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Chapter 1

Introduction
Color is one of the most interesting characteristics of any material in nature. It is one of the most
important mechanisms of nature to provide information to attract or intimidate and is the basic
sign of visual communication. Colors are basically just interpretation of varying wavelength or
energy of light in the brain and its perception varies not only within species but also between
individuals. Humans rely on their optical sense to differentiate between colors of varying

information and to interpret symbols encoded in nature like danger, ripeness of food etc.
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Figure 1: The electromagnetic spectrum with the human visible part zoomed out.

The section of electromagnetic spectrum that is perceived by the human eye stretches from near
ultra-violet at about 390 nm to the red at 700 nm *. Even though colorants (dyes) were produced
a long time ago from natural resources especially by major colony owning empires in France and
England, their organic synthesis on industrial scale started in Germany in the middle of 19"
century with the foundation of many companies like Bayer and Hoesch. The global industrial

market for dyes and pigments is expected to grow over $26 Billion by the year 2017. The total
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global market for biological imaging dyes is estimated to be roughly around $14.5 billion in year

2017. This includes contrast and nuclear reagents, proteins and quantum dots >°.

1. Introduction to photophysical phenomena
Light emission from a material is called luminescence. Luminescence is emission of UV, visible
or infra-red light by electronically excited species. Depending on the energy source,
luminescence is then described as electro, chemo, radio, bio or photoluminescence.
Photoluminescence is the emission process occurring from a material when energy is provided
by electromagnetic radiation of UV, visible and infra-red region of the spectrum. The term
luminescence was first introduced by the physicist and science historian, Eilhardt Wiedemann in
year 1888 ’. Fluorescence, phosphorescence and delayed fluorescence are known forms of
photoluminescence. The term fluorescence was first coined by Sir George Stoke, a physicist and
professor of mathematics at Cambridge in his famous paper entitled “On the refrangibility of
light” in 1852 . However, the observation of fluorescence phenomena had been reported in the
literature way before this time. In 1565, a Spanish physician and botanist, Nicolas Monardes
reported a wonderful blue emission from an infusion of wood brought from Mexico, which was
used to treat kidney and urinary disease. The medicinal property and blue color of the wood was
known to the Aztecs. As it was an expensive medicine, its counterfeit were also available in the
market. Therefore, it was of great interest to detect these counterfeits which emitted yellow color
in solution. This was the first application of the phenomena that would be later called as
“fluorescence”. This wood was later characterized as Lignum Nephriticum. In 1833, Sir David
Brewster described the beautiful red fluorescence of chlorophyll when a beam of light passes

from green alcoholic extract of leaves, in the article “On the color of natural bodies” %, In



1845, Sir John Hershel reported the blue light emission from quinine sulfate solution and called

this phenomenon as “Epipolic dispersion”.

Although, it is not clear who demonstrated the term phosphorescence, the term phosphor, a
material that glows in the dark, has been in use since the middle ages. There are various
examples of minerals that glow in the dark, and one such widely known mineral is Bolognian
phosphor found by Cobbler from Bologna named Vincenzo Cascariolo in 1602. Later in 1900,
many well-known scientists like Pringsheim, Levshin, J. Perrin, F. Perrin, E. Gaviola, A.
Jablonski, G. Weber contribute to the advancement in the field of fluorescence. In the past three
decades, there has been remarkable growth in the field of fluorescence in biomedical field. The
fluorescence field in biomedical science was revolutionized by Richard Haugland, creator of the
company, Molecular probes (currently a part Thermo fisher Scientific) for using organic

fluorophores in human genome project.

2. The Fluorescence phenomena
Over the past few decades, fluorescence spectroscopy has become a valuable tool in biomedical
research. It is a dominant technology, expanding to different branches in research, for example,
biotechnology, genetics and medical diagnosis. The widespread use of fluorescence technology
is mainly due to its high sensitivity and ease of use. This reason led to its extensive use in
molecular and cellular imaging, which is very useful in determining numerous cellular processes,

including localization of intracellular molecules even at the single molecule level.

Fluorescence is a phenomenon which occurs when a fluorophore absorbs light (energy) at a

specific wavelength (corresponding to the transition energy behavior) and emits at a longer



wavelength. The emission of the light occurs from electronically excited singlet state of the
molecule. In the singlet state, spins are completely antiparallel and thus the total spin is S=O0.
Excited electrons from the singlet excited state decays quickly back to the ground state yielding
fluorescence. This phenomena leads to rapid rate of emission in fluorescence that is typically in
the range of a few nanoseconds. However, electrons from the excited state can sometime go to
the triplet state (forbidden transition) giving rise to phosphorescence which has lifetimes on the
order of milliseconds. The scheme below depicts the absorption, fluorescence and
phosphorescence process on a Jablonski diagram first published in Nature in year 1933 and
describe the photophysical processes which occur when molecules absorb light *. Jablonski
diagram is often used to demonstrate various molecular processes that occur during absorption

and emission.
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Figure 2: Jablonski diagram showing absorption, fluorescence and phosphorescence processes.

In this, diagram SO, S1 and S2 represents the singlet ground and first and second excited state. At
each of these electronic states, electron can stay in any of the vibrational state. Generally, the

energy of emission is lower than the energy of absorption as energy is lost during various
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molecular processes. This leads to a red shift in the emission spectrum with a lesser energy. This
phenomenon is called a Stokes shift. One of the various reason of stokes shift is internal
conversion; energy loss can also by thermalization of extra vibrational energy, solvent effect,

excited-state reaction, complex formation and energy transfer.

2.1.Fluorescence quantum yield
Radiative and non-radiative processes define how a molecule losses energy. Since only a small
fraction of energy is dissipated back as fluorescence but mostly the energy is dissipated as heat.
As shown in the Jablonski diagram, transition from S1 to SO occurs with loss of energy. As a
result, the number of photons emitted by a fluorophore is rarely equal to the number of photons
absorbed by it "****, This ratio of emitted photons to absorb is known as quantum yield and can

be calculated by;

Where I is the Radiative decay rate and K, is the non-radiative decay rate.

2.2. Fluorescence lifetime
An important and defining characteristic feature of a fluorescent material is its fluorescence
lifetime. It a characteristic feature to each fluorophore and depends on various factors like
molecular structure and the effect of external factors such as presence of quenchers, temperature
and solvent polarity. It is a statistical process that tells us how long a fluorophore on average will
stay in the excited state before it emits a photon and return to the ground state. The fluorescence
lifetime is defined as the time it takes for the overall fluorescence intensity to decline 1/e of its

initial intensity after the absorption of light. Similar to the quantum yield, the fluorescence



lifetime can be expressed as a function of radiative and non-radiative rate constant from the

Jablonski diagram as shown in equation below

1

T=—F"—
'+ Ky,

Where 7 is fluorescence lifetime, T is radiative decay and Ky, is the non-radiative decay rate. If
the quantum yield of the fluorophore is 1, then the fluorescence lifetime of the fluorophore is

known as natural lifetime and is given by:

Th =

If we assume that an initial amount of molecules No* are in the excited state, one can model the
amount of molecules in the excited state as a function of time by the first order rate equation:

dN*(t)
dt

= —KNg ()

Where K is all decay rates (radiative and non-radiative). Integrating above equation with respect
to time gives:

N*(t) = Nge

We can also define the lifetime T = 1/k so we are left with

N*(t) = Nge™ /"
The fact that many typical organic fluorescent molecules have a lifetime in the range of 1-5 ns
gives fluorescence spectroscopy an almost unparalleled advantage in detection of biological

systems because all the biological processes occur in similar time scale. This can also allow the



molecule to interact with its environment during the time spent in its excited state and hence

details about excited state interactions can be studied using fluorescence lifetime 4.

2.3.Fluorescence Anisotropy
Fluorescence anisotropy measures the rotational diffusion of a molecule by using polarized
fluorescence signal from the molecule. Anisotropy measurements are typically used to measure
the binding interaction between molecules. In biological sciences, fluorescence measurements
are used for various purposes like measuring the size and shape of a molecule or proteins or
more interestingly protein-protein interaction. The anisotropy is given as the ratio of
fluorescence intensities and can be described as:

VYV -VH
T VV ¥ 2vH

where VV is the fluorescence intensity with the polarizer aligned parallel to each other and VH
with perpendicular orientation. The measured intensities at two different orientations of the
polarizer will be different because the absorption probability depends on the angle between the
electric vector and the absorption transition dipole moment of the absorbing molecule. During
excitation of the fluorophore, the molecules are photoselected by the incident light. During the
emission of light, the photon electric vector will be oriented along the molecules emission
transition dipole moment. During the lifetime of the fluorophore, the photoselected population
will rotate and therefore depolarize the emission. Depending on the environment and the lifetime
of the fluorophore, the depolarization of light can be faster or slower. This can help in studying
the dynamics of macromolecules in solutions. The Perrin equation relates the fluorescence

lifetime of a fluorophore and the correlation time of the fluorophore to the observed anisotropy



and fundamental anisotropy. Fundamental anisotropy is the anisotropy measured in the absence

of diffusion %,

Where 1y is the fundamental anisotropy, 7 is the fluorescence lifetime and 0 is the correlation time

for the rotational diffusion.

2.4.Fluorescence lifetime imaging (FLIM) microscopy
Fluorescence lifetime imaging produces an image based on the difference in the fluorescence
lifetime (excited state decay rate) of the fluorescent sample. Thus it is a fluorescent imaging
technique where the contrast on the image is based on the fluorescence lifetime of the individual
fluorophore rather than its emission profile. The fluorescence lifetime depends on various
environmental parameters such as pH, oxygen concentration, viscosity etc. It offers a unique
method to study live or fixed cells because of its high sensitivity, specificity and versatility. The
change in the lifetime of a fluorescent dye due to specific molecular interactions has several
applications. If interaction of a fluorescent molecule with oxygen or its conjugation with a target
molecule changes its fluorescence lifetime, then it can be seen as a contrast in the image in terms

of different fluorescent lifetime "1,

FLIM techniques can be classified into time-domain and frequency domain. However in this
section we will only discuss time-domain FLIM via time-correlated single photon counting
(TCSPC) which is used in the later section of this dissertation. TCSPC-FLIM uses a
multidimensional time-correlated counting process. Data recording is based on detecting single

photon of fluorescence emission after each excitation and determining the arrival time of the



photon to the laser pulse and the position of the laser beam. From these parameters, a photon
distribution over the spatial coordinates, x, y and the times of the photons (t) is build up. This
results in the generation of a three-dimensional data array that represents the pixels of the two-
dimensional scan, with each pixel containing photons in a large number of time channels for

consecutive times after the excitation pulses *32°.

3. Use of fluorophore in biology
Fluorescence without doubt is one of the most important tools in biology. The use of
fluorescence has allowed us to sequence genome, study protein interactions, and study protein
localization and kinetics 2% Fluorescent dyes like Indocyanine green is an FDA approved
contrast agent and has been used in diagnostics and surgical procedures. It had been used to
image liver function and as a contrast for angiogram 2!, Fluorescence provides biologists the
opportunities to study intracellular structures in more detail which was unattainable by more
classic microscopy techniques like bright and dark field microscopy. With the inception of
fluorescent protein, cell biologists can now monitor the intracellular environment, in real time
without the addition of exogenous fluorophores 3. The investigation of many fundamental
processes occurring at biomolecular level requires tools for fast, sensitive and reproducible
detection. One of the best methods to study biomolecular interactions is the use of
photoluminescence with functional labels and dyes. Fluorescence-based detection is the most
common method for biosensing because of its high sensitivity, selectivity and ease of use. The
development of novel luminescent materials with unique fluorescent properties paves new roles
for fluorescence based detection, imaging and sensing of biomolecules. Fluorescence
spectroscopy and microscopy is widely used in various areas of biology and medicine, including

proteomics and genomics studies, pharmaceutical screening, diagnostics, drug delivery and



medical imaging (like in-vivo imaging of cancer) ***°. Usually the molecules of interest in
biomedical research are non-fluorescent and require the use of extrinsic fluorophores. The most
common use of fluorophores in biology is in immunology, probing proteins and labeling
antibodies. These small fluorescent dyes are indispensable tools in chemical biology, being

ubiquitous as biomolecular labels and cellular stains.

4. Fluorophores
Fluorophores are the molecules which re-emits energy upon excitation by a light source.
Developments in chemistry, physics, biology, and engineering have encouraged interest in dyes
and fluorophores to study localization, trafficking or expression of biomolecules in live cells.
Due to its widespread use in biology, fluorophores have become very useful in biotechnology
and medicine. Fluorescent probes are widely used in biomedical science as it provides high
sensitivity in detection with minimum perturbation to system under consideration. The use of
fluorophores in protein biochemistry started with the synthesis of dansyl chloride in 1953 by
Gregorio Weber. For his dissertation work, he also introduced fluorescence of flavins, ANS and
TNS. Dr. Weber’s work in predicting the intrinsic protein fluorescence and the first spectral
resolution of their emission has allowed the use of the three known fluorescent aromatic amino

acids (Tryptophan, Tyrosine and Phenylalanine) in protein dynamics studies *#%.

Fluorophores can be broadly classified into two categories; intrinsic and extrinsic fluorophores.
Intrinsic fluorophores are the chemical entities which are present in a cell and have fluorescent
properties which include aromatic amino acids, flavins and flavoproteins. Extrinsic fluorophores
are those that are added to the sample to provide them fluorescence properties. The indole group
of tryptophan residue is the dominant source of UV absorption and emission in proteins. The

emission of tryptophan is highly sensitive to its environment, and is often used to study protein
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conformation change. Typical lifetimes of aromatic amino acids are in the range of few ns with

tryptophan at 3.1 ns, tyrosine at 3.6 ns and phenylalanine at 6.8 ns.

Tryptophan Tyrosine Phenylalanine

Figure 3: Chemical structure of three aromatic amino acids.

Enzyme cofactor like NADH is highly fluorescent, with absorption and emission maxima at
360nm and 460nm. Riboflavin, FMN, and FAD absorb light in the visible region around 450 nm
and emission at 525 nm. Lifetimes for FMN and FAD are 4.7 and 2.3 ns. There is a great deal of
interest in the use of fluorescence from tissue. The best characterized fluorescence from tissue is
from the structural protein collagen and elastin. However, extrinsic fluorophores are mainly used
for biomedical applications because of their superior photophysical properties and ease of
application as most of the biological samples are not fluorescent by themselves. For example,
DNA and lipids are devoid of fluorescence and requires the use of extrinsic fluorophores. Even
in case of proteins, it is desirable to label them with a fluorophore that has excitation and
emission wavelength longer than the aromatic amino acid "*3. Today fluorescein and rhodamine
and their derivatives are the most commonly used fluorophores in biology. Fluorescein was first
discovered by a German organic chemist, Adolf VVan Bayer in 1871, much before the discovery

of dansyl, but was not put in use in biology until recently *’.
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Fluorescein Rhodamine B

Figure 4: Chemical structure of fluorescein and Rhodamine B.

The advantage of using these dyes is their wide/narrow emission range of 510-620 nm and high
extinction coefficient near 89,000M™“cm™. BODIPY dyes later replaced fluorescein and
rhodamine. BODIPY dyes have high fluorescence quantum yield, insensitivity to solvent polarity
and pH, narrow emission bandwidth and greater photo-stability than fluorescein . On the other
hand, dyes like prodan and acrylodan are sensitive to polarity and show large spectral shifts at
the membrane phase-transition temperature . Apart from these dyes, dyes like ANS, TNS and
1,6-diphenyl1-1,3,5-hexatriene (DPH) that interact non-covalently with proteins and membrane
are also widely used in biochemical studies “>**. The most recent dyes available for bioimaging
is Green fluorescent protein discovered in 1979. This discovery led to noble prize in 2008 to
Osamu Shimomura, Martin Chalfie, and Rogen Tsien “*®. However, the main problem associated
with fluorescent proteins is the inability of their use in polarization studies apart from a shorter

shelf life and difficult synthetic method.

12



Quantum dots are one of the newest additions to fluorophores. Although they were discovered in
1981, they did not find application application as a probe until 2002 when Quantum Dot
Corporation of Hayward, CA started selling them to biologists. Quantum dots when compared to
organic dyes are photostable and do no bleach at all. However, their main disadvantage is their
large size which can produce perturbation in biological samples. Also, they are cytotoxic and
photoblink when excited *“*“°. Lanthanides (europium and terbium) are another class of inorganic
fluorophores. Lanthanides display line emission with very long fluorescence lifetime in the range
of few milliseconds. Their major applications are as fluorescent substitutes for calcium and as a
donor in FRET experiments. They are of limited use because of their low extinction coefficient
and often need a chelator to excite them indirectly *3*®. Another new class of fluorescent
nanomaterials includes nanodiamonds, nanoruby and noble metal nanoclusters. Early reports on
fluorescent nanodiamond came around 1997. The fluorescence from these nanodiamonds can be
ascribed to the point defects (Nitrogen atoms) in crystal lattice called N-V centers. These
vacancies are generated by proton, electron or ion bombardment in the presence of nitrogen *"®.
Nanoruby is a recent type of fluorescent nanoprobe. This consists of Cr doped aluminum oxide
(Al203), where replacement of Al by Cr is the reason for the luminescence. It shows zero photon
line (ZPLs) at around 694 and 692 nm. Edmonds et al. reported its synthesis and use as a cellular
probe for background free detection *°. Noble metal fluorescent probes are amongst the newest
class of fluorescent probes. These are organic ligand protected metal (Au, Ag, Cu, Pt) clusters
which are less than 2 nm in size. The metal core consist of few atoms of a particular metal
capped by an organic ligand. Nanoclusters bridge the gap between the behavior of metal atoms

50-52

and metal nanoparticles . Even with the emergence of different types of novel fluorescent

probes, organic fluorophores are the most widely used fluorophore in several biomedical
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research. Due to their small size, large extinction coefficient and ease of functionalization, it is
really convenient to use organic fluorophores for different biomedical applications. Currently
fluorophores with long fluorescence lifetime are attracting interest of biochemists for analytical
and imaging purposes as their wavelength of excitation shifts towards longer wavelength thereby
decreasing the autofluorescence from biological samples. In 1856, C.H.G Williams synthesized
the first cyanine dye which emits in the blue region of the electromagnetic spectrum *3. The
fluorescence lifetimes of most red emitting organic probes is under 4 nanoseconds, which is a
limiting factor in studying interactions and conformational dynamics of macromolecules. In
addition, the nanosecond background autofluorescence is a significant interference during
fluorescence measurements in cellular environment. Poly-aromatics such as pyrene are among
few long-lived organic fluorescent probes available. Unfortunately these probes can only be
excited in UV and near-UV (typically less than 350 nm) region of the spectrum, where the
autofluorescence and cellular material absorption is also very strong. Therefore, red fluorescence
emission with longer lifetimes will be immensely helpful. The new class of fluorophore with
three oxygen bridges was originally synthesized by Martin and Smith in 1964. Just 15 years ago,
Bo.W. Laursen and others dedicated attention to the development of this interesting class of
fluorophores with long fluorescence lifetime >20 ns and emission in 520-600 nm. Azaoxa-
triangulenium fluorophores ADOTA and DAOTA are red emitting small organic molecules with
high quantum vyield, long fluorescence lifetime and high limiting anisotropy. In aqueous
environment, ADOTA and DAOTA absorption and emission maxima are respectively 540 nm
and 556 nm, and 556 nm and 589 nm. Their emission extends beyond 700 nm. Both probes have
the limiting anisotropy between 0.36-0.38 at their absorption peak. In both protic and aprotic

solvents, their lifetimes are around 20 ns, making them among the longest-lived red emitting
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organic fluorophores. The azaoxa-triangulenium probes, which absorb and emit in red are a sub-
group of triangulenium structures in which oxygen is replaced by nitrogen and the three aromatic
rings are bonded to a central carbon atom bearing a positive charge. They are either similar or
smaller when compared to other red fluorophores. Their emissive properties, dictated by the
oscillator strength of the primary transition, are unique, as the long 50 ns radiative lifetime does
not result in extensive quenching of the emissive state. Consequently, the azaoxa-triangulenium

dyes have high quantum yields, long fluorescence lifetimes and high limiting anisotropy >*°.

