins involved in
mitochondrial electron transport such as succinic acid dehydro-
genase, could significantly impair the ROS response to H,0, as
detected by EEPF1 is in good agreement with this model.

In light of these results, EEPF1 is clearly able to sense ROS
produced by human spermatozoa more effectively than PF1, CPF1,
DCFH, DHE, or MSR. Hence, we suggest that EEPF1 should be used
in preference to DCFH, DHE, or PF1, particularly for detection of
low concentrations (0-100 uM) of H,0, or ONOO~ in human
spermatozoa.

The different fluorescent responses of PF1, CPF1, and EEPF1 to
ROS produced by spermatozoa (Figs. 3 and 5) also provide some
preliminary insights into structure-activity relationships for the
aryl boronate class of probe. CPF1 consistently detected lower
numbers of reactive spermatozoa than PF1 and EEPF1. As
fluorescein-based probes are susceptible to photobleaching,
10 uM solutions of CPF1 and PF1 were irradiated with a 100-mW
488-nm argon laser to ensure that the cause of differing fluor-
escent responses was not photobleaching. CPF1 and PF1 showed
comparable rates of photobleaching; as such, the reduced CPF1
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with PF1 and CPF1; however, EEPF1 shows large positive populations to 12.5, 25, and 50 uM treatments. (B) PF1, CPF1, and EEPF1 all exhibit dose-response correlations to
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Fig. 6. Analysis of flow cytometry results showing the percentage of poorly motile
and motile samples of human spermatozoa populations indicating a fluorescent
response. EEPF1 provides a greater fluorescent response to the ROS produced in
poorly motile sperm. Significance level relative to motile sample: *P < 0.05.

positive populations observed in Fig. 5 are not the results of
differences in rates of photobleaching. However, for spermatozoa
to be analyzed by flow cytometry, the probe must be able to cross
the plasma membrane to react with intracellular ROS and generate
a fluorescent signal. It is therefore likely that the impaired cellular
uptake of CPF1 is responsible for its lack of activity. Any localized
fluctuation in pH would affect the ionization of the carboxyl group
of CPF1, which would, in tum, be expected to influence cell
permeability and hence the intracellular concentration of this
probe. By contrast, EEPF1 is esterified with a truncated PEG (see
Scheme 1) so it would be expected to possess a higher capacity for
intracellular penetration. Furthermore, hydrolysis of the PEG ester
by intracellular esterases may enhance cellular retention of the

active species, as reported for a similar aryl boronate probe, PF6-
AM [33).

Spontaneous ROS generation by human spermatozoa

Finally, the use of PF1, CPF1, and EEPF1 to detect spontaneous ROS
generation by human spermatozoa was investigated to validate the
use of these probes for detecting the increased ROS production
associated with poorly motile sperm. To this end, the spermatozoa
were separated on discontinuous Percoll gradients into subpopula-
tions exhibiting high and low levels of motility [7] (see Materials and
methods for details). These sperm populations were then separately
incubated with PF1, CPF1, or EEPF1. Fig. 6 clearly demonstrates the
increased generation of ROS by poorly motile spermatozoa compared
with their more motile counterparts. A relative increase in the pro-
portion of ROS-generating cells was detected in the poorly motile
cells with PF1, CPF1, and EEPF1. The largest increase was seen with
EEPF1, which detected ROS generation in around 40% of the poorly
motile cells compared with < 15% with PF1 and CPF1. These results
confirm EEPF1 as the most effective of these probes for the detection
of released ROS in human spermatozoa. As such, EEPF1 is recom-
mended for use as an intracellular probe for detection of ROS in
human spermatozoa.