The work described in this dissertation deals with the characterization and application of
azadioxatriangulenium (ADOTA) fluorophore for biomedical sensing. As a proof of concept, for
their applications in biomedical science, this fluorophore was used for the detection and imaging
of enzyme hyaluronidase. The enzyme hyaluronidase is upregulated in various types of cancer.
Hence, developing a probe that can sense and image hyaluronidase activity in biological samples
will be beneficial. Initially a probe was developed for the detection of hyaluronidase using
hyaluronic acid as the template labeled with fluorescein and rhodamine as the FRET pair. After
that a similar probe using ADOTA fluorophore was synthesized. This probe was further
characterized and used in sensing and imaging of hyaluronidase activity in biological samples.
Physiological importance of hyaluronidase and hyaluronic acid are discussed in detail in the later

section of this dissertation. The work in this dissertation has been divided into four parts.

Project 1: Synthesis and characterization of biosensor for the detection of hyaluronidase activity

using fluorescein and rhodamine (HA-FRET)

Project 2: Characterization of azadioxatriangulenium fluorophore in polyvinyl alcohol (PVA)

film and silica thin films
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Project 3: Synthesis, characterization, and application of the biosensor developed using

azadioxatriangulenium fluorophore (HA-ADOTA) for the detection of hyaluronidase activity

Project 4: Application of HA-ADOTA as a fluorescence lifetime-based imaging agent for the

detection of hyaluronidase activity in cancer cells.
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Chapter 2

Hyaluronic acid, hyaluronidase and methods of detection of hyaluronidase: an overview

1. Hyaluronic acid
Hyaluronic acid (HA), also called as hyaluronan was first isolated from bovine vitreous humor
by Meyer and Palmer in 1934 *. It is a linear polysaccharide consisting of repeating disaccharide
composed of N-acetylglucosamine and glucuronic acid, which are connected by a linked via
alternating p-1,4 and f-1,3 glycosidic bond. Hyaluronic acid is a member of the
glycosaminoglycans (GAGSs), which are composed of repeating disaccharide of uronic acid and
amino sugar. But compared to other GAGs like chondroitin, keratin, chondroitin sulfate, and
heparin, all the GAGs are synthesized by resident Golgi enzymes, except hyaluronan which is
synthesized at the inner surface of plasma membrane and then extruded out. Hyaluronan is
produced by all vertebrates as a major component of extracellular matrix. In mammals, the
highest levels can be found in umbilical cord, synovial fluid, skin, and vitreous humor. Increased
concentrations of hyaluronic acid are found in the matrix produced by the cumulus cells around

the oocyte. The overall amount of hyaluronic acid in a 70 kg individual is approximately 15gm 2.
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Figure 1: Chemical structure of hyaluronic acid.
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Biosynthesis of hyaluronic acid are regulated by a class of integral membrane proteins called
hyaluronan synthases of which vertebrates have three types: HAS1, HAS 2, and HAS 3. The
active site of these transmembrane enzymes protrudes from the inner face to the plasma
membrane and hyaluronic acid is extruded during synthesis through the cell membrane into the
extracellular surface. The synthesized hyaluronic acid stays in contact with the plasma
membrane via interaction with the cell surface receptor like CD44, RHAMM, LYVE-1, TLR-4
or by the membrane anchored hyaluronidase Hyal-2 2. The degradation of the hyaluronic acid
was suggested by Csoka et al. First, higher molecular weight HA is degraded into small
fragments of 20 kDa by the membrane bound Hyal-2. After internalization of the fragments
further degradation occurs in the acidic surrounding of lysosomes with the help of Hyal-1 and
two exoglycosidases called P-N-acetylglucosaminidase and p-glucuronidase. Finally the
oligosaccharides are able to diffuse out of the lysosome, which is used again for the synthesis of
hyaluronic acid. One third of the hyaluronic acid present in human body are metabolized and
reproduced every day. In addition to the enzymatic degradation, it is also degraded under

physiological conditions by reactive oxygen species like the hydroxyl radical *.

Inside the body, hyaluronic acid serves various several functions. It functions as a lubricant,
shock absorber, regulates water homeostasis and functions as an important structure-forming
molecule, especially in joints and vitreous humor, and provide structural integrity to the skin.
Furthermore, it is involved in embryological development and general processes like migration,
proliferation, adhesion and differentiation of cells, immune surveillance, inflammation, wound
healing, angiogenesis, and tumor progression. High molecular weight hyaluronan is anti-
angiogenic and anti-inflammatory, whereas smaller hyaluronan fragments are angiogenic and

inflammatory **°.
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2. Hyaluronidase
The hyaluronidases were first discovered by Duran and Reynals in the extract of mammalian
testis and were identified as “spreading factor” due to its ability to facilitate the diffusion of
vaccines, dyes and toxins . The term hyaluronidase was introduced by Meyer in the 1940.
Hyaluronidase are found throughout the animal kingdom and can be isolated from a large
number of organs like liver, kidney, testis, spleen, uterus and placenta, or from the venoms of

animals like spiders, bees, wasp and scorpions ***°,

In mammals, testicular hyaluronidase is present in the sperm acrosome for the fertilization of the
ovum 2. A few decades ago, a connection between hyaluronidase and cancer was established 2%
2% Hyaluronidases are a class of enzyme that degrades hyaluronic acid (HA). Hyaluronidase also
degrades chondroitin sulfate and chondroitin at a slower rate. Six hyaluronidase genes are
present in human genome and these occur in two linked triplicates HYAL-1,-1 and -3 genes are
clustered in the chromosome 3p21.3 locus, whereas HYAL-4,HYAP-P1 and PH-20 resides in
chromosome 7931.3 *?*%_ Among the six mammalian hyaluronidases, HYAL-1 is the major
tumor-derived hyaluronidase and is expressed by a variety of tumor cells. HYAL-1 was initially
purified from the urine of patients with high-grade bladder cancer and has been shown to be
expressed in the epithelial cells of bladder and prostate tumor and in head and neck squamous
cell carcinoma 2°. Various test for the detection of hyaluronidase were established in the past
decades. Using the hyaluronidase test, Lokeshwar et al. found that the levels of hyaluronidase are
elevated in prostate cancer compared to normal prostate cells. This was the first study that links
elevated hyaluronidase levels to tumor progression ’. In that study, the levels of hyaluronidase
were found to be elevated 3-7 —fold in high-grade prostate cancer when compared to low-grade

prostate cancer tissues. Hyaluronidases levels are also elevated in high-grade bladder tumor
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tissue, and in urine of patients with high-grade bladder cancer. These studies have established a
link between hyaluronidase levels and extent of tumor invasion and metastasis . In addition
to genitourinary tumors, hyaluronidase levels are elevated in head and neck squamous cell
carcinoma, breast tumors, and glioma cells >**, Patients with head and neck squamous cell
carcinomas have elevated levels of hyaluronidase in their saliva. Taken together, hyaluronidase
expression appears to be elevated in many carcinomas and the expression correlates with tumor

invasiveness.

3. Application of hyaluronic acid and hyaluronidase
The viscoelasticity and high biocompatibility make hyaluronic acid suitable for various medical
applications. It is used in surgical procedures to support regenerative processes of surgical
wounds. It also promotes corneal, tendon, bone, nasal mucosal, and diabetic foot ulcer wound
healing. It is also used in the treatment of osteoarthritis as it is found to suppress cartilage
degeneration, protect the surface of cartilage and even reduce pain perception. Hyaluronic acid
can also be used in drug delivery where it enhances the partitioning of drug like diclofenac and
ibuprofen into human skin and also enhances its retention in the epidermis. The hydrogel based
on cross-linked or otherwise chemically modified hyaluronic acid are used to design biomaterial
for soft tissue engineering applications. The application of HA leads to diminished tissue
destruction after subcutaneous and intramuscular injection of fluid "*%. The clinical
applications of hyaluronidase are based on the spreading effect of the enzyme. It can be used to
increase the speed of absorption, to promote resorption of excess fluid and increase the effect of
local anesthesia, and to diminish tissue destruction after subcutaneous and intramuscular

injection of fluids. There is widespread application of hyaluronidase in fields like
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ophthalmology, internal medicine, oncology, orthopedic, dermatology and gynecology.

Hyaluronidase was also investigated as an additive to chemotherapeutic drugs 332,

4. Detection of hyaluronidase
Since the discovery of hyaluronidase by Duran and Reynals, various methods for the detection of
hyaluronidase activity have been developed. Due to its role in various pathological conditions
like cancer, a sensitive method to its activity is of utmost importance. Various methods for the
detection of hyaluronidase activity are based on spectrophotometric, radiochemical, fluorogenic,
enzymoimmunological, chemical physiocochemical and zymographic analysis are known.
Various early developed assay methods lack sensitivity and/or the procedure is very long and

cumbersome. Details about various methods of detection reported in the literature are

4.1.  Turbidimetric assay
Turbidimetric detection depends on the observation that hyaluronic acid of high molecular mass
forms precipitate with diluted acidified serum, whereas depolymerized hyaluronic acid remain
clear under the same condition *®. The average molecular mass where turbidity is reported to
disappear is 6-8 KDa **. Other turbidimetric methods are based on the formation of insoluble
complexes between high molecular mass hyaluronic acid and quaternary ammonium salt. A
method by Di Ferrante utilized the formation of insoluble complexes between
cetyltrimethylammounim bromide (CTAB) and the residual high molecular weight complexes
after incubation with enzyme to determine hyaluronidase activity by quantification of the

resulting turbidity using photometric detection at 600 nm**

. In the turbidimetric assay
hyaluronidase activity is expressed in turbidity reduction units (TRU): 1 TRU is defined as the
amount of enzyme which will reduce the turbidity produced by 0.2mg of HA to that produced by

0.1mg of HA within 30 min under specified conditions. In 1957 an “International Standard for
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Hyaluronidase” was established: tablets were prepared from lyophilized bovine testicular
hyaluronidase blended with lactose, and their activity was assayed turbidimetrically. On the basis
of this examination the International Unit (IU) of hyaluronidase was defined as the activity of

0.1mg of the international standard preparation, which is almost equal to 1 TR °.

4.2.  Viscosity-based detection
Viscosity-based detection of hyaluronidase activity was introduced by Mayer et al. ** and
Madinaveitia et al.*’. This method is based upon detection of the reduction in viscosity of
solution of hyaluronic acid, induced by hyaluronidase. In this experiment, 1U hyaluronidase is
defined as the amount of enzyme required to reduce the viscosity of hyaluronic acid to half the
initial viscosity. However, half viscosity reduction time was found to be dependent on the initial
viscosity of hyaluronic acid solution, which indeed depends on the molecular mass of the

hyaluronic acid used.

4.3.  Colorimetric assay- Morgan Elson assay
This method is based on the reaction of the N-acetyl-D-glucosamine at the reducing ends of
hyaluronic acid and its fragments with Ehrlich’s reagent (p-dimethylaminobenzaldehyde).The
reaction forms a red color product that can be measured photometrically at 586 nm “**°. The

structure of the red product dye was postulated by Muckenschnabel in 1998 using HPLC-MS .

4.4.  Zymographic analysis
This method allows visualization of enzyme activity following electrophoretic fractionation,
which has been used for quantitative analysis of hyaluronidase. Zymographic analysis was
carried out on a variety of solid support like agar, acrylamide or cellulose acetate membrane 2.
Herd et al. described the electrophoresis on cellulose acetate membrane. After electrophoresis,
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the membrane is overlaid with a second membrane saturated with hyaluronic acid and incubated
at 37°C for 30 minutes. After treating the overlay membrane with alcian blue, the hyaluronidase
activity is seen as white band in a blue background . Fiszer-szafarz incorporated hyaluronic
acid into polyacrylamide gels before electrophoresis; and the hyaluronidase activity is indicated

by pink bands in a blue background >*.

4.5.  Indirect enzymoimmunological assays
In this method, hyaluronectin, a hyaluronic acid acid-binding proteoglycan is used as a probe for
the detection of hyaluronidase activity. Microplates coated with hyaluronic acid and are left at 4°
C overnight prior to rinsing with diluted water. Hyaluronidase containing sample is added to the
wells and incubated at 37° C for up to 24 hours. After incubation, the wells are rinsed and
incubated with hyaluronectin immune complex conjugated with alkaline phosphatase. The

hyaluronidase activity is measured by a decrease in the absorbance measured at 405 nm >

4.6. Radiochemical assay
The principle of the radiochemical method was described by Coulson and Girkin in 1975. The
principal behind this assay is that cetylpyridinium chloride precipitates the high molecular
weight hyaluronic acid, but not the smaller polysaccharide obtained by the digestion of
hyaluronidase. In this procedure, hyaluronic acid is partially deacetylated using hydrazine and
then reacetylated in the presence of [°H] acetic anhydride. The radioactivity of the undigested
substrate, precipitated with cetylpyridinium chloride is compared with the radioactivity of the

blanks to get the hyaluronidase activity >*.

An alternative approach was described by Hotez et al. in which after incubation of the *H acetic

anhydride labeled hyaluronic acid with hyaluronidase, the degraded substrate is applied to a
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polyacrylamide gel, fixed and prepared for autoradiography. The hyaluronidase activity is

observed as a decrease in the size of labeled hyaluronic acid >’

4.7. UV spectroscopy based
Benchetrit et al. developed a sensitive method for the detection of hyaluronidase based on the
shift in maximal absorbance after interaction of anionic mucopolysaccharides with a
carbocyanine dye. Hyaluronidase activity is studied by a decrease in the absorbance of
hyaluronic acid-dye complex. This method is useful for the detection and quantification of
purified hyaluronidase, but it is not reliable for detection of activity in crude preparations where
other substances may interfere. A modification of this procedure was described by Homer et al.,

and Turner et al 5%,

4.8.  Fluorescence based detection method
Various fluorescence based methods have been reported in the literature for the detection of
hyaluronidase as they are really sensitive, easy to use and less time consuming. All the
fluorescence based methods depend on labeling of hyaluronic acid either via covalent bond
formation or interaction of oppositely charged species. Nakamura et al. in 1990 reported a simple
and sensitive hyaluronidase assay using pyridylaminohyaluronate as a substrate. In this method
the reducing terminal of hyaluronate was labeled with 2-aminopyridine. Then the substrate is
incubated for one hour. Following incubation, four volumes of ethanol were added and
centrifuged. Supernatant containing the degradation product of hyaluronidase digestion was used
to measure hyaluronidase activity by measuring emission at 400nm following a 320 nm
excitation ®*. Lingling et al. suggested a cationic charged water-soluble polyfluorenes containing
2,1,3,-benzothiadiazole (BT) units. In the presence of oppositely charged hyaluronan, energy

transfer from fluorine units to BT was observed, followed by a shift in the emission color from
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blue to green. In the presence of hyaluronidase, hyaluronan is cleaved into fragments and
recovery in blue emission from polyfluorenes was observed ®. Zhang et al. developed a novel
fluorescent substrate by labeling hyaluronic acid with fluorescein amine and rhodamine forming
a classic FRET pair. In the presence of hyaluronidase, cleavage of hyaluronan disrupts the FRET
resulting in loss of fluorescein quenching. Recovery of fluorescein signal was used as the
detection method ®. Murai et al. reported a fluorescence polarization method for detection of
hyaluronidase by labeling hyaluronic acid with Alexa Fluor 488 (AF-HA). The change in the
fluorescence polarization after enzymatic reaction at 519 nm was used as the detection
mechanism ®*. Fudala et al. reported a steady-state ratiometric sensing method of hyaluronidase
detection by labeling hyaluronic acid with fluorescein and rhodamine (HA-FRET). The change
in the fluorescence emission intensity ratio of fluorescein to rhodamine, before and after
enzymatic cleavage by hyaluronidase was used as the sensing system ®. Chib et al. in 2013 used
the same probe for detecting hyaluronidase activity in synthetic urine via a change in the
fluorescence lifetime of the donor molecule (fluorescein) before and after reaction with enzyme
hyaluronidase . Fudala et al. also reported another probe for the detection of hyaluronidase by
heavy labeling of hyaluronic acid with fluorescein. Heavy labeled hyaluronic acid has a short
fluorescence lifetime and a weak fluorescence emission. In the presence of hyaluronidase,
hyaluronic acid was cleaved reducing energy migration between fluorescein molecules resulting
in the increase fluorescence lifetime and emission signal ®. Wang et al. reported two kinds of
fluorescent hyaluronan analog, using NIR dye for hyaluronidase detection. One probe serves as
an imaging agent and the other used as a biosensitive contrast agent ®®. Rich et al. detected
hyaluronidase activity using fluorescence correlation spectroscopy (FCS) by using fluorescein

labeled hyaluronic acid. In the presence of hyaluronidase, increased diffusion rate of hyaluronic
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acid fragments was used to study hyaluronidase activity ®°. Song et al. suggests a gold
nanoparticle functionalized with cresyl violet and porphyrin with hyaluronic acid for the
detection of hyaluronidase activity and used it as a cell imaging agent and at the same time used
for phototherapy °. Chang et al. reported a one-step facile synthesis of hyaluronic acid
functionalized fluorescent gold nanoprobe to detect hyaluronidase in urine sample. FITC labeled
hyaluronic acid (FITC-HA) was conjugated with gold nanoparticle to form FITC-HA-AuNP
FRET nanoprobe for the detection of hyaluronidase "*. Xie et al. reported a ratiometric sensing
method based on both aggregation-induced emission and aggregation-induced quenching.
Negatively charged hyaluronic acid was labeled with positively charged tetraphenylethylene
(TPE-2N") and anthracene derivative (AN-N") forming aggregates of a compound resulting in
formation of nanoparticles. The aggregation caused quenching of anthracene unit (ems: 474)
whereas, it leads to fluorescence enhancement of tetraphenylethylene (ems: 474 nm). In the
presence of hyaluronidase, the emission of AN-N* was restored and TPE-2N* was suppressed

forming a ratiometric sensor for the detection of hyaluronidase "*.

Wang et al. reported an upconversion luminescence nanoprobe for the detection of hyaluronidase
by coupling hyaluronic acid-bearing upconversion fluorescent nanoparticle (HA-UCNPs) with
poly(m-phenylenediamine) (PMPD) nanosphere via covalent linkage. The nanoprobe alone
exhibits an extremely low background signal owing to the effective fluorescence quenching by
electron-rich PMPD and the near-infrared excitation characteristic (Aex=980 nm) of HA-UCNPs;
upon reaction with hyaluronidase, however, a more than 31-fold fluorescence enhancement is
produced. This nanoprobe was excited at 960 nm and the emission was observed at 545 nm in
the presence of hyaluronidase "®. Liu et al. shows the application of amino functionalized

fluorescent carbon nanodots for the detection of hyaluronidase. Carbon nanodots were
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conjugated with negatively charged hyaluronan stabilized gold nanoparticle leading to energy
transfer. Hyaluronidase degrades hyaluronan and breaks the surface energy transfer ™. Hu et al.
reported a ratiometric fluorescent probe based on hyaluronan induced formation of red-light
emitting excimers containing a positively charged pyrene analog (N-py). Excimers of N-py emits
red light, however in the presence of hyaluronidase, hydrolysis of hyaluronic acids into small
fragments leads to disassembly of excimers into monomers. The emission ration from excimer-

monomer transition was used to sense hyaluronidase activity .
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Chapter 3

FRET based ratiometric sensing of hyaluronidase using a dual labeled probe

Abstract

Elevated hyaluronidase levels are found in the urine of patients suffering from bladder and
prostate cancer. Hence, hyaluronidase can be considered as an important biomarker for the
detection of these cancers. In this report, we have used a FRET based ratiometric sensing
approach to detect the level of hyaluronidase in synthetic urine. To synthesize this probe, we
have labeled hyaluronic acid with a FRET pair in which fluorescein is the donor and rhodamine
is the acceptor (HA-FRET). We monitor the cleavage of this HA-FRET probe with different
concentrations of hyaluronidase in synthetic urine via change in fluorescence emission and
fluorescence lifetime of the donor molecules. The extent to which FRET is released depends on

the concentration of hyaluronidase in the system.

1. Introduction
Bladder and prostate cancer are among the most frequently diagnosed types of cancers
worldwide. In the US alone, a total of 75,510 new cases of bladder cancer and 241,740 new
cases of prostate cancer are estimated in year 2012 *. Therefore, it is necessary to develop a
simple, ergonomic and noninvasive diagnostic technique, which can detect cancer at an early
stage, so that proper therapeutic measures can be taken. An increased hyaluronidase level in the
urine of patients with bladder cancer has been identified as a promising biomarker for bladder
cancer 23, Studies by the Lokeshwar group have shown that there is usually a 2.5- 6.5 fold
increase in hyaluronidase levels in patients with bladder cancer in comparison to healthy

individuals. Hyaluronidase levels greater than 10mU/mg indicate a higher grade cancer *.
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Therefore estimating the level of hyaluronidase in urine can help in accurately predicting the

progression of bladder and prostate cancer.

Hyaluronidase is an endoglycosidase that catalyzes hyaluronic acid (HA) depolymerization via

cleavage of the B-N-acetyl- D-glucosaminidic bonds °

and it belongs to class hydrolase
(EC3.2.1.35) °. Hyaluronic acid is associated with many biological processes such as cell
adhesion, migration, and proliferation’. Hyaluronidase degrades HA into proangiogenic
fragments which help in cancer progression and metastasis. The human genome contains six
hyaluronidase like genes and these occur in two linked triplicates. Hyall, Hyal2, Hyal3 are
present on chromosome 3p21.3, and another two genes (Hyal4 and PH- 20/SPAM1) and one
pseudogene (HyalP1) are present on chromosome 7¢931.3 5. HYAL-1 was initially purified from
the urine of patients with high-grade bladder cancer. It is overexpressed by the epithelial cells of

the bladder and prostate tumor and is known to promote tumor growth, invasion and

angiogenesis ®°.

In our previous study by Fudala et al., they have developed a fluorescence based probe for the
detection of hyaluronidase activity. To develop this probe, they have labeled hyaluronic acid
with fluorescein and rhodamine B, which is a classic FRET pair where, fluorescein is the green
donor fluorophore and rhodamine B is the red acceptor fluorophore. The excitation energy is
transferred from the fluorescein moiety to the rhodamine B moiety resulting in the quenching of
fluorescein molecules. Hyaluronic acid is the substrate for the enzyme hyaluronidase and the
cleavage of this probe by hyaluronidase results in the release of FRET. They have shown the
application of hyaluronic acid labeled with fluorescein and rhodamine (HA-FRET) in the
detection of hyaluronidase activity in PBS at pH 6. As it is know from the literature, that the

higher levels of hyaluronidase are present in the urine of patients suffering from bladder cancer,
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we wanted to simulate a similar environment by using synthetic urine and adding different
concentrations of hyaluronidase to it. We wanted to test if the same probe (HA-FRET) developed
by Fudala et al. can be used reproducibly for the detection of hyaluronidase in synthetic urine
containing different salts and hydrogen ion concentration (pH) as fluorescence is sensitive to the
salt concentrations and the pH values. In this experiment we have used synthetic urine (pH 7.83)
containing different salts of monovalent and divalent ions which mimic the salt concentrations

present in human urine.

Fluorescence emission intensity measurements at a single wavelength are based on probe
concentration and could lead to experimental variation due to differences in probe preparations.
Collection of emission intensity at one wavelength can be tempered due to various reasons like
fluctuation in the excitation intensity, emission collection efficiency, change in focal point, etc.
This problem can be resolved using ratiometric sensing in which spectrum for each sample was
recorded and release of FRET was compared in terms of ratio of fluorescein to rhodamine
emission intensity. This is more sensitive than measuring only either donor or acceptor as it

reduces undesirable experimental errors %,

In our experiment, we have added HA-FRET probe into synthetic urine (pH 7.83) to prepare
2uM solution. To this solution, different concentrations of hyaluronidase was added. The change
in fluorescence intensity ratio of fluorescein to rhodamine was measured for different amount of
hyaluronidase as with the cleavage of HA-FRET probe by hyaluronidase, the ratio of fluorescein
to rhodamine will change due to release of FRET. We also checked if this change in fluorescence
intensity ratio is also accompanied by the change in the fluorescence lifetime of the donor
molecule (fluorescein) as the fluorescence lifetime of the donor is also quenched in the presence

of acceptor molecules in the close proximity.
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2. Materials and methods
Sodium hyaluronate from bacterial fermentation was obtained from Acros Organics (Thermo
Fisher Scientific, NJ, USA). Fluorescein amine, dimethyl sulfoxide (DMSO), guanidine
hydrochloride, acetaldehyde, cyclohexyl isocyanide, Sephadex G-75, and bovine testes
hyaluronidase (EC 3.2.1.35, type 1-S, 451 U/mg) were obtained from Sigma—Aldrich.
Dulbecco’s phosphate-buffered saline (PBS) was purchased from Invitrogen Life Technologies
(Invitrogen Corporation, CA, and USA). Synthetic urine (pH 7.83) is obtained from Ricca
chemical company (catalog number 8361-1), Slide-A-Lyser dialysis cassette (10,000 molecular

weight cutoff) was purchased from Pierce Chemical (Thermo Fisher Scientific).

Scheme 1: HA-FRET molecule labeled with fluorescein as donor and rhodamine as acceptor.
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2.1.Preparation of HA-FRET
The HA-FRET probe was prepared by the method mentioned in our previous paper ™. In short,
HA was covalently conjugated to fluorescein amine and rhodamine B using a condensation
reaction. HA was dissolved to 1.25 mg/ml in dH20. The HA solution was diluted 1:2 in DMSO,
and fluorescein amine and rhodamine B amine (predissolved as a DMSO stock solution) was
added to a final concentration of 5 mg/ml. Acetaldehyde and cyclohexyl isocyanide were added
to 0.04% (v/v), and the reaction was allowed to proceed for 16 hr at 25°C. Afterward, the
solution was diluted 1:14 in ethanol/guanidine HCI (50 pL of 3 M guanidine HCI per 900 pL of
100% ethanol) and HA was allowed to precipitate overnight at -20°C. The precipitate was then

dissolved in 1ml of dH20O, followed by extensive dialysis against dH20.

2.2.Fluorescence Measurement of Hyaluronan Hydrolysis
The HA-FRET probe was added to synthetic urine and incubated with different concentrations
of hyaluronidase in synthetic urine at room temperature. The concentration of HA-FRET in final
experiment setup was 2uM. The fluorescence emission spectra were collected using Cary Eclipse
spectrofluorometer (Varian Inc., Australia) every 10 min for 90 minutes. Measurements were
performed in 0.4X0.4 cm quartz cuvette using a 470 nm excitation source and emission was
scanned from 500 nm to 700 nm using a 495 nm long pass filter on the emission side. Each
spectrum is a convolution of the emission of donor and acceptor emission.

2.3.Deconvolution of HA-FRET Spectra
The respective emission due to the donor and acceptor alone was deconvoluted to obtain
individual spectrum of donor and acceptor. All spectra were deconvoluted using the MATHCAD
software. This program was designed to resolve a spectrum consisting of up to three constituent

fluorophores which are assumed to combine linearly based on experimental fluorophores
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reference spectra and the utilization of an algorithm for least squares minimization to produce
corresponding unmixed spectra in graph form with error provided in minimal least squares
values for flexibility in analysis. This will provide us the corrected intensity of fluorescein and
rhodamine in our sample. For the deconvolution, reference spectra of fluorescein, rhodamine and
synthetic urine were collected. The reference spectrum of fluorescein was obtained from
hyaluronan labeled with fluorescein only (HA-FL) excited at 470 nm. The emission from
rhodamine alone was measured by exciting our HA-FRET probe at 520 nm which will only
excite the acceptor molecule.

2.4.Lifetime Measurement of HA-FRET Probe
Fluorescence lifetime measurements were done using a FluoTime 200 fluorometer (PicoQuant,
GmbH, Berlin, Germany). This time—resolved instrument is equipped with an ultrafast detector, a
Hamamatsu R3809U-50 microchannel plate photomultiplier (MCP). A 470 nm picosecond
pulsed laser diode was used as the excitation source and the intensity decay was collected under
magic angle conditions using and using a 495 nm long pass filter on the emission side to
eliminate scattered excitation light. The intensity decay was analyzed with FluoFit, version 5.0
software (PicoQuant, GmbH) using exponential reconvolution procedure using nonlinear
regression (multiexponential deconvolution model). In case of multiexponential analysis, the
fluorescence decay was analyzed using
1()= X a; exp(—t/7;)
where, I(t) is the fluorescence intensity at time t and o is the preexponential factor representing
the fractional contribution to the time-resolved decay of the component with the lifetime T;

(X a; = 1). The amplitude average lifetime was calculated as (1) =X; @, T;.
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3. Results and discussion

Scheme 1 shows the schematic representation of HA-FRET. The HA-FRET was obtained by
labeling hyaluronic acid with fluorescein and rhodamine. In Figure 1, the emission profile of
HA-FRET incubated with 35 U/ml of hyaluronidase is shown. It can be observed from figure 1,
that the HA-FRET probe shows emission profile of rhodamine also when the probe is excited
using a 470 nm excitation wavelength, where rhodamine cannot be excited. This proves the
presence of efficient FRET in our system. Due to the presence of efficient FRET in our system,
the emission intensity and the fluorescence lifetime of the donor (fluorescein) is quenched.

In our experiment, we measured the fluorescence emission spectra of the HA - FRET probe in
the absence and presence (10, 35, and 100 U/ml) of hyaluronidase every 10 minutes for 90
minutes. As it can be seen from figure 1, after 90 minutes of enzymatic activity, we observed a
huge increase in the fluorescence intensity at 520 nm (peak emission of fluorescein). It can also
be seen from figure 1, that the measured spectra are convolution of fluorescein and rhodamine
emission. Therefore, the emission spectra for all the concentrations of enzyme were
deconvoluted. Figure 2A shows the normalized emission spectrum of fluorescein and rhodamine
alone. We also checked the emission intensity of synthetic urine sample using a 470 nm
excitation light. Figure 2 B shows that the emission intensity of synthetic urine is almost
negligible compared to the fluorescence intensity of the HA - FRET probe under similar
conditions. Figure 2c shows the resolved emission spectrum of HA-FRET using MATHCAD
software, where the measured spectrum is shown in black color, corrected emission intensity of
donor in green, and corrected intensity of acceptor in red. It had been our observation that the
measured intensity of acceptor is higher compared to its corrected intensity. Hence, the emission

spectrum of HA-FRET has to be deconvoluted to obtain correct emission intensities. After
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resolving each spectrum for all enzyme concentrations, their intensity ratio at 520 nm to 590 nm
was calculated. From the figure 3, it can be seen that in the absence of hyaluronidase, there is no
change in the intensity ratio of HA-FRET probe. This shows that the synthesized HA-FRET
probe is quite stable and didn’t show any fluctuations at room temperature.

The time-dependent fluorescence intensity measurements show that the emission intensity ratio
increases with increasing enzyme concentration and time. It can also be seen from the figure 3
that the emission intensity ratio almost reaches a plateau after 60 minutes of reaction. Hence, we
took 60 minutes as the end point for our experiment. Using the intensity ratios at 60 minutes for
all enzyme concentrations, calibration curve was made. Figure 4 shows the intensity ratio as a
function of enzyme concentration. The curve was fitted using an exponential model. This

calibration curve can be used to determine hyaluronidase concentration in an unknown sample.
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Figure 1: Difference in the emission intensity of HA-FRET probe incubated with 35 U/mL of
hyaluronidase for 90 min. A 470 nm excitation light was used and experiment was carried out at

room temperature in synthetic urine (pH 7.83).
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Figure 2. (A) normalized emission spectrum of fluorescein (from HA-FRET labeled with

fluorescein only. Exc 470 nm) and rhodamine (from HA-FRET by exciting at longer wavelength.

Exc 520 nm) in synthetic urine pH 7.83 at RT (B) Emission spectra from 2 uM HA-FRET and

background signal from synthetic urine. (C) Shows example of how the HA-FRET spectrum was

resolved into its components using MATHCAD based program written in our laboratory.
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Figure 3: Time dependant fluorescence intensity ratio (green/red emission) of HA-FRET probe
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We also checked, if the observed emission intensity changes are also accompanied by the change
in the fluorescence lifetime of the donor molecule (fluorescein), as it should be quenched in an
intact HA-FRET molecule due to the presence of acceptor in a close proximity. Figure 5 shows
the fluorescence intensity decay of the HA - FRET probe in the absence and presence (35 U/ml)
of hyaluronidase. It can be seen from figure 5, that the fluorescence lifetime of the fluorescein
quenched in intact HA-FRET probe and shows an amplitude weighted fluorescence lifetime of
1.89 ns. However, in the presence of hyaluronidase, when the probe is cleaved, an increase in
fluorescence lifetime was observed. After 90 minutes of enzyme activity with 35 U/ml of
enzyme, a fluorescence lifetime of 3.24 ns was observed. This change in fluorescence lifetime,
before and after enzymatic cleavage shows that fluorescein molecule was indeed quenched in the
HA-FRET probe. The fluorescence intensity decay of the HA - FRET probe in the presence of
different concentrations (10, 35 and 100 U/ml) of hyaluronidase was also measured and the

measured fluorescence lifetime after 90 minutes of enzyme activity is given in Table 1.

0.1

! 5 U/mL HA-ase
| No HA-ase 1=3.24 ns

0.014 ' 1=1.89 ns

Intensity (a.u)

X2 =0.992

R
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Figure 5: Fluorescence intensity decays of 2 uM HA-FRET (donor) in synthetic urine incubated

with 35U/mL of HA-ase enzyme for 90 minutes. Excitation used was 470 nm laser. Donor
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emission was observed at 520 nm using a 495 long pass filter before detector. Decays were fitted

using multi-exponential function and chi square values were used to access the goodness of fit.

Table 1: Time resolved fluorescence intensity decay parameters for the donor in HA- FRET with

different concentration of hyaluronidase at room temperature.

No Enzyme 10 U/ml 35U/ml 100U/ml
71 (ns) 3.65 4.04 4.14 4.19
72(ns) 1.35 0.79 0.62 0.49
t3(Nns) 0.21 - - -
ol 0.74 0.92 0.95 0.96
02 0.22 0.08 0.05 0.03
o3 0.035 - - -
<> 1.89 3.01 3.24 3.48
T i 3.02 3.77 3.97 4.1
X2g M 0.965 0.966 0.992 0.938

1 1, 1 2 and 1 3 are different lifetime and a1, a2 and a3 are components of fluorescence

lifetime in nanoseconds.

)<t >:Zairi
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i) 7= fr,, Where, f =

' Zairi

iii) X’ = goodness of fit.

4. Conclusions

By using HA-FRET probe, it is possible to check hyaluronidase activity by fluorescence
intensity changes and fluorescence lifetime changes. In summary, we have successfully
developed a hyaluronidase sensor by labeling hyaluronic acid with a FRET pair. This probe
serves as an intensity-based ratiometric sensor and fluorescence lifetime based sensor of
hyaluronidase. Intact HA-FRET showed a quenched fluorescence emission and fluorescence
lifetime of the donor molecule (fluorescein). Cleavage of HA-FRET probe by hyaluronidase
results in increase emission intensity and fluorescence lifetime of the donor molecule. In future,
this probe can also be used to check hyaluronidase activity in urine samples of patients suffering

from bladder cancer.
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Chapter 4

Azadioxatriangulenium (ADOTA) fluorophore in PVA and silica thin films

Abstract

A cationic azadioxatriangulenium dye was entrapped in silica thin films obtained by the sol-gel
process and in poly (vinyl) alcohol (PVA) thin films. Azadioxatriangulenium is a red emitting
fluorophore with a long fluorescence lifetime of ~20 ns. The fluorescent properties of
azadioxatriangulenium in silica thin films and PVA films were studied by means of steady-state
and time resolved fluorescence techniques. We have found that the azadioxatriangulenium
entrapped in silica thin film has a wider fluorescence lifetime distribution (Lorentzian
distribution),  lower  fluorescence  efficiencies, shorter lifetimes compared to
Azadioxatriangulenium in a PVA film. The local environment of azadioxatriangulenium
molecules in the silica thin film is rich with water and ethanol, which creates the possibility of
forming excited state aggregates due to high concentration of dye within a small confined area.
In contrast to the PVA matrices, the porous silica films allow restricted rotations of
Azadioxatriangulenium molecules, which result in faster and complex fluorescence anisotropy

decays suggesting energy migration among dye molecules.

1. Introduction
Over the past decade, the synthesis and characterization of hybrid materials based on silica, in

12 The use of

which organic dyes were entrapped has attained considerable attention
semiconductor materials for entrapment of the organic fluorophores has been and will remain a

very important way to obtain new materials for different applications, including, functional
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materials in optoelectronic devices, optical sensors 2, optical components like solid state tunable

lasers # and highly luminescent materials in medicine >°.

The initial investigation of entrapping optically active organic molecules with the sol-gel process
was performed by Avnir et al. ” in which they studied the fluorescence properties of rhodamine
6G in different stages of sol-gel development. Since then, various photoactive dyes have been
incorporated and studied in the matrices obtained by the sol-gel process ®°. Moreover, new
hybrid materials provide a great subject of extensive research in materials chemistry ***3. To
obtain new hybrid materials, an efficient sol-gel process is used which combines the remarkable
properties of inorganic and organic materials in a controlled way ***%. In particular, because of
the good mixing of the starting compounds, it creates the possibility to obtain a homogenous
hybrid material at relatively low temperatures *°. During the Sol-gel process, the host molecules
are already present in the precursor solution and the conditions of the reactions are mild,
therefore the optical properties of the fluorophore remain intact 2%, Also the entrapment of
organic fluorophores in a gel matrix provides better protection of the molecule and higher
stability than the free molecules in liquid media 2°. At the same time, silicon dioxide (SiO2) is
well-known as a material with good optical quality, thermal stability, mechanical strength and
photochemical stability. Another property of silica, which makes it a good candidate as a host
matrix for incorporation of organic fluorophores is the ability to modify the surface by amines,
thiols and other coupling agents *?*. On the other hand, organic dyes incorporated into silica
matrix, sometimes afford more interesting luminescence properties due to strong host-guest
interactions. Therefore, preparation of new hybrid materials based on silica in which organic

fluorophores are entrapped is suitable for the design of highly luminescent materials.
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In the present study, we have introduced an azadioxatriangulenium dye into a silica thin film
obtained by the sol-gel process and into a PVA film *%: specifically the acid derivative N-(u-
butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA); the molecular structure can be seen
in Scheme 1. ADOTA belongs to the class of azaoxa-triangulenium fluorophores which are
planar and rigid in structure. Furthermore, ADOTA in water emits in the red region around 560
nm with a fluorescence lifetime of ~20 ns, which makes it the longest orange/red emitting

organic fluorophore 2%,

The spectroscopic properties of the material presented are discussed in this paper. In particular,
we compared the absorption, fluorescence emission, steady state anisotropy, time resolved
anisotropy and fluorescence lifetime of ADOTA in thin layers of silica and in a PVA film. The
use of PVA provides a more rigid environment compared to silica matrix and hence the
photophysical properties of the ADOTA can be studied in two different semi-solid matrices. In
addition, the photophysical characterization of ADOTA in a heterogeneous environment can be

efficiently studied over time by using time resolved fluorescence spectroscopy.

2. Material and Methods
All the starting materials for the preparation of silica thin films were of analytical grade.
Tetramethoxysilane Si(OCH3)4 (TMOS) was purchased from Aldrich Co., methanol as a diluent
and ammonia were purchased from POCH Company (Poland). Deionized (DI) water was
obtained from a Hydrolab system. Polyvinyl alcohol (130, 000 MW) was purchased from Sigma
Aldrich (Sigma Aldrich, St Louis, MO USA). N-(u-butanoic acid)-azatriangulenium

tetrafluoroborate (ADOTA) was prepared as previously described 2",
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2.1.Sample preparation and AFM measurements

ADOTAV/silica thin films were obtained by the sol-gel spin coating method, summarized in
Scheme 1. Firstly, tetramethoxysilane (TMOS) and methanol were mixed by vigorous stirring for
15 min. After several minutes (which is very important to reach homogeneity of the solution),
ADOTA was dissolved in methanol and added to the precursor solution. In order to initiate the
sol-gel process, an appropriate volume ofwaterwas added. The final molar ratio
TMOS/water/methanol was 1:4:12, while the concentration of ADOTA in sol was 2X 10° M (a
low concentration sample with an overall ADOTA concentration of <10 M was also prepared).
The films were distributed over a clean piece of a microscopic slide using the spin-coating
technique after 15 min after mixing all of the components. Microscopic glasses were cleaned in a
mixture of 33% H,0, and H,SO,4 in molar ratio 2:1 over 24 h and rinsed with deionized water.

The spin coating was done at 150 rpm for 60 s to disperse the sol. After that, the thin films were
allowed to dry in air for 24 h. Moreover, to prepare ADOTA in PVA films, the ADOTA was
mixed in PVA solution and spread onto a thin glass slide to evenly coat the slide using spin
coating. Atomic Force Microscopy (AFM) micrographs were produced by using scanning atomic
force microscopy on the NTEGRA Prima scanning probe microscope manufactured by NT-MDT
(Moscow, Russia). Closed-loop feedback semi-contact mode has been used at rate 0.5 Hz.
Scanning was controlled and images were analyzed with NOVA software by NT-MDT

instrument manufacturer.
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Schemel. Flow chart of preparation of ADOTA doped silica thin films. Insert: molecular

structure of N-(u-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA).
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2.2.Absorption measurements
Absorption spectra were measured using a Cary 50 Bio UV-visible spectrophotometer (Varian
Inc., Australia). Absorption spectra were scanned from 400 nm to 600 nm using bare glass slide
as a baseline. Absorption spectra of silica thin films were corrected for the scattering by
subtracting the scattering profile of silica thin films prepared without addition of the dye.