Conclusion

The aryl boronate probes discussed here react directly with
H,0, and therefore present a distinct advantage over DCFH, which
we show to be insensitive to H,0,. PF1 and EEPF1 were also shown
to be effective fluorescent probes for the detection of both H,0,
and ONOO~ in human spermatozoa. Both PF1 and EEPF1 were
significantly more effective at detection of ROS by flow cytometry
compared to DCFH and DHE when stimulated using menadione
and 4HNE. In particular, EEPF1 was the most effective of the
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studied probes for externally stimulated and spontaneously gen-
erated ROS produced by human spermatozoa. This particular
probe should therefore have a significant role to play in the
diagnosis of oxidative stress in spermatozoa in the context of a
variety of circumstances including spontaneous male infertility,
cryopreservation, age, lifestyle, and exposure to environmental
toxicants.
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Abstract: This paper demonstrates the first single optical fibre tip probe for concurrent detection
of both hydrogen peroxide (H,O,) concentration and pH of a solution. The sensor is constructed
by embedding two fluorophores: carboxyperoxyfluor-1 (CPFl) and seminaphtharhodafluor-2
(SNARF2) within a polymer matrix located on the tip of the optical fibre. The functionalised fibre
probe reproducibly measures pH, and is able to accurately detect H,O, over a biologically relevant
concentration range. This sensor offers potential for non-invasive detection of pH and H,O; in
biological environments using a single optical fibre.

Keywords: optical fibre; hydrogen peroxide probe; pH sensor; dual sensor; fibre tip sensor

1. Introduction

Hydrogen peroxide (H,0,) and pH play vital combined roles in cellular signalling [1-3], tumour
development [4-7] and reproductive health science [8-11]. For example, the unregulated production
of H,O; by an embryo is a hallmark of embryonic stress [12], while pH fluctuations during embryo
culture can negatively affect embryonic development [13]. The simultaneous detection of pH and
H>O, would therefore provide significant benefit in monitoring the associated cellular processes.
H>O, and pH can be detected in cells by specific fluorophores, measuring either an increase in
fluorescence intensity [14,15], or a change in emission spectra respectively [16,17]. However the
use of these fluorescent probes in applications such as in vitro fertilisation (IVF) poses significant
scientific and ethical questions, as their effect on the development of embryos is unknown. As such,
direct contact of fluorophores with an embryo is ethically unsound and not allowable in most
regulatory jurisdictions.

Optical fibre-based probes offer an attractive and non-invasive approach. Here a fluorophore of
interest can be attached to the fibre surface for localised measurement without being released into
the solution [18-20]. Various configurations of optical fibres have been examined for development of
such fluorescent sensors, specifically; functionalized end-faces (tip sensors) [21,22], exposed core [23]
and microstructured fibres [24,25]. Although microstructured fibre based sensors can be more

Sensors 2015, 15, 31904-31913; doi:10.3390/5151229893 www.mdpi.com/journal/sensors
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sensitive than tip sensors [26], filling of the air holes with analyte is required in order to perform a
measurement. This typically restricts microstructured fibres to single temporal measurements, unless
microfluidics or external flushing systems are employed, and these may impede on the cell culture
environment. Exposed-core fibre sensors are ideal for environmental sensing and do not require
microfluidics or external flushing and offer advantages in distributed sensing. However, tip-based
sensors offer potential for temporal measurements in a single location rather than distributed along
the length, or can be repositioned to obtain a spatial map of the sample as desired. Tip sensors
often have reduced sensitivity compared to microstructured fibres [26], especially as conventional
attachment of a single layer of fluorophore to a fibre tip results in a low signal intensity [27]. However,
the signal intensity can be improved by increasing the density of fluorophore on the fibre tip.

H0; can be detected by aryl boronate-based fluorophores such as peroxyfluor-1 (PF1) [28] and
carboxyPF1 (CPF1, Figure 1) [29]. These aryl boronates have been shown as particularly effective
fluorescent probes for detection of H,O, in human spermatozoa and bovine oocytes [29,30]. pH
can be detected using a range of fluorophores, with seminaphthorhodofluor-2 (SNARF2, Figure 1)
offering some advantages over alternative probes, as the ratiometric emission from this probes
changes its spectral features over the physiological pH range, with a pK, of 7.5 [31]. This minimises
potential errors which could arise from using a solely intensity-based probe. Additionally, its
emission spectrum overlaps minimally with the emission of CPFl1 [32], allowing the separate
interrogation of each fluorophore.

This paper reports the first dual probe for sensing pH and the detection of HyO, by immobilising
two separate fluorophores (CPF1 and SNARF-2) onto a single optical fibre tip in a polyacrylamide
matrix. The two fluorophores are attached to a multi-mode fibre tip by a light-catalysed polymer
coating [33], to allow for greater control of fluorophore surface density and thus subsequent signal
intensity. This then allows detection of both H,O, and pH within a single system.