2.3.Steady-state fluorescence measurements

I\AI
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detector
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>

Excﬁaﬁon

Scheme 2: Schematic of the front face arrangement used for steady state and time resolved
fluorescence measurements. In this scheme, S represents the sample used for measurement, M is

the mirror, F is long pass filter before detector, L is lens.

Steady-state fluorescence intensity measurements of all the samples were made using a Carry
Eclipse spectrofluorometer (Varian Inc., Australia) by using the front face geometry as shown in

Scheme 2. In Scheme 2, S represents the sample used for measurements, M is the mirror, F is a
long pass filter before detector and L is the lens. The emission was scanned from 520 nm to 700
nm following a 470 nm excitation and using 495 nm long pass filter on the emission side.

Steady-state excitation spectra were measured by observing the emission at 600 nm and
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excitation was scanned from 400 nm to 560 nm using a 570 nm long pass filter on the emission
side. Steady-state fluorescence anisotropy of all the samples were measured using a Carry
Eclipse spectrofluorometer (Varian Inc., Australia), with manual polarizers on both the excitation
and emission side. Emission anisotropy was measured following 470 nm excitation with a 495
nm long pass filter along the emission side and manually operated parallel and perpendicular
polarizers. Anisotropy was calculated using the following formula:

_ Iyy — IyuG
Iyy + 2lyyG

r
where, IVV is the fluorescence intensity measured with the parallel polarizer orientation on the
observation path, IVH is the fluorescence intensity at the perpendicular orientation of the
polarizer on the emission side and G is the instrumental correction factor calculated by
measuring the intensity in HV and HH polarizer orientation.

2.4.Fluorescence intensity decay
Fluorescence lifetimes of all the samples were measured using FluoTime 200 (PicoQuant,
GmbH, Berlin, Germany) time resolved spectrofluorometer. This instrument contains a
multichannel plate detector (Hamamatsu, Japan) and a 470 nm laser diode was used as the
excitation source. The front face geometry as shown in Scheme 2 was used for these
measurements as well. The fluorescence intensity decays were measured under magic angle
conditions and data was analyzed with FluoFit version 4.5.3 software (PicoQuant GmbH, Berlin,
Germany) using both the exponential reconvolution procedure using non-linear regression

(multiexponential deconvolution model) and by the lifetime distribution model (Lorentzian

model) *. In the case of multiexponential analysis, the fluorescence decay was analyzed using:
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where IRF (t) is the instrument response function at time t, o is the amplitude of the decay of the
ith component at time t and ; is the lifetime of the ith component. In case of Lorentzian lifetime

distribution, all the data were analyzed using the following equation

(00)

1©= [ pwev,

— 00

AFWHM i

Where, p(r) =y A 2

=1 (t-1)%+(Apwam i/2)?

Where A; is the amplitude of the i component, 7; is the central lifetime value of the i"
distribution. The use of the continuous distribution p(t) minimizes the number of floating

parameters in the fitting algorithms.
2.5.Time resolved anisotropy measurements

Excitation used for time resolved anisotropy measurement was 470 nm while emission was
observed at 560 nm and 620 nm with vertical and horizontal polarizer position on the emission
side using appropriate filters on both excitation and emission side. Anisotropy decays were
analyzed with the exponential fitting model in the FluoFit 4.5.3 program from Pico-Quant, Inc.

(Germany) using the following equation:

n

-t

T(t) = TINF + zri e ®i
—
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Where, r; is the anisotropy of the i™ component at time t and ®; is the rotational correlation time
of the i"™ component. The quality of the fit in lifetime and anisotropy decay analysis was judged

by the quality of the residuals and XZ square value.
3. Results and discussion

3.1.AFM micrographs of silica thin films
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40
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Figure 1: AFM showing the surface topography of the silica thin layer prepared by the sol gel
process.

The surface topography of the silica thin film with N-(u-butanoic acid)-azatriangulenium
tetrafluoroborate (ADOTA) was studied using the AFM technique as shown in Fig. 1. From this
micrograph, we can observe that the surface of the porous silica is rough, with maximum particle
size close to 50 nm. The ADOTA doped PVA films did not show any significant roughness. In
order to check how dye is distributed in the prepared silica or PVA layers, confocal fluorescence
images were taken and found that ADOTA dye is evenly distributed in all film on the scale of the

optical resolution, about 400 nm (see Supplementary information, Fig. S2).

69



0.005

Silica Thin Film

0.004

o
o
=1
@

Absorption
o
S

0.001

0.000 L L L
400 450 500 550 600

Wavelength (nm)

0.003

PVA Film

o
o
=)
ro

Absorption

o
o
=]
=2

0.000 L L !
400 450 500 550 600

Wavelength (nm)

Figure 2: Top panel: absorption spectrum of N-(u-butanoic acid)-azatriangulenium
tetrafluoroborate (ADOTA). in silica thin film. Bottom panel: absorption spectrum of
ADOTA in PVA film.

3.2.Absorption spectra

Fig. 2 shows the absorption spectrum of ADOTA in silica thin films and in PVA films dried on a
cover-glass. It can be seen from both the figures that the absorption spectra appears somewhat

noisy. This is due to the small thickness/path-length (100e150 nm) and small absorptions
recovered after correcting for the scattering arising in these samples. The absorption spectrum
shape and peak absorption wavelengths did not change in the silica gel environment compared to

the PVA film suggesting no significant perturbation in the immobilized ground state

fluorophores population.
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Figure 3: Normalized excitation and emission spectrum of N-(w-butanoic acid)-

azatriangulenium tetrafluoroborate (ADOTA) in silica thin film (red) and in PVA film (blue).

3.3.Steady state measurements

Fig. 3 shows the normalized excitation and emission spectra of ADOTA entrapped in a silica thin
film (red) and a PVA film (blue). Similar to the absorption data, we did not see any significant

change in the excitation spectrum of the dye entrapped within the two different environments.
However, a ~15 nm red shift in the emission spectra was observed for the ADOTA in silica thin
films. When we examined the emission spectra of a low concentration ADOTA in the silica layer
we found that the emission spectrum was similar to the emission spectrum of ADOTA in PVA
film. ADOTA in silica layer shows concentration dependent red shift in emission spectrum.
Supplementary information shows all the emission spectra along with measured Full Width Half

Maxima (FWHM, Supplementary Fig. S3). For high concentration of the dye in silica layer, the
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spectrum is red shifted compared to low concentration along with an increase in the FWHM
value, suggesting dye aggregation/ excimer formation. Although, we have already ruled out the

possibility of ground state aggregation since there in no experimental evidence here in this case.
However, we cannot rule out the possibility of excimer formation here as the dyes are packed
very close to each other and do not require a significant diffusion to form aggregates in the
excited state. The rapid formation of excimers is outside the measurement capabilities of our
instrument and hence the rise time (negative exponent) cannot be observed. We ascribe the
broadening of the emission spectrum from ADOTA in silica thin films to the heterogeneous
environment and aggregation of dye molecules in the silica matrix. This is a very elaborate
problem, because ADOTA entrapped in the pores of the matrix has a possibility to interact not
only with itself but also with the surface of three-dimensional network. In the literature this

problem is called as the “cage effect”™

. In the present case, the local environment of the
ADOTA molecule is rich with water and methanol. In other words, the cage is filled with solvent
and this creates the possibility of forming heterogeneous environment within the confined area.

Steady state anisotropy measurements gave us the overall idea of the mobility of the fluorophore

molecules in a silica film and PVA matrix.
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Figure 4:Top panel: fluorescence emission spectrum (red line) and anisotropy (blue circle) of N-

(w-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA) in silica thin film. Bottom panel:

fluorescence emission spectrum (blue line) and anisotropy (blue circle) of ADOTA in PVA film.
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The steady state anisotropy data are presented in Fig. 4. ADOTA entrapped in a PVA matrix
showed high anisotropy reaching a value close to 0.3, thus suggesting a very rigid environment.
On the other hand, ADOTA incorporated into silica thin film showed moderate anisotropy of
0.05. This suggests that the dyes are not rigidly linked to the matrix or that the anisotropy is lost
due to energy transfer (HOMO-FRET) and that the pores are large on the molecular scale,
making the silica matrix less rigid than PVA matrix.

These results were confirmed by blowing the argon on to silica film for 1 h and re-measuring the
steady state anisotropy to exclude the possibility of rotational diffusion due to the hygroscopic
nature of the silica film. Interestingly, the possibility of ADOTA being covalently linked to the
matrices through the acid functional group is not explored and is a topic of further research in

this area.
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Figure 5: Top Panel: fluorescence intensity decay of N-(w-butanoic acid)-azatriangulenium
tetrafluoroborate (ADOTA) in silica thin film (Ex: 470nm, Obs: 560nm). Bottom panel:

fluorescence intensity decay of ADOTA in PVA film (Ex: 470nm, Obs: 560nm).
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Figure 6: Top panel: fluorescence intensity decay of N-(wo-butanoic acid)-azatriangulenium
tetrafluoroborate (ADOTA) in silica thin film (Ex: 470nm, Obs: 620nm). Bottom panel:

fluorescence intensity decay of ADOTA in PVA film (Ex: 470nm, Obs: 620nm).
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3.4.Time resolved intensity decay/fluorescence lifetime
The fluorescence lifetime of the ADOTA incorporated into a silica thin film was heterogeneous
compared to fluorescence lifetime of the ADOTA incorporated into a PVA matrix. The lifetimes
measured at 560 nm are shown in Fig. 5. The average lifetime was found to be ~12 ns in the
silica matrix and ~20 ns in the PVA matrix. Three components are needed to fit the data at 560
nm for the silica thin film, whereas only two components are needed for the sample in the PVA
film (Table 1). The shorter and heterogeneous nature of the decay in silica suggests different
environments to which dye molecules are exposed to. Hence, we decided to measure the
lifetimes at a longer wavelength (620 nm) which will further allow us to know more about the
silica network environment. Fig. 6 shows the lifetime decays at 620 nm wavelength. One can see
that the lifetime of ADOTA in the PVA matrix did not change significantly and stayed
approximately 20 ns. However, the fluorescence lifetime of ADOTA (at 620 nm) incorporated
into the silica matrix is significantly longer than the fluorescence lifetime measured at 560 nm.
This could be due to the presence of the dye molecules in the confined space in the silica matrix.
Stacking of dyes leads to the restricted motion and less vibrational/torsional losses and hence the
longer lifetime at 620 nm observation. Table 1 shows the lifetime values from the data analyzed

using multiexponential reconvolution model.
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Sample (?bservat Lifetime (ns) Amplitudes Average lifetime (ns) Chi
ion (nm) square
T T2 T3 o, a2 03 T avp TNt xv
ADOTA 560 25.14 10.10 2.004 0.28 0.41 0.31 11.84 18.60 0.955
silica thin
film 620 26.98 9.33 _ 0.65 0.35 - 20.89 20.24 0.892
ADOTA 560 21.01 13.42 _ 0.86 0.14 - 19.95 20.30 0.997
PVAfilm | 430 20.46 B B 1 B B 20.46 20.46 0.811
Where,

Tamp = Z a; T

TINT = Z fiTi
i

a;T;
f‘i j—

2T

Table 1: Analysis of N-(w-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA)

fluorescence intensity decay using multi-exponential

film.

model of in Silica thin film and PVA thin
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Figure 7- Lifetime distribution (Lorentzian Model) of N-(w-butanoic acid)-azatriangulenium
tetrafluoroborate (ADOTA) in silica thin film and PVA film. (Top Panel) This figure represents
the fluorescence lifetime distribution when observed at 560 nm. (Bottom Panel) This figure
represents fluorescence lifetime distribution observed at 620 nm. ADOTA is more heterogeneous
at 560 nm (Silica Thin Filmgynm =15.05 ns, PVA Filmgwnm=3.22 ns) compared to observation at

620 nm (Silica Thin Filmpwum = 12.71ns, PVA Filmewum=2.45 ns)
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We also analyzed the fluorescence intensity decays using a Lorentzian lifetime distribution
model that takes into consideration the average number of emitting species in different
environments. The FWHM values of the distribution shows the degree of distribution of the
emitting molecules which are much higher in silica thin films than in the PVA films (Fig. 7). The
Lorentzian distributions (Table 2) for ADOTA in PVA films are very narrow, about 3 ns at 560
nm observation, and about 2.45 ns at 620 nm observation, which suggests a very uniform
environment and lack of interactions between fluorescent molecules. In contrast, the Lorentzian
distributions in silica are very wide. In case of ADOTA in silica thin films, the FWHM value at
560 nm is about 15 ns and at 620 nm about 13 ns. These higher FWHM values show the broader

distribution of the emitting molecules in silica thin films.

Obs("'g:;t“’“ L‘fe(t;‘:;e’ T | FWHM (ms) | Chisquare(p)
ADOTA 560 13.5 15.1 0.8
silica thin film 620 218 127 0.92
ADOTA 560 20 32 0.98
PVA film 620 204 2.45 0.93

Table 2: Lorentzian analysis of fluorescence intensity decays of N-(o-butanoic acid)-

azatriangulenium tetrafluoroborate (ADOTA).
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Figure 8: Top panel: Fluorescence anisotropy decay of N-(w-butanoic acid)-azatriangulenium

tetrafluoroborate (ADOTA) in silica thin film (Ex: 470nm, Obs: 560nm). Bottom panel:

fluorescence anisotropy decay of ADOTA in PVA film (Ex: 470nm, Obs: 560nm).
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Figure 9: Top panel: Fluorescence anisotropy decay of N-(w-butanoic acid)-azatriangulenium

tetrafluoroborate (ADOTA) in silica thin film (Ex: 470nm, Obs: 620nm). Bottom panel:

fluorescence anisotropy decay of ADOTA in PVA film (Ex: 470nm, Obs: 620nm).
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Ob: ti

Sample S&r:) on Anisotropy Correlation time (ns)

ry ra TinF (O} o,
ADOTA Silica 560 0.088 0.095 0.03 0.81 7.37
thin film 620 0.081 0.093 0.017 6.02 058

560 0.30 _ _ 504.4 _

ADOTA PVA film
620 0.26 _ B 1000 B

Table 3: Analysis of N-(o-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA)
anisotropy decay using multiexponential model of on Silica thin film and PVA film.

3.5.Time resolved anisotropy
Time resolved anisotropy measurements presented in Figs. 8 and 9 shows some interesting
information. As expected in the case of the PVA matrix, initial anisotropy was high (0.3) with a
very long correlation time (>500 ns) (correlation time >> fluorescence lifetime) at both
observation wavelengths (560 and 620 nm). However, in case of silica gel matrix the recovered
initial anisotropy values are 0.21 and 0.19 for 560 and 620 nm observation and the measured
correlation times and rINF values are not significantly different (Table 3). The heterogeneous
nature of the correlation times is due to the populations of the dyes in different types of matrix
environment. Therefore, it will not be surprising if a part of the dye population is immobilized
completely and a part of it has a moderate freedom than the others. It is suggested in the
literature that the hydrogen bonding among silica mesh and the dye molecules undergoes
reshuffling in excited state and it may give rise to such correlation times. Moreover, the
estimated steady state anisotropy values at these wavelengths are 0.069 and 0.042. The drop in
the initial recovered anisotropy, in case of anisotropy decay, and steady state anisotropy values
suggests energy migration (if the dye molecules are sitting together below 40 A0 distances which

is the approximate Forster distance for such homo-transfer and is a possibility we cannot ignore).
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Although energy migration is a rapid process which takes place over the lifetime of the

fluorophore despite having a relatively long fluorescence lifetime in both matrices.

4. Conclusions
In the present work, the organic fluorophore, N-(u-butanoic acid)-azatriangulenium
tetrafluoroborate (ADOTA) was successfully incorporated into silica thin films by the sol-gel
process as well as in PVA films. The PVA matrix was chosen to study fluorescence properties of
ADOTA in a more rigid environment. Silica matrix provides an unusual environment for the
entrapped fluorophores and affects the dye properties in many different ways. A red shift of 15
nm was observed in the emission spectra of ADOTA in silica thin film. In addition, the
fluorescence lifetime of ADOTA at 560 nm observation in silica matrix was 12 ns compared to
20 ns in PVA film. However, when the wavelength of observation was placed at 620 nm, the
fluorescence lifetimes of ADOTA entrapped in both the matrices are almost similar. The
Lorentzian lifetime distribution shows the presence of broad distribution of the emitting species
in silica thin layer compared to PVA film. To sum up, considering all the observations such as
lower fluorescence efficiencies, shorter lifetimes and concentration dependent red shifted
emission suggests aggregation of dye molecules in the excited state. Ultrafast spectroscopy

experiments will further support our observations.
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SUPPLEMENTARY INFORMATION

um

59.0 56.0

Figure S1- AFM Image of N-(w-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA) in PVA film
showing surface topography.
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Figure S2- Uniform distribution of N-(w-butanoic acid)-azatriangulenium tetrafluoroborate

(ADOTA) in both PVA and Silica matrix shown by con-focal intensity image (Ex. 470nm).
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Figure S3- Emission spectra and FWHM of N-(e-butanoic acid)-azatriangulenium

tetrafluoroborate (ADOTA) in PVA and Silica layer
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Chapter 5

Azadioxatriangulenium (ADOTA) fluorophore for hyaluronidase sensing

Abstract

In this report, we have designed a rapid and sensitive, intensity-based ratiometric sensing as well
as lifetime-based sensing probe for the detection of hyaluronidase activity. Hyaluronidase
expression is known to be upregulated in various pathological conditions. We have developed a
fluorescent probe by heavy labeling of hyaluronic acid with a new orange/red-emitting organic
azadioxatriangulenium (ADOTA) fluorophore, which exhibits a long fluorescence lifetime (~20
ns). The ADOTA fluorophore in water has a peak fluorescence lifetime of ~20 ns and emission
spectra centered at 560 nm. The heavily ADOTA-labeled hyaluronic acid (HAADOTA) shows a
red shift in the peak emission wavelength (605 nm), a weak fluorescence signal, and a shorter
fluorescence lifetime (~4 ns) due to efficient self-quenching and formation of aggregates. In the
presence of hyaluronidase, the brightness and fluorescence lifetime of the sample increase with a
blue shift in the peak emission to its original wavelength at 560 nm. The ratio of the fluorescence
intensity of the HA-ADOTA probe at 560 and 605 nm can be used as the sensing method for the
detection of hyaluronidase. The cleavage of the hyaluronic acid macromolecule reduces the
energy migration between ADOTA molecules, as well as the degree of self-quenching and
aggregation. This probe can be efficiently used for both intensity-based ratiometric sensing as
well as fluorescence lifetime-based sensing of hyaluronidase. The proposed method makes it a
rapid and sensitive assay, useful for analyzing levels of hyaluronidase in relevant clinical

samples like urine or plasma.
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1. Introduction
Hyaluronidase is a family of endoglycosidase that catalyzes the depolymerization of hyaluronic
acid (HA) via cleavage of B-N-acetyl-D-glucosaminidic bonds *. Hyaluronidase is known to be
involved in various physiological and pathological conditions like fertilization, embryogenesis,
inflammation, tumor growth, and wound healing %®. Initially in the literature, it was described as
a “spreading factor” which was found in the testicular extract of animal and humans. It was later
characterized as hyaluronic acid-degrading enzyme and called hyaluronidase >"°. Recent studies
have shown the role of hyaluronic acid and hyaluronidase with the differentiation, proliferation,
migration, and angiogenesis of tumor cells >****. HA is a linear, non-sulfated glycosaminoglycan
composed of multiple subunits of D-glucuronic acid and N-acetylglucosamine. In humans, HA is
known to maintain various important functions like cartilage integrity, osmotic balance, and
homeostasis of water owing to its gel like properties **™*. An overexpression of hyaluronidase is

associated in the literature with patients suffering from cancers, such as prostate cancer *°,

bladder cancer © 4 S,

, head and neck carcinoma ~, colon cancer, and malignant melanoma

Therefore, it is of great interest to develop a simple, sensitive, and fast technique with which one

can estimate the activity/level of hyaluronidase in biological samples.

Several methods have been reported in the literature for detecting hyaluronidase activity, which
mainly depends on the degradation of hyaluronic acid by hyaluronidase. To measure

hyaluronidase activity/level, there are several methods reported in the literature which includes

6 18,19 0

turbidimetry , viscometry ', ELISA-like assay °, colorimetry %, zymography ***?, and
fluorescence detection %2, Methods like turbidimetry, colorimetry, and viscometry are not very
sensitive and cannot detect the level of hyaluronidase at different time points of an experiment.

Zymography is simple yet not very sensitive for quantitative measurements. ELISA-like assays
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are sensitive and selective but do not allow real-time monitoring of hyaluronidase activity.
However, fluorescence-based detection of hyaluronidase is a fast and sensitive method, useful
for high-throughput screening, and has a real-time monitoring capability and their usefulness in

biological samples makes it an ideal method for hyaluronidase detection.

Various novel fluorescence assays designed to detect hyaluronidase activity have been reported
in the literature. These fluorescent probes have been designed for hyaluronidase detection by

23,33

using hyaluronic acid as a template and labeling it with gold nanoparticles , organic

335 conjugated small molecules *, and upconversion luminescence material %°.

fluorescent dyes
Although these fluorescence-based methods have superior properties compared to previous
methods in terms of sensitivity, they also have a few drawbacks. For example, gold nanoparticles
precipitate in biological high salt environments 2*%’. Fluorescent probes developed using organic
fluorophores are smaller in size compared to probes developed using quantum dots, nanodots,
and noble metal nanoparticle as the luminescent material. Some fluorescent probes have a very
short fluorescence lifetime and hence cannot be used for lifetime-based sensing or imaging, as
the background of the biological sample interferes with the fluorescence signal of the probe and
cannot be easily removed as the fluorescence intensity decay of background and probe is almost

similar 273,

To make this probe, we heavily labeled hyaluronic acid with an azadioxatriangulenium
(ADOTA) fluorophore. ADOTA is an orange/red-emitting organic fluorophore with peak
emission centered at 560 nm and a fluorescence lifetime of 20 ns in aqueous solution. Our
previous studies have shown that it is the only red-emitting organic fluorophore with a long
fluorescence lifetime of 20 ns ***’. One major problem encountered using fluorescence detection

methods in biological fluids, cells, and tissue is the presence of autofluorescence which reduces
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the obtainable signal-to-noise ratio. As most biomolecules emit at higher energies, the
autofluorescence level decreases towards the red/NIR region of the electromagnetic spectrum.

Therefore, using a red-emitting fluorophore can help to overcome this issue.

Me
NH OH o5 . OH
0 o OH NH o
o O Ho HO o 0 QO Ho
Ho 0 0 JHo 4 Ho o
OH NH o OH NH

051\ NH OH OA\

(B)

—_—

‘ Hyaluronidase

Azadioxatriangulenium (ADOTA)

@ Hyaluronic acid

Scheme 1: Schematic representation for the assay system and its response to the enzyme
hyaluronidase. (A) shows the covalent binding of ADOTA fluorophore to the COOH group of
hyaluronic acid. (B) Shows the undigested HA-ADOTA probe and cleaved probe following

enzymatic action
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The goal of this study was to develop a rapid and sensitive ratiometric sensing probe for
estimating hyaluronidase activity/ level. To achieve this goal, a simple strategy was used where
we developed a probe using HA as template and labeled it with an orange/red-emitting organic
fluorophore with a long fluorescence lifetime. The design of this probe was created by heavy
labeling of HA with an aniline-substituted ADOTA fluorophore (Scheme 1) *. When a certain
molar ratio of the fluorophore to hyaluronic acid is reached, fluorophores are close enough that
dimers or higher order aggregates may form. The aggregated dyes display red shifted absorption
and fluorescence as well as reduced fluorescence lifetime (4 ns). Even a small fraction of
aggregates dominates the optical properties due to the close proximity of all dyes bound to HA
and the resulting quenching of non-aggregated dyes via energy transfer to the red-shifted
aggregates. The fluorescence intensity and fluorescence lifetime of the HA-ADOTA probe are
thus significantly reduced compared to the non-aggregated ADOTA dye. The fluorescence signal
will recover after the degradation of the probe by hyaluronidase, where the long hyaluronic acid
chains of the HAADOTA probe are split into shorter fragments and the fluorophore molecules
will move apart. It was observed from our previous observations that the aggregation of ADOTA
fluorophore causes a red shift in the peak emission wavelength *. Similarly, heavy labeling of
hyaluronic acid with ADOTA causes a shift in the peak emission wavelength of the probe to 605
nm. Once the hyaluronidase starts degrading this probe, the peak emission wavelength shifts
back to its original position at 560 nm. This shift in emission wavelength after degradation of the
probe provides a method to develop a ratiometric sensing probe, where the ratio of emission
intensity of the digested to undigested probe can be used to calculate hyaluronidase
activity/level. Some of the reported methods for the fluorescence detection utilize single

fluorescence intensity as the sensing method. Collection of the signal at a fixed wavelength can
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be tempered due to various reasons like fluctuation in the excitation intensity, emission
collection efficiency, change in focal point, etc ***°. These problems can be overcome by
ratiometric collection of signal at two different wavelengths. Ratiometric sensing acts in a self-
calibrating way to minimize interfering factors while allowing for more accurate detection of

analyte °>3,

The activity/level of hyaluronidase can also be estimated using the change in the fluorescence
lifetime of the biosensor as the aggregation in the undigested probe leads to a decrease in the
fluorescence lifetime ( 4 ns). After cleavage of the biosensor by hyaluronidase, a recovery in the
amplitude weighted fluorescence lifetime was observed ( 15 ns). This large difference in the
fluorescence lifetime of the probe can be used for the detection of hyaluronidase. Here in this
paper, we tested the HA-ADOTA probe in spiked PBS and we also used it to measure
hyaluronidase activity/level in cell culture media from a prostate cancer cell line (DU-145)

which is known to express higher levels of hyaluronidase *>°*.

2. Materials and methods

Sodium hyaluronate from bacterial fermentation was obtained from Acros Organics (Thermo
Fisher Scientific, Fair Lawn, NJ). Dimethyl sulfoxide (DMSQO), guanidine hydrochloride,
acetaldehyde, cyclohexyl isocyanide, centricon filter (30,000 molecular cutoff), and bovine testis
hyaluronidase (EC 3.2.1.35, type 1-S, 451 U/mg) were obtained from Sigma- Aldrich (Sigma-
Aldrich, St. Louis, MO). Dulbecco’s phosphate-buffered saline (PBS), fetal bovine serum (FBS),
DMEM media, antibiotic, insulin, transferrin, and selenium (ITS) supplement, and Slide-A-Lyser

dialysis cassettes (10, 000 molecular weight cutoff) were purchased from Thermo Fisher
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Scientific (Waltham, MA). ELISA kit for hyaluronic acid was purchased from R&D Systems
(Minneapolis, MN). DU-145 cells were purchased from ATCC (Manassas, VA). The ADOTA
fluorophore (N-(4-aminophenyl)- azadioxatriangulenium tetrafluoroborate) was synthesized as
described elsewhere *®. All compounds, solvents, and materials were used as received; water was

used directly from a Millipore (Billerica, MA) purification system.

2.1. Preparation of the active amine form of the azadioxatriangulenium (ADOTA-
NH2) fluorophore
The ADOTA fluorophore with a reactive amine group was prepared according to previously

published procedures *®

. Briefly, tris(2,6-dimethoxyphenyl)methylium tetrafluoroborate was
reacted with p-aminoaniline and 2,6-lutidinein acetonitrile at ambient temperature for 90 min to
form the respective acridinium salt. Subsequent twofold ring closure in molten pyridinium
hydrochloride at 200 °C in 60 min provided the fluorescent ADOTA. Precipitation as the

tetrafluoroborate salt and recrystallization from methanol yield the pure compound in excellent

yield as dark crystals (Scheme 2).

NH, NH,
00
BF, N N
i ili BF4_
. p-Aminoaniline . PyHCI +
e o
C C C
o o CH3CN 200 °C, 60 min
~0 o RT,90min O O 91 % ©
89 % _© SN

Scheme 2: Synthetic procedure for the preparation of p-aminophenyl-ADOTA BF,4
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2.2.  Preparation of HA-ADOTA probe

The starting material for the preparation of the reactive amine of the AzaDiOxaTriaAngulenium
(ADOTA-phenyl-NH2) was prepared according to the above-described method (Scheme 2). HA
was dissolved to 1.25 mg/mL in dH20 and then diluted 1:2 in DMSO. The ADOTA-NH2 was
dissolved in DMSO and added to the HA solution for a final ADOTANH2 concentration of 25
mg/mL. Acetaldehyde and cyclohexyl isocyanide were added to 0.04 % (v/v), and the reaction
was allowed to proceed for 48 h at 25 °C. Afterwards, the solution was diluted 1:14 in ethanol/

guanidine HCI (50 pL of 3 M guanidine HCI per 900 pL of 100 % ethanol) and the HA-ADOTA
allowed to precipitate overnight at —20 °C. The precipitate was then dissolved in 1 mL of dH20
followed by extensive dialysis against dH20. The concentration of HA in the probe was

measured using ELISA kit for hyaluronic acid and was found to be 0.6 mg/mL.

2.3.  Preparation of cell culture media
Concentrated cell culture media were prepared according to the method mentioned by
Lokeshwar et al. with slight modifications **. DU-145 cells were plated in DMEM media
containing 10 % FBS and 1 % antibiotic solution. After 70 % confluency, cells were washed
three times with serum-free DMEM media. Cells were then incubated with serum-free DMEM
media with ITS supplement. The serum-free media were collected after 72 h and concentrated

ten times using 30,000 molecular cutoff centricon filter. Concentrated media from six culture

flasks were pooled together and used for analyzing hyaluronidase activity in the media.
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3. Experimental section

3.1.  Absorption measurements
Absorption spectra were measured using a Cary 50 Bio UV-visible spectrophotometer (Varian
Inc., Australia). Absorption spectra were scanned from 350 to 620 nm in PBS at room

temperature.

3.2.  Steady-state fluorescence measurements of hyaluronan hydrolysis
The HA-ADOTA probe was incubated with different amount of hyaluronidase (0-100 U/mL) in
PBS, pH 7.4, at room temperature. The fluorescence emission spectra were recorded every 10
min for 150 min for all the concentrations of the enzyme. Steady-state fluorescence intensity
measurements of all the samples were made using a Carry Eclipse spectrofluorometer (Varian
Inc., Australia) using a 10-mm x 4-mm quartz cuvette. The emission was scanned from 520 to
700 nm following a 470-nm excitation and using a 495-nm-long pass filter on the emission side.
Steadystate excitation spectra were measured by observing the emission at 605 nm, and

excitation was scanned from 400 to 600 nm using a 590-nm-long pass filter on the emission side.

3.3.  Fluorescence intensity decay
Same amount of HA-ADOTA probe was added to PBS (pH 7.4) with varying amount of
hyaluronidase (0-100 U/mL). The change in fluorescence lifetime was measured for all the
concentrations of enzyme every 20 min for 160 min. Fluorescence lifetimes of all the samples
were measured using FluoTime 200 (PicoQuant, GmbH, Berlin, Germany) time resolved
spectrofluorometer. This instrument contains a multichannel plate detector (Hamamatsu, Japan),

and a 470-nm laser diode was used as the excitation source. The fluorescence intensity decays
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were measured under magic angle conditions (54.7°), and data was analyzed with FluoFit
version 4.5.3 software (PicoQuantGmbH, Berlin, Germany) using the exponential reconvolution
procedure using nonlinear regression (multiexponential deconvolution model). In the case of

multiexponential analysis, the fluorescence decay was analyzed using:

1) = ) aexp(—t/1)

i

where i are the decay time and ai are the pre-exponential factors (amplitudes) of the individual

components. Amplitude-weighted lifetime is given by:

(r) = Z a;T;

i

For measuring fluorescence lifetime of HA-ADOTA in solution containing concentrated media
from DU-145 cells, a confocal microscope equipped with time-correlated single photon counting
(TCSPC) detector was used (MicroTime 200, PicoQuant, Germany). A 470-nm laser operating at
5 MHz repetition rate was used. Sample is prepared in a glass bottom petri dish, and laser
excitation is used on Olympus 1X71 inverted microscope. The signal from the detector was
routed into a PicoHarp 300 (PicoQuant, Germany) TCSPC module. Fluorescence lifetime was
measured every 10 min for 150 min. All analyses were performed using SymPho Time, V.5.3.2

software from PicoQuant.
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4. Results and discussion
Scheme 1 shows the schematic representation of HA-ADOTA probe. The HA-ADOTA probe
obtained from heavy labeling of ADOTA fluorophore produces a low fluorescence signal and
exhibit a short fluorescence lifetime resulting from aggregation and FRET between ADOTA
molecules and aggregates. Nevertheless, the addition of hyaluronidase to the HAADOTA
biosensor solution causes a strong fluorescence enhancement and an increase in the fluorescence
lifetime, which is attributed to the specific cleavage of the hyaluronic acid template by

hyaluronidase and the breakup of aggregates and spatial separation of fluorophores.

High labeled HA-ADOTA

0.08

Absorption

000 ! ! 1 1 1
400 450 500 550 600

Wavelength (nm)

Figure 1: The absorption spectrum of HA-ADOTA probe in PBS (pH 7.4). The concentration of

ADOTA in HA-ADOTA probe is 13.96 uM. HA-ADOTA probe in the assay system is 70 nM.

Figure 1 shows the absorption spectrum of HA-ADOTA probe in PBS solution at room
temperature with the maximum absorption peak centered at 540 nm. A second transition is of
lower oscillator strength with peak centered at 440 nm. As it can be seen from Fig. 1, even

though the main absorption peak is centered at 540 nm, a 470-nm excitation is also enough to
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excite the probe. Furthermore, a complete emission spectrum can be obtained when the probe is
excited using a 470-nm excitation source. The concentration of the ADOTA in the stock HA-
ADOTA is 13.96 uM. The probe was diluted 200 times in the assay system (70 nM). The
normalized emission spectra of HA-ADOTA probe and free ADOTA fluorophore in PBS
following a 470-nm excitation are shown in Fig. 2A. It can be seen from the graph that the
emission spectra of free fluorophore are centered at 560 nm, whereas the peak emission of HA-
ADOTA probe is centered at 605 nm. The 45-nm shift in the peak emission wavelength was
obtained due to aggregation of the fluorophore molecules. This shift in the peak emission proves
the efficient energy transfer between the ADOTA molecules and in fact shows the efficient
design of this biosensor. The excitation spectra and emission spectra of HA-ADOTA probe
before and after enzymatic cleavage with 100 U/mL of hyaluronidase are shown in Fig. 2B. It
can be seen from Fig. 2B that the emission spectrum of the digested probe shifts back to its
original peak emission wavelength of 560 nm, whereas the intact probe has a peak emission
wavelength centered at 605 nm. This aggregation-induced shift in the emission wavelength
allows for an efficient method to ratiometrically detect the enzyme activity by measuring the
fluorescence intensity at two wavelengths, i.e. 560 and 605 nm. The ratiometric sensing provides
a built-in self-calibration and higher accuracy in terms of quantitative analysis. We also observed
a small change in the excitation spectra of HA-ADOTA probe before and after cleavage by
hyaluronidase. The shift in the emission wavelength of the HA-ADOTA probe is also visible to
the eye. Figure 2C shows the change in the color of the solution containing HA-ADOTA probe
before and after enzymatic cleavage, when excited using a handheld blue laser. We also
estimated the quantum yield of the ADOTA monomer and aggregates by mimicking the

monomer/aggregate system in thin polyvinyl alcohol (PVA) films with low and high
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concentration of ADOTA. The estimated quantum yield for monomer is 55 %, whereas the
quantum yield for aggregate ADOTA system is less than 1 %. The details about quantum yield

measurement are given in the Electronic Supplementary Material (ESM, Fig. S1).
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Figure 2 : (A)- Shows the normalized emission spectra of free ADOTA fluorophore in PBS (pH
7.4) and the emission spectra of HA-ADOTA probe (70nM ADOTA) in PBS (pH 7.4) when

excited using a 470 nm light source. (B)- The excitation and emission spectra of heavily labeled

HA-ADOTA (70 nM ADOTA) probe before and after enzymatic cleavage. The large spectral
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overlap between excitation and emission spectra is responsible for an efficient excitation energy
migration (HOMO-FRET) between ADOTA molecules. The energy migration between ADOTA
molecules is responsible for the self-quenching process. (C)- Pictorial representation of the

change in the color of HA-ADOTA solution before and after hyaluronidase cleavage.
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Figure 3: The change is fluorescence emission of HA-ADOTA probe (70 nM ADOTA, PBS
pH7.4) after incubation with different amount of hyaluronidase enzyme. The fluorescence
emission spectra was collected for 150 minutes. A 470 nm laser was used for the excitation and
the experiments were performed in triplicate and a same increase in fluorescence intensity was

observed.
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Figure 4: Change is the ratio of emission intensity (560nm/605nm) of the assay system (70 nm
ADOTA) in PBS buffer (PBS 7.4) at room temperature vs reaction time in the presence of

different amount hyaluronidase. A 470 nm laser was used for excitation and all the experiments

were performed in triplicate.
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Figure 5: The calibration curve for the intensity ratio of HA-ADOTA (70 nM ADOTA) probe in

PBS (pH 7.4) at 100 minute as a function of hyaluronidase level (A) 0-20 U/ml, (B) 0-100 U/ml.
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4.1. Response of HA-ADOTA probe with hyaluronidase

As mentioned, the HA-ADOTA probe was synthesized by heavy labeling of hyaluronic acid with
ADOTA fluorophore through covalent bond formation. To investigate the response of the
biosensor towards hyaluronidase, the fluorescence response of HA-ADOTA probe to
hyaluronidase at varying concentration was investigated by adding hyaluronidase to HA-
ADOTA probe (70 nM ADOTA) in PBS (pH 7.4) at room temperature. Figure 3 shows the
hyaluronidase concentration dependent change in the fluorescence intensity of the HA-ADOTA
probe. The fluorescence intensity of the reaction system increases with increasing concentration
of hyaluronidase from 0 to 100 U/mL of hyaluronidase. Even 1 U/mL of hyaluronidase was
enough to increase the fluorescence intensity and causes the shift in the peak emission of the
HA-ADOTA probe. In the case of 1 U/mL of hyaluronidase, the fluorescence intensity shows 1.7
times enhancement in the fluorescence signal, whereas, in the case of 100 U/mL of enzyme, 5.6
times enhancement in the fluorescence signal was observed. The emission intensity for different
amount of hyaluronidase are drawn to the same scale so as to easily distinguish the change in the
fluorescence enhancement with different amount of enzyme.

The kinetic assay of the enzymatic reaction was determined by measuring the time-dependent
change in the fluorescence intensity of the HA-ADOTA probe in the absence and presence of
hyaluronidase. We assessed the change in fluorescence intensity for all concentrations of enzyme
every 10 min for 150 min and calculated the change in the intensity ratio using the fluorescence
intensity at 560 and 605 nm as the observation points. From Fig. 4, it can be seen that in the
absence of hyaluronidase, we did not notice any change in the ratio of fluorescence intensity,
which proves the stability of HA-ADOTA probe. The time-dependent fluorescence intensity

measurement shows that the emission intensity ratio at 560 and 605 nm gradually increases with
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increasing amount of enzyme and time. It was also observed from Fig. 4 that the emission
intensity ratio almost reaches a plateau after 80 min of reaction when the enzyme concentration
was 50 U/mL or higher. To ensure the reaction was complete, we took 100 min as the end point
in our experiment. Figure 5A represents the calibration curve obtained by measuring the change
in the fluorescence intensity after 100 min as a function of hyaluronidase activity for enzyme
within 0-20 U/mL, whereas Fig. 5B represents the entire region with 0-100 U/mL. Both the
curves were fitted using exponential model (Y= Ap*e™+Axe™1y  R%*= 0.98). Detail
about the fitting method is given in the supplementary data. Using this standard curve, the level

of hyaluronidase from an unknown sample can be easily determined.
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Figure 6: The fluorescence intensity decay of HA-ADOTA probe (70 nm ADOTA, 0.6mg/ml
HA) in PBS (pH 7.4) in the absence and presence of hyaluronidase. In the prescence of enzyme,
an increase in the fluorescence lifetime was observed. Without the enzyme at 0 min 3
components are needed to fit the data with amplitudes of 0.16, 0.53 and 0.31 with the lifetime of

18 ns, 0.41 ns and 3.23 ns. With 100U/ml of hyaluronidase at 160 minutes, the decay was fitted
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using 2 coponents with amplitudes of 0.74 and 0.26 with lifetime of 18.85 ns and 1.83 ns. All

fluorescence lifetime measurements were performed in triplicate.
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Figure 7: The time dependent change in the fluorescence lifetime of HA-ADOTA probe (70 nM

ADOTA) in PBS (pH 7.4) in the absence and presence of hyaluronidase.