X
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0 H20,
S e
o}
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CPF1 6-Carboxyfluorescein

Non-fluorescent Fluorescent
Emission: 520 nm

SNARF2 (open) SNARFZ (closed)
Low pH High pH
Emission: 600 nm Emission: 650 nm

Figure 1. Chemical structures of fluorescent probes used in this study. Carboxyperoxyfluor-1 (CPF1)
reacts with HyO, to form the fluorescent 6-carboxyfluorescein. Seminaphthorhodofluor-2 (SNARF2)
is found in the protonated (open) form and lactone (closed) at low and high pH respectively.
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2. Experimental Section

2.1. Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Bis(acrylamide)
was purchased from Polysciences (Warrington, PA, USA). HPLC grade acetonitrile was purchased
from Scharlau. 100 mM Phosphate buffer solutions were prepared from monosodium phosphate
and disodium phosphate in Milli-Q water. Multimode fibre (200 um core diameter, FG200UCC)
was purchased from Thorlabs (Newton, NJ, USA), with one end connectorised for attachment to
the optical setup.

2.2. Polyacrylamide Photo-Polymerisation on Optical Fibre Tips

A solution of 3-(trimethoxysilyl)propyl methacrylate (5 L) in 10% acetic acid solution (30 uL)
and ethanol (1 mL) was mixed and sonicated until clear. Multi-mode fibre was cleaved and each
segment immersed in the methacrylate solution for 1 h. The fibre tip was then dried under Ny,
rinsed with Milli-Q water and re-dried under Np. The distal end of the fibre was coupled into a
405 nm source (Crystalaser 405 nm) using a 10x microscope objective. A monomeric stock solution
comprising of 3% bisacrylamide, 27% acrylamide and 70% pH 6.5 phosphate buffer solution was
dissolved under sonication. CPFI1-NHS (0.2 mg), and SNARF2-NHS (0.2 mg) were added to this
solution (400 uL) and 200 uL of the resulting solution was pipetted into a small Eppendorf tube.
Triethylamine (10 uL/mL) was added to the mixture, and the fibre tip was immersed in this solution
exactly 60 s after addition of the triethylamine and immediately irradiated under 405 nm light for 10 s
at 13.4 mW, to form a polymeric coating on the fibre tip.

2.3. Optical Measurements

The experimental configuration used for optical measurements is shown in Figure 2 below.

447/60 BP

Blue LED

532 laser

Spec

488/532 LP Polymer
Coated Tip

Figure 2. Experimental configuration for optical measurements of the combined pH/peroxide sensor.
The blue LED source was used to illuminate the peroxide sensitive carboxyperoxyfluor-1 (CPF1)
fluorophore, while the green excites the pH sensitive seminaphtharhodafluor-2 (SNARF).

A 470 nm blue LED source (Thorlabs M470F1, Newton, NJ, USA) with an appropriate bandpass
filter (Semrock Brightline 447 /60, Rochester, NY, USA) was coupled into one input of a bifurcated
fibre (Ocean Optics 200 pum, UV/VIS). Attached CPF1 was then excited with light from a 532 nm green
laser (Crystalaser 25 mW, Reno, NV, USA) coupled into the other input for excitation of the SNARFE.
An additional bifurcated fibre was used to connect the excitation sources to the sensing fibre, with
the remaining input connected to the input of the spectrometer (Horiba iHR550, Synapse detector,
Kyoto, Japan). Long-pass filters were inserted directly into the spectrometer input cage, with 488
nm (Semrock 488 nm Edgebasic) and 532 nm (Semrock 532 nm Razoredge) used for peroxide and
pH respectively.

The two excitation channels were controlled independently, with only one excitation wavelength
used at any particular time to excite either the peroxide or pH channel. The corresponding emission
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filter was used with each excitation source to attenuate residual pump light from the fibres. The use
of connectorised fibres and multi-mode fibres greatly simplifies the measurement procedure, as no
adjustments or realignment are required when swapping between pH and peroxide measurements.