4.2.  Fluorescence lifetime-based sensing of hyaluronidase
We also desired to determine if the observed spectral changes are as well accompanied by the
change in the fluorescence lifetime of the HA-ADOTA probe. The fluorescence intensity decay
measurements are presented in Fig. 6 for HA-ADOTA probe in PBS at room temperature. The
emission of the HAADOTA probe is highly quenched in the absence of hyaluronidase and shows
a heterogenous decay. Three exponentials are needed to fit the data, and an amplitude-weighted
lifetime of 4 ns is determined as compared to 20 ns lifetime for free fluorophore in PBS. In the
presence of hyaluronidase, the amplitude-weighted lifetime increases with the increasing amount
of enzyme. Table 1 shows the detailed analysis of the intensity decay of HA-ADOTA probe with
different concentrations of hyaluronidase (0, 1, 10, 50, and 100 U/mL). The recovered average
amplitude-weighted lifetime of HA-ADOTA probe with 100 U/mL of hyaluronidase was 15 ns,

and two components were needed to fit the decay with amplitudes of 0.74 and 0.26 and lifetime
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of 18.85 and 1.83 ns. Figure 7 shows the change in the amplitude-weighted fluorescence lifetime

of HA-ADOTA probe with different amounts of enzyme. It can be observed from the graph that

with an increasing concentration of hyaluronidase and increasing time, an increase in the

fluorescence lifetime

is also observed. The time-resolved measurements demonstrate the

generation of free unquenched ADOTA dyes (t ~ 19 ns) in the presence of hyaluronidase.

Hyaluronidase Time (min)
concentration

0 20 40 60 80 100 120 140 160
ou 4.16ns | 4.16éns 4.02ns 4ns 3.86ns 4.08ns 4.05ns 3.8ns 3.8ns
U 4.3ns 5.09ns 5.51ns 5.69ns 6.07ns 8.35ns 8.63ns 8.77ns 8.89ns
50U 4.lens | 9.22ns 10.03ns | 10.75ns | 10.78ns | 11.91ns | 11.3éns | 11.64ns | 11.62ns
100U 4.16ns | 10.13ns | 10.44ns | 12.47ns | 13.03ns | 13.88ns | 13.5ns 14.11ns | 14.45ns

Tablel: Amplitude weighted lifetime of HA-ADOTA with different amount of hyaluronidase.

Averaged amplitude weighted lifetime of HA-ADOTA probe was estimated every 20 minute of

the enzymatic reaction.
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Figure 8: (A) Change is the ratio of emission intensity (560nm/605nm) from cell culture media

as a function of change in time. A 470 nm excitation was used and the reaction was continued for

150 min at room temperature. All the experiments were performed in triplicate. (B) change in the

colour of fluorescence emission of HA-ADOTA probe in culture media before and after

enzymatic cleavage.

Time (min) DU-145 media DU-145 media with
apigenin

Background 2.56ns 2.07ns
10 4.81ns 2.8ns
20 11.09 ns 4.3 ns
30 13.97 ns 5.1ns
40 14.93 ns 4.14ns
50 15.25ns 5.28 ns
60 16.35ns 3.48 ns
70 18.13 ns 4.56 ns
80 17.74ns 5.24ns
90 18.21 ns 4.03 ns
100 17.74 ns 3.85ns
110 18 ns 4.28ns
120 17.72ns 4.3 ns
130 18.37 ns 4.12 ns
140 17.94 ns 4,78 ns
150 17.9ns 4.87 ns

Table II: Amplitude weighted fluorescence lifetime of HA-ADOTA probe media collected from DU-

145 cell line. Data also shows the effect of apigenin on the inhibition of hyaluronidase activity from

culture
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4.3.  Estimating hyaluronidase activity in cell culture media
It has been previously reported that several prostate cancer cell lines overexpress hyaluronidase
activity. DU-145 is one such cell line which is reported to have overexpression of hyaluronidase.
To investigate the activity of hyaluronidase produced by DU-145 prostate cancer cell line, we
measured enzyme activity in concentrated serum-free culture media using an HAADOTA probe.
In a solution of 100 uL of concentrated media and PBS (pH 7.4), HA-ADOTA probe (70 nM
ADOTA in assay system) was added (total volume 1000 pL). The change in fluorescence
intensity ratio was calculated every 10 min for 150 min (Fig. 8). The intensity ratio at 100 min
was used to estimate hyaluronidase level using the standard curve obtained from spiked PBS
buffer solution (Fig. 5). The calculated hyaluronidase level was 5 U/mL. To confirm if the
fluorescence enhancement was caused by hyaluronidase, the effect of apigenin (inhibitor of
hyaluronidase) was also examined on the activity of hyaluronidase >>>*°. Stock solution (20 mM)
of apigenin was prepared in DMSO. The final concentration of apigenin in experimental solution
was 50 uM. It was observed that the apigenin inhibited the fluorescence enhancement of HA-
ADOTA probe. To confirm our steady-state fluorescence intensity data, we also measured the
change in the fluorescence lifetime of HA-ADOTA probe in the concentrated serum-free media.
Of concentrated media with PBS and HA-ADOTA probe (100 pL total volume), 10 uL was
added to a glass bottom petri dish. Fluorescence lifetime was measured using a time-resolved
microscope (MicroTime 200, PicoQuant, Germany). The main advantage of using confocal
microscope with TCSPC abilities can help us to focus exactly at the center of the media while
simultaneously only needing a small volume of the biological sample. The measured amplitude-
weighted fluorescence lifetime of the undigested probe was around 4.5 ns. However, after 150

min of enzymatic reaction in the concentrated culture media, a fluorescence lifetime of 18 ns was
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measured. We also measured the effect of apigenin (hyaluronidase inhibitor) on the fluorescence
lifetime of HA-ADOTA probe. Apigenin solution (50 pM) was prepared with 10 pL
concentrated media and PBS (total volume= 100 puL). We found that the apigenin inhibited the
activity of hyaluronidase and fluorescence lifetime of HAADOTA probe stayed constant ( 4.5
ns). These data suggest that the increase in fluorescence intensity and fluorescence lifetime
indeed arises from the hyaluronidase activity. The amplitude-weighted fluorescence lifetime of

HA-ADOTA probe in concentrated media with and without apigenin is given in Table 2.

5. Conclusions

In summary, we have successfully developed a biosensor for hyaluronidase using an orange/red-
emitting organic ADOTA fluorophore with a long fluorescence lifetime. This probe serves as an
intensity-based ratiometric sensor and fluorescence lifetime-based sensor of hyaluronidase.
Moreover, due to ratiometric sensing ability, a higher sensitivity can be achieved. The change in
color of the fluorescence emission of undigested (red) and digested (yellow) HA-ADOTA probe
can also be observed by the naked eyes using an appropriate excitation. Compared to other
biosensors developed over nanoparticles, the biosensor developed using organic fluorophore is
much smaller in size. The large difference between the fluorescence lifetime of undigested and
digested probe helps to easily quantify hyaluronidase level using fluorescence lifetime as
detection parameter. Emission in the orange/red region where there is a long fluorescence
lifetime makes this probe highly useful for biological samples which possess a large amount of
autofluorescence. It is a widely understood phenomenon that the contribution of

autofluorescence decreases in the orange/red region of the electromagnetic spectrum. We

113



successfully estimated the level of hyaluronidase in serum-free culture media of DU-145 prostate
cancer cells. In conclusion, this HA-ADOTA biosensor can be easily used to measure

hyaluronidase activity/level in complex pathological samples where the enzyme hyaluronidase is

overexpressed.
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Figure S1: Left panel-Absorption spectra of low concentration of ADOTA, high concentration
of ADOTA and low concentration of rhodamine 101 in thin PVA film. Right panel- Emission

spectra of all three samples in PVA films.

It not possible to estimate the quantum yield (QY) of ADOTA aggregate in HA-ADOTA system
as the system is not homogenous and hence true QY cannot be calculated. Also, the
concentration we use in our system is very very low (70 nM ADOTA) and hence absorption
spectra cannot be measured. To calculate the QY approximately, we mimic the monomer and
aggregate system of ADOTA by incorporating low and high concentration in thin PVA films to
represent monomer and aggregate system. Rhodamine 101 was used as a reference dye as it has a
very high QY (almost 100%) and the emission spectra of rhodamine 101 is between the emission

peak for monomer (560nm) and aggregate(605 nm). It can be seen from the absorption spectra
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that the absorption spectrum of low concentration ADOTA PVA films intersect the rhodamine
101 absorption at 522 nm. Hence, we chose 522 nm as our excitation because at that wavelength
the photons absorbed by both the samples will be equal. When excited at 522 nm, low
concentration ADOTA PVA films has approximately half emission intensity compared to the
rhodamine 101 film which shows that low concentration ADOTA film or monomer system has
approximately 50% QY compared to rhodamine 101 system. Whereas, the high concentration
ADOTA PVA film has a very very low emission intensity even when the absorption spectrum
represents higher concentration. We corrected the emission spectrum of high concentration
ADOTA PVA film for its excitation. The emission spectrum of high concentration film is
multiplied 100 times to represent the shape of the spectrum in aggregated high concentration

PVA film.
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Fitting equation for Figure 5A and 5B
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The data was fitted using multiexponential model (2 exponents) with R* of 0.98.
The equation used for figure is Y= A;*e™™+a,*e X2 py,
Where, A; and A, are amplitudes, t; and t, are constant and Y, is offset

A;=-0.6210, A, =-0.6310, t; = 17.338, t,= 0.61, Y,= 1.93
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Chapter 6

Azadioxatriangulenium (ADOTA) fluorophore for imaging of hyaluronidase activity

Abstract

A fluorescence lifetime imaging probe with a long lifetime was used in combination with time-
gating for the detection of hyaluronidase using hyaluronic acid as the probe template. This probe
was developed by heavily labeling hyaluronic acid with long lifetime azadioxatriangulenium
fluorophores (ADOTA). We used this probe to image hyaluronidase produced by DU-145

prostate cancer cell

1. Introduction
Fluorescence microscopy techniques for cellular imaging are essential to explore various
physiological and pathological processes occurring inside the cell. Confocal fluorescence
imaging is one of the most widely used methods in biomedical research due to its high sensitivity
and spatial resolution *?. However, conventional fluorescence intensity based imaging is affected
by the laser excitation intensity and fluorophore concentration. As an alternate approach,
fluorescence lifetime-based measurements are independent of the excitation intensity and
fluorophore concentration #*. Fluorescence lifetime is sensitive to its microenvironment and

even slight variations in the microenvironment can trigger easily measured changes in the
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fluorescence lifetime of the fluorophore, which are not observable in conventional fluorescence

intensity measurements.

Fluorescence lifetime imaging microscopy (FLIM) was first used for live cell imaging in the
early 1990s °. Imaging of exogenous fluorescent probes that target diseased cells have shown

promising results in clinical settings, such as early detection of cancer ®’

. Developing a
fluorescent probe for imaging cancer cells is a challenging approach which requires special
fluorescent probes specific to biomarkers produced by the cancer cells. Hence, developing a
fluorescent probe, which can easily be recognized by an enzyme overexpressed by cancer cells
would be an ideal approach. Hyaluronidase is one such enzyme which is reported to be
overexpressed in various cancers like melanoma, prostate, bladder cancer, head and neck
carcinoma, etc . Hyaluronic acid is the substrate for the enzyme hyaluronidase, which is a
naturally occurring glycosaminoglycan with a molecular weight ranging from 500-5000 Dalton.
It is composed of multiple subunits of glucuronic acid and N-acetyl Glucosamine ****. With
rapid growth and development in biomedical nanotechnology, development of novel fluorescent
material is gaining increasing attention among the scientific community *°. For FLIM imaging, it
is ideal to use a fluorophore with a long fluorescence lifetime so as to easily distinguish its signal
from the autofluorescence. Autofluorescence has a lifetime roughly around 1-7 ns which is

16,17. Even

comparable to the fluorescence lifetime of commonly available organic fluorophores
with the long fluorescence lifetime and superior optical properties of quantum dots, they are of
limited use due to several disadvantages. Specifically, quantum dots with NIR emission are large

in size and can introduce perturbations in the targeted cell. Also, toxicity due to toxic core

materials used in synthesis further limits their usage in biomedical research. Lastly, despite their
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good photostability, they show photo-blinking which can affects the emission signal during

imaging %

In our previous study, we have developed and characterized a novel probe for the sensing of
hyaluronidase activity. This probe was developed by heavy labeling of hyaluronic acid with a
triangulenium  fluorophore called azadioxatriangulenium (ADOTA) . ADOTA is a
triangulenium dye, a group of cationic dyes with excellent photophysical properties. The most
important characteristic property of ADOTA dye is the rare combination of relatively low
oscillator strength of the emissive transition and high quantum yield, which give rise to a long
fluorescence lifetime of ~17 ns with an emission in the orange/red region of the electromagnetic

spectrum 2%,

Hyaluronic acid is the substrate for the enzyme hyaluronidase and heavy labeling of ADOTA
results in the aggregation of fluorophore molecules on hyaluronic acid (HA). It is a known
phenomenon that aggregation of fluorophore results in a decrease of fluorescence lifetime of the
fluorophore. We have previously shown that HA-ADOTA probe can easily be used to detect
hyaluronidase activity in spiked PBS solution with 1 U/ml-100 U/ml of hyaluronidase via
steady-state and time-resolved fluorescence spectroscopy. We have also shown the application of
this probe in detecting hyaluronidase activity in cellular media of DU-145 prostate cancer cell
line . However, we wanted to check if the change in the fluorescence lifetime of the HA-
ADOTA probe before and after cleavage by hyaluronidase produced by the cancer cells can be
used as a contrast mechanism to detect hyaluronidase activity via fluorescence-lifetime imaging.
Here in this report, we have used HA-ADOTA probe as a fluorescence lifetime-based sensing
agent for the lifetime-based imaging of hyaluronidase in cancer cells. We have used this

developed HA-ADOTA probe to detect hyaluronidase activity in DU-145 cells, a prostate cancer
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cell line which is reported in the literature to overexpress hyaluronidase enzyme *?°. Heavy
labeling of HA with ADOTA results in the short lifetime of ADOTA via aggregation. Therefore,
it becomes quenched in its native state. However, when the HA-ADOTA probe is cleaved by the
enzyme hyaluronidase, and the long chains of the polymer are cleaved into shorter ones, the
distance between the fluorophores increases leading to an increase in both fluorescence intensity
and fluorescence lifetime. This change in the fluorescence lifetime of the probe is significant
enough that it can easily be distinguished by FLIM and works as a contrast agent. To date,
various luminescent probes for the detection of hyaluronidase are reported in the literature **“°.

To the best of our knowledge, this is the first fluorescent probe with long fluorescence lifetime

developed for the lifetime-based imaging of hyaluronidase in cancer cells.

As mentioned previously, the presence of autofluorescence is a major problem with cellular
imaging. Even with the very sophisticated instruments, it is really difficult to completely
eliminate autofluorescence. The popular organic dyes like fluorescein or rhodamine, which are
best excited with 470, 488 and 532 nm excitation sources also provide efficient excitation of
intrinsic fluorophore like flavoproteins and flavones which contributes to autofluorescence *'®.
One very successful approach to overcome this problem is to use pulsed excitation and time-
resolved detection using a probe with long fluorescence lifetime. By a technique called time-
gated detection, the fluorescence signal originating from long lived fluorescent probe can be
easily separated from the signal coming from the short lived autofluorescence *°*°. Due to the
long fluorescence lifetime of the probe after digestion compared to the background fluorescence

(autofluorescence), we can easily use time-gated detection to completely remove

autofluorescence from the image. Also, due to long fluorescence lifetime of this probe after
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digestion by hyaluronidase, this probe can be used for the fluorescence lifetime imaging of

hyaluronidase.

2. Material and methods

2.1.  Materials
Sodium hyaluronate from bacterial fermentation was obtained from Acros Organics
(Thermo Fisher Scientific, Fair Lawn, NJ). Dulbecco’s phosphate-buffered saline (PBS),
Fetal bovine serum (FBS), DMEM media, antibiotic, Insulin transferrin and
selenium(ITS) supplement, Slide-A-Lyser dialysis cassettes (10,000 molecular weight
cutoff) were purchased from Theromo Fisher Scientific (Waltham, MA). Dimethyl
sulfoxide (DMSO), guanidine hydrochloride, acetaldehyde, cyclohexyl isocyanide and
centricon filter (30,000 Mol cut off) were obtained from Sigma-Aldrich (Sigma-Aldrich,
St. Louis, MO). DU-145 (prostate cancer) and PZ-HPV-7 (Healthy prostate cells) were
purchased from ATCC (Manassas, VA). The ADOTA fluorophore (N-(4-Aminophenyl) -
azadioxatriangulenium Tetrafluoroborate) was synthesized by a procedure described elsewhere
24" All compounds, solvents, and materials were used as received; water was used directly from a

Millipore (Billerica, MA) purification system.
2.2.  Methods

2.2.1. Preparation of HA-ADOTA probe
The starting material for the preparation of the reactive amine of the AzaDiOxaTriaAngulenium
(ADOTA-phenyl-NH,) was prepared according to the method described by Bora et al. %*. HA
was dissolved to 1.25 mg/mL in dH20 and then diluted 1:2 in DMSO. The ADOTA-NH; was
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dissolved in DMSO and added to the HA solution for a final ADOTA-NH; concentration of 25
mg/mL. Acetaldehyde and cyclohexyl isocyanide were added to 0.04 % (v/v) and the reaction
was allowed to proceed for 48 hr at 25 °C. Afterwards, the solution was diluted 1:14 in
ethanol/guanidine HCI1 (50 pL of 3 M guanidine HCI per 900 pL of 100 % ethanol) and the HA-
ADOTA allowed to precipitate overnight at —20 °C. The precipitate was then dissolved in 1 mL
of dH,0 followed by extensive dialysis against dH,0 . The concentration of HA in the probe

was measured using ELISA kit for hyaluronidase.

2.2.2. Cellular staining
The DU-145 cell line was grown in 2 mL of DMEM media containing 10% FBS and 1%
antibiotic solution in a glass bottom petri dish. After almost 70% confluency, DMEM media with
FBS was removed and washed three times with serum free media. Cells were then incubated
with serum free media containing ITS supplement. After 72 hours, the prepared petri dishes were
used for imaging without any further washing. The PZ-HPV-7 healthy prostate cells were grown
in Keratinocyte serum free media. After 70% confluency, the media was replaced, washed three
times with fresh media and replaced with fresh 2 mL of Keratinocyte-SFM media. The cells
were used for imaging after 72 hours. Apigenin was used as an inhibitor for hyaluronidase in
DU-145 cells. A 20 mM stock solution of apigenin was prepared with DMSO for this
experimental setup. To the growing DU-145 cells in 2ml of serum free DMEM media, 50 uM of
apigenin was added and incubated at 37° C for 30 minutes. After incubation, the cells were used

for imaging without any further washing.

2.2.3. Fluorescence lifetime imaging
The HA-ADOTA probe was added to a glass bottom plate (10 uL of HA-ADOTA probe in 2 mL

of media) and used for measuring the fluorescence lifetime of HA-ADOTA in the samples of
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DU-145 cells and PZ-HPV-7 cells. A confocal microscope equipped with time-correlated single
photon counting (TCSPC) detector was used (MicroTime 200, PicoQuant, Germany). A 470 nm
laser operating at 5 MHz repetition rate was used. The sample is prepared in a glass bottom petri
dish and the laser excitation is used on Olympus 1X71 inverted microscope with a water
immersion 60x/1.2 NA objective. The signal from the detector was routed into a PicoHarp 300
(PicoQuant, Germany) time-correlated single counting (TCSPC) module. Fluorescence lifetime
measurements were acquired for 15 minutes. All experiments were performed three times and all

analyses were performed using SymPho Time, V.5.3.2 software from PicoQuant.

2.2.4. Time-gated intensity imaging
To eliminate the interference from the autofluorescence and scattering light, we have used time-
gated detection using the long fluorescence lifetime of cleaved HA-ADOTA probe. In time-gated
detection, a time-delay threshold, or gate, is set and only photons collected after the gate are
integrated in the total intensity. Since autofluorescence has a decay lifetime of ~ 1-7 ns,
depending on the type of tissue or cells, the intensity decay of autofluorescence dies out faster
than the fluorescence decay of ADOTA (lifetime ~ 17 ns). Therefore, we may remove the
autofluorescence signal by setting the time gate to a few nanoseconds after the excitation pulse.
Moreover, since the spectral profile of autofluorescence overlaps with the spectral profiles of
commonly available red emitting organic fluorophore, temporal separation of the
autofluorescence from the fluorophore of interest is advantageous. However, the commonly used
red emitting organic fluorophores have a very short fluorescence lifetime, comparable to that of
autofluorescence of tissues and cells. This issue can be resolved by using the ADOTA
fluorophore which has a long fluorescence lifetime and can help in time-gated imaging of cells

without any background. The fluorescence lifetime of digested HA-ADOTA is much longer than
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the autofluorescence lifetime, that is, it continues to fluoresce long after the autofluorescence has
decayed completely. In our experiments, we always used a 2 ns gating time to remove scattered
excitation light, as all the image are analyzed via tail fitting. After that, 5 ns, 10 ns, 15 ns and 20

ns are used as gating times to completely remove autofluorescence.

—— HA-ADOTA before cleavage
—— HA-ADOTA after cleavage

Intensity (a.u)

0 10 20 30 40 50 60
Time (ns)

Figure 1: Fluorescence lifetime decay of HA-ADOTA probe in media collected from DU-145
cells after 72 hours. An increase in amplitude weighted fluorescence lifetime was observed after
the cleavage of HA-ADOTA by hyaluronidase for 15 minutes produced by the DU-145 cells.

The data is the representation of three independent experiments.
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Background After adding HA-ADOTA
(Before adding HA-ADOTA) 2 min 15 min
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Ons
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Figure 2: Fluorescence lifetime images of PZ-HPV-7 (Healthy prostate cells) and DU-145
cancer cell lines with and without HA-ADOTA. The long fluorescence lifetime of ~16 ns was

observed for digested HA-ADOTA probe by hyaluronidase in DU-145 cells.
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Figure 3: Time gated analysis of background from DU-145 cells (A) and DU-145 cells with HA-
ADOTA (B) after 15 minute of incubation with 2ns, 5ns, 10ns, 15ns and 20 ns gating after the

excitation pulse. The data is the representation of three independent experiments.
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3. Results
In cellular imaging using fluorescence intensity, the contribution from light scattering and
sample autofluorescence imparts large background signal to all images. Fluorescence lifetime
imaging microscopy (FLIM) offers two big advantages, namely the separation of fluorescence
emission not only spectrally by wavelength or emission color but also temporally by fluorescent
lifetime. The concentration of HA in the probe was measured using an ELISA kit for hyaluronic
acid and was found to be 0.6 mg/mL. The concentration of the ADOTA in the stock HA-
ADOTA is 13.96 uM. The concentration of ADOTA used in the final experiment setup is 70
nM. After the addition of HA-ADOTA probe to the media collected from DU-145 cells, a time
dependent increase in the fluorescence lifetime was observed when the enzyme starts to cleave
the HA-ADOTA probe. The average amplitude weighted fluorescence lifetime of intact HA-
ADOTA probe is ~ 4 ns. After cleavage of HA-ADOTA probe by the hyaluronidase present in
the media for 15 minutes, a longer fluorescence lifetime of ~ 17 ns was observed (Figure 1).
Figure 2 shows the fluorescence lifetime of HA-ADOTA probe in PZ-HPV-7 (Control),
DU-145 and DU-145 cells treated with inhibitor (apigenin). All the cells shows a
background fluorescence lifetime centred approximately at 4.5 ns which can be observed
from the lifetime distribution graph for both PZ-HPV-7 and DU-145 prostate cells. After
adding HA-ADOTA probe to all three experimental setup, fluorescence lifetime images
were taken and no change in the fluorescence lifetime of HA-ADOTA probe was
observed from the PZ-HPV-7 cells (healthy prostate cells). Only a weak signal around 14
ns was observed, which is possibly due to the presence of a very low level of
hyaluronidase produced by the healthy prostate cells %°. This shows that the prepared HA-

ADOTA probe is even sensitive to a very small level of hyaluronidase produced by the
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healthy prostate cells. However, in case of DU-145 prostate cancer cells, a long
fluorescence lifetime was observed just after 2 min, which proves a large concentration of
hyaluronidase in the media and the digestion of HA-ADOTA probe immediately after
adding HA-ADOTA. It can be observed from Figure 2, in case of DU-145 cell, the counts
around 4 ns lifetime are very small compared to the counts around 16 ns lifetime. After 15
min, the signal around 16 ns becomes even higher compared to the signal at 2 min, which
proves further cleavage of HA-ADOTA probe by hyaluronidase enzyme produced by the
DU-145 cells. It can be observed from the FLIM image of DU-145 cells at 2 and 15
minutes that the main cleavage of HA-ADOTA is occurring around the cell membrane
which is represented as orange/red color in the FLIM image. The orange/red color signal
representing the long fluorescence lifetime can also be observed from the media of DU-
145 cells, which shows the presence of hyaluronidase in the media of DU-145 cells. In
case of PZ-HPV-7 cells, no change in fluorescence lifetime was observed. The FLIM data
shows that the cleaved HA-ADOTA probe indeed has a longer fluorescence lifetime
when digested by hyaluronidase produced by the DU-145 prostate cancer cells. To further
confirm that the HA-ADOTA was cleaved by hyaluronidase exclusively produced by DU-145
cells, we used apigenin, which is a known inhibitor for the enzyme hyaluronidase **°%. Data from
the apigenin experiments shows no change in the fluorescence lifetime of the HA-ADOTA probe
(Figure 2). This confirms the cleavage of HA-ADOTA is by the hyaluronidase enzyme. Further
time-gating was applied to the images to completely remove autofluorescence. Figure 3A shows
the time resolved intensity image of DU-145 cells without HA-ADOTA to represent
autofluorescence lifetime. It can be seen from the Figure 3A that autofluorescence completely

dies out after 10 ns of gating. If gating is allowed past 10 ns, no significant signal was observed.
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Figure 3B, shows the same DU-145 cells treated with HA-ADOTA for 15 min (fluorescence
intensity image). It can be seen from the figure that a significant signal was observed even after
15 and 20 ns gating, which is collected from our ADOTA fluorophore, as the autofluorescence
completely vanishes at 15 ns. This confirms the collected signal after 15 ns gating is from our

fluorophore of interest and guarantees background free cellular imaging.

4. Conclusions

In conclusion, we have demonstrated the use of the FLIM methodology in the detection of
hyaluronidase using the long lifetime organic fluorophore ADOTA. The long
fluorescence lifetime of cleaved HA-ADOTA facilitates the discrimination between the
signal from the probe and the intrinsic fluorescence of the cells and produces a good
signal-to-noise ratio. Due to long fluorescence lifetime and efficient time-gated detection,
the signal-to-noise ratio was further enhanced showing application of the organic
ADOTA fluorophore dye with a long fluorescence lifetime. This fluorescence lifetime-
based sensing will be used for the detection of hyaluronidase for any type of cancer which
overexpresses hyaluronidase. To the best of our knowledge, this is the first time that
FLIM based detection of hyaluronidase has been used in cancer cells. This methodology
can be extended to the detection of hyaluronidase in various other cancer cells and
exploration of the advantage of a long fluorescence lifetime of the ADOTA fluorophore
in the detection of other biomarkers. This method in the future can be used to detect a
variety of transient cellular processes or diseases completely free from background

fluorescence.
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Summary
Fluorescence based sensing and imaging has tremendous applications in biomedical sciences.
Fluorescent probe specific to a disease biomarker can help in the diagnosis and treatment of various
diseases like cancer. Fluorescence emission in the red region of the electromagnetic spectrum provides
the best optical window for sensing and imaging, as the contribution of autofluorescence decreases in
this region. To distinguish the signal from the fluorophore and autofluorescence, the efforts have been
focused on developing red emitting fluorophore preferentially with long fluorescence lifetime
(significantly longer than autofluorescence). This improves signal-to-noise ratio and opens the possibility
for time-gated detection. However, the commercially available red fluorophores have a very short
fluorescence lifetime. The groups of currently developed triangulenium fluorophores like
Azadioxatriangulenium (ADOTA), which emits in the orange/red region with long fluorescence lifetime

and high quantum yield, present a great opportunity for sensing and imaging.

In this dissertation, novel probes for the sensing and imaging of hyaluronidase have been developed.
Both probes are synthesized using hyaluronic acid as a template. One probe has fluorescein and
rhodamine as a FRET pair for sensing. Another probe was synthesized by heavy labeling of hyaluronic

acid with ADOTA fluorophore.

Our first probe, HA-FRET was labeled with fluorescein and rhodamine, which is a classic FRET pair. The
HA-FRET probe was characterized in synthetic urine. Steady-state data showed a time-dependent
increase in the fluorescein to rhodamine intensity ratio after cleavage of the HA - FRET probe by
hyaluronidase. Our steady-state data is also accompanied by time-resolved data where, an increase in
fluorescence lifetime of the donor (fluorescein) was observed after the enzymatic cleavage. Our data
confirm that fluorescent probe using hyaluronic acid as a template can be synthesized and used for the

detection of hyaluronidase.
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To develop another probe using azadioxatriangulenium (ADOTA) fluorophore, we first studied the
photophysical properties of ADOTA in PVA film and silica thin films. A 15 nm red shift in the emission
spectrum of ADOTA was observed in case of a silica thin film. Also, the fluorescence lifetime of ADOTA in
silica thin film was 12 ns compared to 20 ns in PVA film. The lorentzian lifetime distribution showed a
broad distribution of emitting species in silica thin film compared to the PVA film. The shorter lifetime
and concentration dependent red shift in emission suggest aggregation of dye molecules in the excited

state.

Above mentioned studies helped us developing another probe for HA activity. This probe was designed
by heavy labeling of hyaluronic acid with ADOTA fluorophore. Heavily labeled probe showed a red shift
in the peak emission spectrum. The intact probe has a peak emission spectrum centered at 605 nm,
whereas, the cleaved probe moves the emission spectrum of the probe to its original wavelength i.e.
560 nm. The cleavage of the HA - ADOTA probe by hyaluronidase showed an increase in fluorescence
intensity and fluorescence lifetime of the probe. The steady-state ratiometric sensing showed a time
dependent increase in fluorescence intensity. Time-resolved data showed an increase in fluorescence
lifetime of the probe cleaved by hyaluronidase. Intact HA-ADOTA probe has fluorescence lifetime
around 4 ns whereas, the cleaved HA-ADOTA probe has lifetime around 18 ns. The HA - ADOTA probe
was successfully used to estimate the level of hyaluronidase produced in the media of DU-145 prostate

cancer cell line.

Finally, we showed the application of the HA - ADOTA probe in cellular imaging. Significant differences in
the fluorescence lifetime of the HA-ADOTA probe before and after enzymatic cleavage, act as a good
contrast agent in fluorescence lifetime imaging microscopy (FLIM). It is known from the literature that
the DU-145 prostate cancer cells overexpress hyaluronidase activity. We have used the HA-ADOTA to

image hyaluronidase activity in DU-145 cells. Our data showed a significant difference in the
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fluorescence lifetime of intact and cleaved probe in FLIM images of the DU-145 cells. We also used HA-
ADOTA probe with healthy prostate cells, which produces a high levels of hyaluronidase and with an
inhibitor of hyaluronidase (apigenin) in DU-145 cells. No change in the fluorescence lifetime was
observed, which shows the specificity of the HA - ADOTA probe towards hyaluronidase. We also
examined the time-gated intensity imaging capability of this long-lived fluorescent probe to remove
autofluorescence. We found that, if the detection is moved 10ns post excitation pulse, we can
completely remove autofluorescence background from the DU-145 cells. However, we were still able to
get a bright signal from our fluorescent probe even after 15 ns and 20 ns of gating. In summary, a
fluorescent probe with long fluorescence lifetime was synthesized and characterized for sensing and
imaging applications. This long-lived ADOTA fluorophore has tremendous applications in biomedical

sciences for sensing and background-free cellular imaging.
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Abstract: Elevated hyauronidase levels are found in the urine of bladder and prostate cancer patients. Therefore, HA-ase
is regarded as an important biomarker for the detection of these cancers. In this report, we use a FRET based ratiometric
sensing approach to detect the level of HA-ase in synthetic urine. For this, we have used a HA-FRET probe (hyaluronan)
labeled with fluorescein as a donor and rhodamine as an acceptor. We monitor the digestion of our HA-FRET probe with
different concentrations of HA-ase in synthetic urine via fluorescence emission. The extent to which FRET is released de-
pends on the concentration of HA-ase. Our fluorescence intensity results are also supported with time resolved fluores-
cence decay data. This assay can be used to develop a non-invasive technique for the detection of bladder and/or prostate

cancer progression.

Keywords: Ratiometric sensing, Hyaluronidase, HA-FRET, Bladder cancer.

1. INTRODUCTION

Bladder and prostate cancer are among the most fre-
quently diagnosed types of cancers worldwide. In the US, a
total of 75,510 new cases of bladder cancer and 241,740 new
cases of prostate cancer are estimated in 2012 alone [1].
Therefore it is necessary to have simple, ergonomic and non-
invasive diagnostic techniques with which the cancer can be
detected and monitored at a very early stage, so that proper
therapeutic measures can be taken. Increased hyaluronidase
(HA-ase) levels in urine has been identified as a promising
biomarker of bladder and prostate cancer [2, 3]. Studies by
the Lokeshwar group have shown that there is usualy a 2.5-
6.5 fold increase in hyauronidase levels in patients with
bladder cancer in comparison to healthy individuas [4].
Hyaluronidase level greater than 10mU/mg indicate higher
grade of cancer. [4]. Therefore estimating the level of
hyaluronidase in urine can help in accurately predicting the
progression of bladder and prostate cancer.

Hyaluronidase is an endoglycosidase that catalyzes
Hyaluronan (HA) depolymerization via cleavage of the 3-N-
acetyl-D-glucosaminidic bonds [5] and it belongs to class
hydrolase (EC3.2.1.35) [6]. Hyaluronic acid is associated
with many biological processes such as cell adhesion, migra-
tion and proliferation [7]. HA-ase degrades HA into proangi-
ogenic fragments which help in cancer progression and
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metastasis. The human genome contains 6 HA-ase like
genes. Hyaluronidases (Hyal1, Hya2, Hyal3) are present on
chromosome 3p21.3, and another two genes (Hyal4 and PH-
20/SPAM1) and one pseudogene (HyalPl) are present on
chromosome 7931.3 5. Hyal1 is a tumor derived HA-ase [8§].
Hyal1l promotes growth, invasion and angiogenesis in pros-
tate cancer [9].

In our previous studies, we have shown that the level of
Hyaluronidase can be estimated using HA-FRET probe in
PBS (pH 6). We wanted to test if same probe can be used
reproducibly for the detection of HA-ase in synthetic urine
containing different salts and hydrogen ion concentration
(pH) reason being fluorescence is sensitive to the salt con-
centrations and pH values. In this experiment we have used
synthetic urine (pH 7.83) containing different salts of mono-
valant and divalent ions which mimic the salts present in
human urine. Fluorescence emission intensity measurements
are based on probe concentration and could lead to experi-
mental variation due to differences in probe preparations.
This problem can be resolved using ratio-metric sensing in
which spectrum for each sample was recorded and release of
FRET was compared in terms of ratio of fluorescein to rho-
damine emission intensity. This is more sensitive than meas-
uring only either donor or acceptor emission. Ratiometric
sensing reduces undesirable experimental errors [10,11].
Hence in this assay we have used donor to acceptor emission
ratio to assay HA-ase in urine samples.

In our experiment we added HA-FRET probe into syn-
thetic urine (pH 7.83) to prepare 2uM solution. Then we
added different concentrations of HA-ase to the HA-FRET
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and synthetic urine mixture at room temperature. The spec-
trum for each sample was recorded and release of FRET was
compared which is used to determine the concentration of
hyaluronidase in urine. This technique can be utilized to de-
velop an instrument which can easily estimate the concentra-
tion of hyaluronidase in urine and hence the progression of
bladder/prostate cancer.

2. MATERIALS AND METHODS

Sodium hyaluronate from bacterial fermentation was ob-
tained from Acros Organics (Thermo Fisher Scientific, NJ,
USA). Fluorescein amine, dimethyl sulfoxide (DMSO), gua-
nidine hydrochloride, acetaldehyde, cyclohexyl isocyanide,
Sephadex G-75, and bovine testes hyaluronidase (EC
3.2.1.35, type 1-S, 451 U/mg) al were obtained from
Sigma-Aldrich). Dulbecco’'s phosphate-buffered saline
(PBS) was purchased from Invitrogen Life Technologies
(Invitrogen Corporation, CA, and USA). Synthetic urine (pH
7.83) is obtained from Ricca chemica company (catalog
number 8361-1), Slide-A-Lyser dialysis cassettes (10,000
molecular weight cutoff) were purchased from Pierce
Chemical (Thermo Fisher Scientific).

2.1. Preparation of HA-FRET

Using the same method as mentioned in our previous pa
per [11]. HA was covalently conjugated to fluorescein amine
and rhodamine B using a condensation reaction. HA was
dissolved to 1.25 mg/ml in dH20. The HA solution was di-
luted 1:2 in DM SO, and fluorescein amine (predissolved as a
DMSO stock solution) was added to afinal concentration of
5 mg/ml. Acetaldehyde and cyclohexyl isocyanide were
added to 0.04% (v/v), and the reaction was allowed to pro-
ceed for 16 hr at 25°C. Afterward, the solution was diluted
1:14 in ethanol/guanidine HCI (50 pl of 3 M guanidine HCI
per 900 ul of 100% ethanol) and HA was alowed to precipi-
tate overnight at -20°C. The precipitate was then dissolved in
1ml of dH20, followed by extensive dialysis against dH20.

2.2. Fluorescence Measurement of Hyaluronan Hydroly-
sis

The HA—FRET probe was added to synthetic urine to
make a solution (2uM) was incubated with different concen-
trations of hyaluronidase in synthetic urine at room tempera-
ture. Fluorescence emission spectra were collected using
Cary Eclipse spectrofluorometer (Varian Inc., Australia)

OH NH o
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every 10 min for 90 minutes. Measurements were performed
in 0.4x0.4 cm quartz cell with excitation at 470 nm and
emission at 520 nm and 590 nm using 495 nm long pass fil-
ter before on emission side.

2.3. Deconvolution of HA-FRET Spectra

The respective emission due to the donor and acceptor
was deconvoluted to obtain individual spectrum of donor and
acceptor. All spectra were deconvoluted using MATHCAD
software. This program is designed to resolve a spectrum
consisting of up to three constituent fluorophores which are
assumed to combine linearly based on experimental fluoro-
phores reference spectra and the utilization of an algorithm
for least squares minimization to produce corresponding
unmixed spectra in graph form with error provided in mini-
mal least squares values for flexibility in analysis. This will
provide us the corrected intensity of fluorescein and rho-
damine in our sample. For this, reference spectra of fluo-
rescein, rhodamine and synthetic urine were collected. The
reference spectrum of fluorescein was obtained from
hyaluronan labeled with fluorescein only (HA-FL) excited at
470 nm and of rhodamine by exciting our HA-FRET probe
at 520 nm. (Fig. 3) shows the example of how the resolved
spectrawere obtained.

2.4. Lifetime Measurement of HA-FRET Probe

Fluorescence lifetime measurements were done using
FluoTime 200 fluorometer (PicoQuant, GmbH, Berlin, Ger-
many). This time-resolved instrument is equipped with an
ultrafast detector, a Hamamatsu R3809U-50 microchannel
plate photomultiplier (MCP). For the excitation we used a
470 nm picosecond pulsed laser diode. The detection was
through a monochromator supported by 495 nm long wave
pass filter in order to eliminate scattered excitation light. The
decay data were analyzed with FluoFit, version 5.0 software
(PicoQuant, GmbH). Fluorescence intensity decays were
analyzed by deconvolution with the instrument response
function which is obtained using ludox and analyzed as a
sum of experimenta terms:

1()/16= Y0t exp(-t/T)

where, 1(t) is the fluorescence intensity at time t and o; is a
preexponential factor representing the fractional contribution
to the time-resolved decay of the component with the life-
time ti (3 oy = 1). The amplitude average lifetime was calcu-
lated as (T) =)i04Ti.