3. Results and Discussion
3.1. Hydrogen Peroxide Detection

3.1.1. Detection of Biologically Relevant H,O, Concentrations

CPF1 and SNARF2 immobilised on fibre tips were tested in solutions containing H,O, to
establish the sensitivity of this surface configuration. Fibre tips were first functionalised with
3-(trimethoxysilyl)propyl methacrylate, then dipped into a solution of acrylamide/bisacrylamide
with N-hydroxysuccinimide esters of CPF1 and SNARF2. The N-succinimide esters of CPF1 and
SNARF2 increase solubility in the acrylamide solution to provide a more reproducible density of
fluorophores embedded in the polymer matrix. Excitation light (405 nm) was coupled into the distal
end of the fibre and the tip irradiated for 10 s to form a polymer layer on the tip containing the
fluorophores. The functionalised fibres were dipped into a range of concentrations of H,O, (0, 50,
75 and 100 uM) in pH 7.5 phosphate buffer, and the emission peaks from CPF1 at 520 nm and
SNARF at 600 and 660 nm were observed under 473 nm excitation. A low excitation power was used
(27 uW) for these trials to minimise any potential effects of photobleaching. The entire spectrum was
then integrated and normalised to the initial peak of CPF1 at 520 nm. This was necessary because
each probe has slightly different initial fluorescence values and hence raw intensity values cannot
be directly compared. Furthermore, each fibre probe was only used once for detection of HyO; to
ensure maximum consistency between trials. Figure 3 shows an increase in normalised integrated
fluorescence due to CPF1 over a 20 min exposure to HO,. This time interval was dictated by the
reaction rate of aryl boronates such as CPF1 with H,O, [34].

Normalised fluorescence of CPF1 in the presence of 100 uM H, O, is greater than for the control,
which lacked H,O, (Figure 3A). This increase in fluorescence is consistent with CPF1 reacting with
H,0, on the fibre tip. Furthermore, a plot of the rate of increase in fluorescence vs concentration
of H,O, (Figure 3B) clearly shows this rate increasing as the concentration of H,O, increases from
0 uM to 50 uM, 75 uM and 100 uM of H>O,. A similar increase was observed in our previous studies
on the detection of HyO, with CPF1 in solution [27], and we have also shown that CPF1 is able to
detect relevant H,O, concentrations in reproductive biology [29]. Hence, this probe exhibits sufficient
sensitivity for this biological environment.

An initial drop in fluorescence was observed for some probes (see Figure 3A), particularly the
probe immersed in a 50 uM H,O; solution. This is likely due to a change in emission properties of the
fluorophores as the probe is moved from air into the solution. A more rapid increase in fluorescence
was observed in the first 5 min, suggesting the probe is equilibrating in the new medium. After 5 min
the probes show a near linear increase in fluorescence intensity. Thus, an incubation time of greater
than 5 min is required to give an accurate indication of the rate of increase in fluorescence due to
HyO;. A plateau was not observed over the time course of the experiment, suggesting quantitative
data should be obtained from the rate of increase in fluorescence rather than the overall increase
in fluorescence.

Itis also important to note that an increase in the integrated fluorescent signal was evident, even
in the absence of H,O, (Figure 3A). A decrease in fluorescence would be expected if photobleaching
or leaching of the fluorophore from the polymer occurred over the course of the experiment. The
effect of photobleaching on CPF1 was of particular interest, since CPF1 is oxidised by H,O, to give
5-carboxyfluorescein. 5-carboxyfluorescein is known to photobleach [35], a process which occurs
more rapidly in the presence of reactive oxygen species such as HyO, [36]. In order to accurately sense
H,0O, with CPF1, low rates of photobleaching must be achieved. An increase in fluorescence in the
absence of H,O5 suggests that photobleaching was not occurring on the fibre during the experiment.
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This is an important observation for the practical use of the probe since the fibre’s ability to sense
accurately would be reduced by photobleaching of the fluorophores on the fibre tip.
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Figure 3. (A) Integrated fluorescence intensity from CPF1 using blue excitation with varied peroxide
concentration in pH 7.5 buffer; 100 uM HyO, shows an increased fluorescent response from the fibre
without H,O,; (B) Slope of integrated fluorescence for increasing concentrations of H,O, (0, 50, 75
and 100 uM). Error bars indicate the standard error of the calculated slope.

3.1.2. Effect of Change in pH on Detection of HO,

The effect of pH on the detection of HyO, in fibre was next investigated by immersing
functionalised fibre tips in solutions of H>O, of differing pH. Fibre tips were functionalised with
CPF1 and SNAREF2 as before and separately immersed in 100 pM separate solutions of H;O, at a pH
of 7.05,7.55 or 8.05. A 470 nm light source was coupled into the fibre for excitation and the increase
in fluorescence was recorded over 20 min. All spectra were integrated and normalised as before,
with the results shown in Figure 4A. The rate of increase in fluorescence was calculated as depicted
in Figure 4B. The observed rate at pH 8.05 was 1.5 times greater than the rate observed at pH 7.05
(Figure 4B).

The reaction rate of aryl boronates (such as CPFl) with H>O, is higher in more basic
solutions [37]. CPFl1 reacts with the conjugate base of HO, (hydroperoxide ion HOO ) [15] to
give fluorescent 5-carboxyfluorescein. As the pH increases, more H>O, dissociates into its conjugate
base, HOO . The concentration of HOO  available to react with CPF1 will therefore be higher
in more basic solutions, accounting for the observed upward trend in rates due to increasing pH
(Figure 4B). Furthermore, the product of CPF1 with H,O, is a carboxyfluorescein, and fluorescein
exhibits different quantum yields of fluorescence at differing pH [38]. Thus, the pH of the solution
is highly pertinent to the accurate detection of H,O,. This is further highlighted by a comparison of
rates of increase in fluorescence at different pH and H,O, concentration, shown in Figures 3B and 4B.
A rate of approximately 1.2 a.u./min was calculated for a 100 uM solution of H,O, in pH 7.05
(Figure 4B). However, a similar rate was calculated for a 50 pM solution of H,O, at a pH of 7.55
(Figure 3B). The observed rate in these experiments is clearly dependent on the pH, in addition
to the concentration of HyO,. It is hence necessary that the pH of a solution must be known in
order to calculate an unknown concentration of H,O, resulting from an increase in fluorescence.
Therefore, it is critical that the probe also incorporates a pH sensitive component to accurately
determine the H,O, concentration. This improves upon many systems for detection of H,O, that
do not simultaneously measure pH, despite the reported effect on H,O, detection [15].
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Figure 4. Response of CPF1 to 100 uM H,O, in solutions that varied in pH. (A) Integrated fluorescent
responses of probes to 100 pM H,O, in pH 7.05, 7.55 and 8.05 over 20 min using blue excitation;
(B) Rate of increase in fluorescence of each probe with H,O, in each of the 3 pH solutions. Error bars
indicate the standard error of the calculated slope.

3.2. pH Sensing

3.2.1. Initial pH Sensing

The sensitivity of these functionalised fibre tips was defined across a series of solutions of
differing pH, ranging from 6.5 to 8.5. Fibres functionalised with CPF1 and SNARF2 as before were
dipped into phosphate buffer solutions of each pH. 532 nm light attenuated to 13 pW was coupled
into the fibre for excitation, and the fluorescent signal from immobilised SNARF2 was collected after
1 min equilibration time. The fibre was removed from solution, dried, and immersed in a subsequent
buffer solution. Two fibre probes were calibrated in this way using sixteen buffer solutions ranging
from pH 6.5 to 8.5 as shown in Figure 5. This broad pH range (6.4-8.5) was chosen in order to
demonstrate the potential of the probe in biological applications beyond the narrower constraints
of an embryo. Five additional probes were then calibrated in selected solutions across this range (see
fibres 3-7 in Figure 5B). The fluorescence spectra were recorded as shown in Figure 5A. The probe
exhibits a decrease in intensity of fluorescence at 600 nm as the pH increases, with an increase in
intensity at 660 nm.
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Figure 5. pH response of SNARF-2 embedded in polyacrylamide on fibre tip to varied pH.
(A) Emission spectra of SNARF in various pH buffers; (B) Ratio of emission peak intensities
600/660nm shown with over multiple trials. The effect of noise was reduced by taking the mean
of eight values between 598-602 nm and 558-662 nm. Error bars represent the standard deviation of
these values.
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The pH of the buffer was correlated with the observed fluorescent signal by calculating the ratio
of intensities at 600 nm and 660 nm for each spectrum (Figure 5B). This analysis revealed an inverse
correlation between this fluorescent ratio and pH of the solution. The plot also shows a linear trend
over the pH range 7.0 to 8.0 and indicates that the sensor should be of use for determining the pH
of a biological sample near physiological pH. Moreover, multiple fibre trials produced similar pH
calibration curves (Figure 5B) showing good reproducibility between fibres. This data also indicates
that SNARF2 bound to a fibre tip behaves as in solution [32]. Therefore, SNARF2 effectively senses
the pH of a buffer solution when embedded in polyacrylamide on a fibre tip.

3.2.2. pH Sensing before and after Detection of Hydrogen Peroxide

The functionalised fibre probes were used to sense pH before and after immersion in H,O, in
order to determine if this affected the pH sensing capability. Each fibre was functionalised with CPF1
and SNARF2 and calibrated in phosphate buffer solutions of known pH as described in Section 3.2.1.
The fibre tips were then immersed for 20 min in one of three H,O, solutions: 100 M solution of H,O,
in pH 7.55 buffer, 50 tM H,O, in pH 7.55 buffer or 100 uM H,O, in pH 7.05 buffer. These conditions
represent the range of conditions that the probe may experience in unknown samples. Each probe
was calibrated again in phosphate buffer solutions as above. The resulting pH calibration curves
were plotted for each probe both before and after immersion in H, O, (Figure 6).
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Figure 6. Sensing of pH before and after immersion in H,O,. Each graph plots the ratio of emission
peaks of SNARF2 at 600/660 nm with the pH of the buffer solution tested, before and after solutions:
(A) 100 uM solution of Hy O, in pH 7.55 buffer; (B) 50 uM H>O, in pH 7.55 buffer; (C) 100 uM HO; in
pH 7.05 buffer. Three different samples were trialled before and after H,O, solutions to demonstrate
the independence of the result to concentration of HyO, or the pH of the HO, solution. To reduce
any effect of noise, the mean of eight values between 598-602 nm and 558-662 nm is given. Error bars
represent the standard deviation of these values.
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The fluorescent ratios shown in Figure 6A show minimal changes before and after immersion
in 100 pM H,O; in pH 7.55. This indicates that reaction of H,O, with CPF1 does not affect the
sensing of pH by SNARF2. Figure 6B reveals similar fluorescent ratios before and after immersion
in 50 uM HyO, in pH 7.55 buffer. H,O, again does not affect the sensing of pH over the tested
concentration range, 50 uM to 100 uM H, O,. Figure 6C shows the fluorescent ratios of SNARF on fibre
tips before and after immersing in 100 uM H,O, in pH 7.05 buffer. As per the previous results, the
fluorescent ratio curves did not change significantly after immersion in H,O,. Importantly, immersing
the probe into a solution containing H,O, does not affect the pH sensing capability of the probe.
This demonstrates that SNARF2 can be used on optical fibre tips for sensing pH independent of the
detection of H,O, by CPF1.

4. Conclusions/Outlook

The tip of an optical fibre has been functionalised with two separate fluorophores, CPF1 and
SNARF2 embedded in polyacrylamide, in order to allow measurement of the H,O, concentration
and pH respectively. The probe is demonstrated to effectively detect H,O, over a physiological pH
range. The probe shows a minimum detectable concentration of 50 uM H,0O, at pH 7.5, and pH was
measured repeatedly over the range 6.5-8.5 with resolution of 0.1 pH units. Each fluorophore was
used in tandem by alternating excitation sources, i.e., blue excitation to interrogate CPF1 for H,O
detection, and green excitation for SNARF2 to sense pH, with minimal cross-talk. The combination of
pH and H,O; detection also addressed the crucial issue of accurate measurement of H,O; in solutions
with varying or unknown pH, where the pH of the solution alters the apparent H,O, concentration.
This is the first example of a dual pH and H>O, probe and is an important proof of concept for
the detection of pH and H,O, in ethically complex biological environments such as found in an
IVF laboratory.

This probe could find potential application if placed near the cumulus cells of an oocyte for
monitoring of extracellular pH and H,0O; fluxes during fertilisation and during early embryonic
development. Tapering of the fibre tip could also increase the resolution from 200 um to a few
microns if required [39]. This fibre probe may offer potential not only in embryology, but a range
of biological applications whereby the system must remain isolated from any external agents such as
organic fluorophores.
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