Me

Scheme (1). HA-FRET molecule labeled with fluorescein as donor and rhodamine as acceptor.
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3. RESULTS AND DISCUSSION
3.1. Fluorescence Emission

We measured fluorescence spectra of HA-FRET probe in
the absence and presence of HA-ase. The sample was incu-

bated in synthetic urine for 90 minutes with different concen-
trations of enzyme at room temperature (25°C). Without the

enzyme, release of FRET was not observed. In the presence
of enzyme (Fig. 1), at 90 minutes, we observed release of
FRET and donor emission intensity increases with signifi-
cant change in the donor to acceptor emission intensity ratio.
The increased donor to acceptor ratio is dependent on en-
zyme concentration. Higher the concentration of HA-ase,
greater isrelease of FRET.

2004 —— 0 min
o ——90 min
3
8 150-
>
=
i
S 100-
E =
£
50
0 T T T T v T T
500 550 600 650 700

Wavelength (nm)

Fig. (1). Difference between emission intensity of HA-FRET when
incubated with 35 U/mL HA-ase for 90 min. Excitation used was
470 nm. Experiment was carried out at RT in synthetic urine pH
7.83.
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Fig. (2). Fluorescence intensity decays of 2 uM HA-FRET (donor)
in synthetic urine when incubated with 35U/mL of HA-ase enzyme
for 90 minutes. Excitation used was 470 nm laser. Donor emission
was observed at 520 nm using 495 long pass filter before detector.
Decays were fitted using multi-exponential function and chi square
values were used to access the goodness of fit.

3.2. Fluorescence Lifetime

The fluorescence intensity decay measurement is shown
in (Fig. 2). Each measurement was taken in the presence and
absence of HA-ase at 90 minute. The fluorescein is highly
guenched in the absence of HA-ase, showing a heterogene-
ous decay and three components are needed to fit the data
with lifetime of 3.65, 1.35 and 0.21 ns and amplitudes: 0.74,
0.22, and 0.35 with amplitude average lifetime of 1.89 ns.
With an increase in concentration of HA-ase, amplitude av-
erage lifetime increased proportionately (Table 1). For 10

Table1. Time Resolved Fluorescence Intensity Decay Parameters for the Donor in HA- FRET with Different Concentration of
HA-ase at RT.
No Enzyme 10 U/ml 35U/ml 100U/ml

11 (ns) 3.65 4.04 414 419
12(ns) 1.35 0.79 0.62 0.49
13(ns) 0.21 - - -

ol 0.74 0.92 0.95 0.96

o2 0.22 0.08 0.05 0.03

o3 0.035 - - -
<t>) 1.89 3.01 3.24 3.48
ER 3.02 3.77 397 41
Xz 0.965 0.966 0.992 0.938

11,72 andt 3aredifferent lifetime and a1, 02 and a3 are components of fluorescence lifetime in nanoseconds.

i) <1 >= Yo7
i

i) =% f1,
I

Where,

iii) (X%: = goodness of fit).
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U/ml, 35 U/mL and 100 U/mL of enzyme amplitude average
lifetime was 3.01ns, 3.24 ns and 3.48 ns respectively. After
addition of HA-ase, components needed to fit the data also
decreased from three to two. The time resolved measure-
ments showed increase in donor lifetime with gradual addi-
tion of enzyme, strongly indicate release of FRET in the en-
zyme presence and corroborate our intensity based ratiomet-
ric measurements

3.3. Resolution of Spectra

The obtained fluorescence spectrum is a convolution of
donor and acceptor emission spectrum therefore doesn’t give
the exact intensity of donor and acceptor emission. It has
been our observation that usually acceptor shows higher
emission intensity compared to its corrected emission inten-
sity calculated by resolution of the spectrum. To estimate the
corrected emission intensities we deconvoluted each spec-
trum into its donor and acceptor components. As shown in
(Fig. 3), we used normalized fluorescein and rhodamine
spectra as reference spectra for deconvolution. As (Fig. 3)
(B) shows, our synthetic urine had negligible contribution to

A

Fluorescein Emission
——— Rhodamine Emission

1.0

0.8+

0.6

0.4+

0.2

Normalized intensity

0.0 e
500 550 600 650 700
Wavelength (nm)

c 200
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the observed fluorescence from HA-FRET sample (2uM).
(Fig. 3) (C) shows spectrum to be resolved (black line) and
the corrected individual donor (green line) and acceptor (red
line) emission spectra after deconvolution of the spectrum to
be resolved. As mentioned earlier, we can observe that the
corrected intensity of acceptor (rhodamine) is less compared
to its observed intensity from the HA-FRET molecule.

3.4. FRET Based Ratio Metric Sensing

We resolved each spectrum as mentioned earlier to calcu-
late intensity ratio every 10 minute for all concentrations of
HA-ase. (Fig. 4) shows donor to acceptor intensity ratio
against time for all concentrations (10, 35 and 100 U/mL) of
enzyme. HA-FRET solution without enzyme did not show
any changein intensity ratio whereas, in the presence of HA-
ase release of FRET and increase in intensity ratio was ob-
served. There is an exponential increase in intensity with
increase in time. Intensity ratio (green/red emission) of HA-
FRET as function of HA-ase concentration at 60 min is
shown in (Fig. 5). After 60 minutes this enzymatic reaction
almost reaches a plateau and no significant changes are ob-

200 Synthetic urine pH 7.83
] —— HA-FRET (2 uM)
in synthetic urine pH 7.83
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Fig. (3). (A) normalized emission spectrum of fluorescein (from HA-FRET labeled with fluorescein only. Exc 470 nm) and rhodamine (from
HA-FRET by exciting at longer wavelength. Exc 520 nm) in synthetic urine pH 7.83 at RT (B) Emission spectra from 2 uyM HA-FRET and
background signal from synthetic urine. (C) Shows example of how the HA-FRET spectrum was resolved into its components using MATH-

CAD based program written in our laboratory.
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served thereafter. These results indicate a strong dependence
of digestion kinetics on the enzyme concentration. (Fig. 5)
shows the standard curve for calculating the unknown con-
centration of HA-ase. The intensity ratio and concentration
of HA-ase shows exponential relationship and can easily be
applied to real time urine samples to calculate enzyme con-
centration in it. Such dependence facilitates the detection of
the presence and activity of the HA-ase enzyme

100 U/mL |
o 5 .
L . .
o n
[0} » u
Q 35 U/mL
e
= 44 v
5 .
o / 10 U/mL
S) S
fe) =
5 31,
Y No Enzyme
| = . = ] ] . [ L] !
T T v T T T T T T
0 20 40 60 80 100
Time (min)

Fig. (4). Time dependant fluorescence intensity ratio (green/red
emission) of HA-FRET probe in the presence and absence of HA-
ase and exponential fits (red lines) to data. Concentration of HA-
FRET sample was 2 uM in each case. The excitation was 470 nm
and experiment was done at RT in synthetic urine pH 7.83.

Intensity ratio
520/590 nm

0 20 40 60 80 100
Concentration of HA-ase

Fig. (5). Intensity ratio (green/red emission) of HA-FRET as func-

tion of HA-ase concentration at 60 min and exponentid fit (blue

line. If AR=3.72 £0.12 then AC= 24.5 £3.5.
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CONCLUSION

With this technique, it is possible to mark the HA-ase ac-
tivity by fluorescence intensity changes in our HA-FRET
probe. Release of FRET is observed with increase in concen-
tration of Hyaluronidase. Lifetime based sensing of HA-ase
supports our fluorescence intensity based measurements.
Increase in lifetime of donor is noticed in the presence of
HA-ase. Release of FRET and hence increase in fluorescein
(donor) lifetime was observed. This ratiometric sensing is a
very precise method of measuring changes in the fluores-
cence intensity. As we know, with progressive stage of uri-
nary bladder or prostate cancer, the amount of HA-ase re-
leased in urine is increased. With this, we propose that this
technique can be potentially used to determine the amount of
hyaluronidase in patient's urine and hence the progressive
stage of urinary bladder or prostate cancer can be deter-
mined.
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ABSTRACT

A cationic azadioxatriangulenium dye was entrapped in silica thin films obtained by the sol—gel process
and in poly (vinyl) alcohol (PVA) thin films. Azadioxatriangulenium is a red emitting fluorophore with a
long fluorescence lifetime of ~20 ns. The fluorescent properties of azadioxatriangulenium in silica thin
films and PVA films were studied by means of steady—state and time resolved fluorescence techniques.
We have found that the azadioxatriangulenium entrapped in silica thin film has a wider fluorescence
lifetime distribution (Lorentzian distribution), lower fluorescence efficiencies, shorter lifetimes
compared to Azadioxatriangulenium in a PVA film. The local environment of azadioxatriangulenium
molecules in the silica thin film is rich with water and ethanol, which creates the possibility of forming
excited state aggregates due to high concentration of dye within a small confined area. In contrast to the
PVA matrices, the porous silica films allow restricted rotations of Azadioxatriangulenium molecules,
which result in faster and complex fluorescence anisotropy decays suggesting energy migration among
dye molecules.

© 2015 Published by Elsevier Ltd.

1. Introduction

The initial investigation of entrapping optically active organic
molecules with the sol—gel process was performed by Avnir et al.

Over the past decade, the synthesis and characterization of
hybrid materials based on silica, in which organic dyes were
entrapped has attained considerable attention [1,2]. The use of
semiconductor materials for entrapment of the organic fluo-
rophores has been and will remain a very important way to obtain
new materials for different applications, including, functional ma-
terials in optoelectronic devices, optical sensors [3], optical com-
ponents like solid state tunable lasers [4] and highly luminescent
materials in medicine [5,6].

* Corresponding authors.
E-mail addresses: rc0307@live.unthsc.edu (R. Chib), Ignacy.Gryczynski@unthsc.
edu (L. Gryczynski).

http://dx.doi.org/10.1016/j.dyepig.2015.01.027
0143-7208/© 2015 Published by Elsevier Ltd.

[7] in which they studied the fluorescence properties of rhodamine
6G in different stages of sol—gel development. Since then, various
photoactive dyes have been incorporated and studied in the
matrices obtained by the sol—gel process [8—10]. Moreover, new
hybrid materials provide a great subject of extensive research in
materials chemistry [11—13]. To obtain new hybrid materials, an
efficient sol—gel process is used which combines the remarkable
properties of inorganic and organic materials in a controlled way
[14—18]. In particular, because of the good mixing of the starting
compounds, it creates the possibility to obtain a homogenous
hybrid material at relatively low temperatures [19]. During the
sol—gel process, the host molecules are already present in the
precursor solution and the conditions of the reactions are mild,
therefore the optical properties of the fluorophore remain intact
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[20,21]. Also the entrapment of organic fluorophores in a gel matrix
provides better protection of the molecule and higher stability than
the free molecules in liquid media [22]. At the same time, silicon
dioxide (SiOy) is well-known as a material with good optical
quality, thermal stability, mechanical strength and photochemical
stability. Another property of silica, which makes it a good candi-
date as a host matrix for incorporation of organic fluorophores is
the ability to modify the surface by amines, thiols and other
coupling agents [23,24]. On the other hand, organic dyes incorpo-
rated into silica matrix, sometimes afford more interesting lumi-
nescence properties due to strong host—guest interactions.
Therefore, preparation of new hybrid materials based on silica in
which organic fluorophores are entrapped is suitable for the design
of highly luminescent materials.

In the present study, we have introduced an azadioxa-
triangulenium dye into a silica thin film obtained by the sol—gel
process and into a PVA film [25—28]; specifically the acid derivative
N-(w-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA);
the molecular structure can be seen in Scheme 1. ADOTA belongs to
the class of azaoxa-triangulenium fluorophores which are planar
and rigid in structure. Furthermore, ADOTA in water emits in the
red region around 560 nm with a fluorescence lifetime of ~20 ns,
which makes it the longest orange/red emitting organic fluo-
rophore [29,30].

The spectroscopic properties of the material presented are dis-
cussed in this paper. In particular, we compared the absorption,
fluorescence emission, steady state anisotropy, time resolved
anisotropy and fluorescence lifetime of ADOTA in thin layers of silica
and in a PVA film. The use of PVA provides a more rigid environment
compared to silica matrix and hence the photophysical properties of
the ADOTA can be studied in two different semi-solid matrices. In
addition, the photophysical characterization of ADOTA in a

ADOTA

Si(OCH,), CH,OH

v 4 Y
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Scheme 1. Flow chart of preparation of ADOTA doped silica thin films. Insert: mo-
lecular structure of N-(w-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA).

heterogeneous environment can be efficiently studied over time by
using time resolved fluorescence spectroscopy.

2. Materials and methods

All the starting materials for the preparation of silica thin films
were of analytical grade. Tetramethoxysilane Si(OCH3)s (TMOS)
was purchased from Aldrich Co., methanol as a diluent and
ammonia were purchased from POCH Company (Poland). Deion-
ized (DI) water was obtained from a Hydrolab system. Polyvinyl
alcohol (130, 000 MW) was purchased from Sigma Aldrich (Sigma
Aldrich, St Louis, MO USA). N-(w-butanoic acid)-azatriangulenium
tetrafluoroborate (ADOTA) was prepared as previously described
[27,31].

2.1. Sample preparation and AFM measurements

ADOTA/silica thin films were obtained by the sol—gel spin-
coating method, summarized in Scheme 1. Firstly, tetramethox-
ysilane (TMOS) and methanol were mixed by vigorous stirring for
15 min. After several minutes (which is very important to reach
homogeneity of the solution), ADOTA was dissolved in methanol
and added to the precursor solution. In order to initiate the sol—gel
process, an appropriate volume of water was added. The final molar
ratio TMOS/water/methanol was 1:4:12, while the concentration of
ADOTA in sol was 2-10~3 M (a low concentration sample with an
overall ADOTA concentration of <10~6 M was also prepared). The
films were distributed over a clean piece of a microscopic slide
using the spin-coating technique after 15 min after mixing all of the
components. Microscopic glasses were cleaned in a mixture of 33%
H,0, and H;SO4 in molar ratio 2:1 over 24 h and rinsed with
deionized water.

The spin coating was done at 150 rpm for 60 s to disperse the sol.
After that, the thin films were allowed to dry in air for 24 h.
Moreover, to prepare ADOTA in PVA films, the ADOTA was mixed in
PVA solution and spread onto a thin glass slide to evenly coat the
slide using spin coating.

Atomic Force Microscopy (AFM) micrographs were produced by
using scanning atomic force microscopy on the NTEGRA Prima
scanning probe microscope manufactured by NT-MDT (Moscow,
Russia). Closed-loop feedback semi-contact mode has been used at
rate 0.5 Hz. Scanning was controlled and images were analyzed
with NOVA software by NT-MDT instrument manufacturer.

2.2. Absorption measurements

Absorption spectra were measured using a Cary 50 Bio UV—vi-
sible spectrophotometer (Varian Inc., Australia). Absorption spectra
were scanned from 400 nm to 600 nm using bare glass slide as a
baseline. Absorption spectra of silica thin films were corrected for
the scattering by subtracting the scattering profile of silica thin
films prepared without addition of the dye.

2.3. Steady-state fluorescence measurements

Steady-state fluorescence intensity measurements of all the
samples were made using a Carry Eclipse spectrofluorometer
(Varian Inc., Australia) by using the front face geometry as shown in
Scheme 2. In Scheme 2, S represents the sample used for mea-
surements, M is the mirror, F is a long pass filter before detector and
L is the lens. The emission was scanned from 520 nm to 700 nm
following a 470 nm excitation and using 495 nm long pass filter on
the emission side. Steady-state excitation spectra were measured
by observing the emission at 600 nm and excitation was scanned
from 400 nm to 560 nm using a 570 nm long pass filter on the
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Scheme 2. Schematic of the front face arrangement used for steady state and time
resolved fluorescence measurements. In this scheme, S represents the sample used for
measurement, M is the mirror, F is long pass filter before detector, L is lens.

emission side. Steady-state fluorescence anisotropy of all the
samples were measured using a Carry Eclipse spectrofluorometer
(Varian Inc., Australia), with manual polarizers on both the exci-
tation and emission side. Emission anisotropy was measured
following 470 nm excitation with a 495 nm long pass filter along
the emission side and manually operated parallel and perpendic-
ular polarizers. Anisotropy was calculated using the following
formula:

_ Iyv = IyuG
a Iyy + 2IygG

where, lyy is the fluorescence intensity measured with the parallel
polarizer orientation on the observation path, Iyy is the fluores-
cence intensity at the perpendicular orientation of the polarizer on
the emission side and G is the instrumental correction factor
calculated by measuring the intensity in HV and HH polarizer
orientation.

2.4. Fluorescence intensity decay

Fluorescence lifetimes of all the samples were measured using
FluoTime 200 (PicoQuant, GmbH, Berlin, Germany) time resolved
spectrofluorometer. This instrument contains a multichannel plate
detector (Hamamatsu, Japan) and a 470 nm laser diode was used as
the excitation source. The front face geometry as shown in Scheme
2 was used for these measurements as well. The fluorescence in-
tensity decays were measured under magic angle conditions and
data was analyzed with FluoFit version 4.5.3 software (PicoQuant
GmbH, Berlin, Germany) using both the exponential reconvolution
procedure using non-linear regression (multiexponential decon-
volution model) and by the lifetime distribution model (Lorentzian
model) [32]. In the case of multiexponential analysis, the fluores-
cence decay was analyzed using:

t
I(6) = / IRF(t’)Za,-e%

where IRF (t') is the instrument response function at time t’, o is the
amplitude of the decay of the ith component at time t and r; is the
lifetime of the ith component. In case of Lorentzian lifetime dis-
tribution, all the data were analyzed using the following equation.

ApwiM i
2

T—19)* + (Apwam i/2)*

pr) =>4
i1

where A; is the amplitude of the ith component, 7; is the central
lifetime value of the ith distribution. The use of the continuous
distribution p(t) minimizes the number of floating parameters in
the fitting algorithms.

2.5. Time resolved anisotropy measurements

Excitation used for time resolved anisotropy measurement was
470 nm while emission was observed at 560 nm and 620 nm with
vertical and horizontal polarizer position on the emission side us-
ing appropriate filters on both excitation and emission side.
Anisotropy decays were analyzed with the exponential fitting
model in the FluoFit 4.5.3 program from Pico-Quant, Inc. (Germany)
using the following equation:

t

n
r(t) =rine+ ) _rie
i1

where, 1j is the anisotropy of the ith component at time t and ®; is
the rotational correlation time of the ith component. The quality of
the fit in lifetime and anisotropy decay analysis was judged by the
quality of the residuals and y? square value.

3. Results and discussion
3.1. AFM micrographs of silica thin films

The surface topography of the silica thin film with N-(w-buta-
noic acid)-azatriangulenium tetrafluoroborate (ADOTA) was stud-
ied using the AFM technique as shown in Fig. 1. From this
micrograph, we can observe that the surface of the porous silica is
rough, with maximum particle size close to 50 nm. The ADOTA-
doped PVA films did not show any significant roughness
(Supplementary Fig. S1). In order to check how dye is distributed in
the prepared silica or PVA layers, confocal fluorescence images
were taken and found that ADOTA dye is evenly distributed in all
film on the scale of the optical resolution, about 400 nm (see
Supplementary information, Fig. S2).

3.2. Absorption spectra

Fig. 2 shows the absorption spectrum of ADOTA in silica thin
films and in PVA films dried on a cover-glass. It can be seen from
both the figures that the absorption spectra appears somewhat
noisy. This is due to the small thickness/path-length (100—150 nm)
and small absorptions recovered after correcting for the scattering
arising in these samples. The absorption spectrum shape and peak

um

55.0
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Fig. 1. AFM showing the surface topography of the silica thin layer prepared by the sol
gel process.
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absorption wavelengths did not change in the silica gel environ-
ment compared to the PVA film suggesting no significant pertur-
bation in the immobilized ground state fluorophores population.

3.3. Steady state measurements

Fig. 3 shows the normalized excitation and emission spectra of
ADOTA entrapped in a silica thin film (red) and a PVA film (blue).
Similar to the absorption data, we did not see any significant
change in the excitation spectrum of the dye entrapped within the
two different environments. However, a ~15 nm red shift in the
emission spectra was observed for the ADOTA in silica thin films.

When we examined the emission spectra of a low concentration
ADOTA in the silica layer we found that the emission spectrum was
similar to the emission spectrum of ADOTA in PVA film. ADOTA in
silica layer shows concentration dependent red shift in emission
spectrum. Supplementary information shows all the emission
spectra along with measured Full Width Half Maxima (FWHM,
Supplementary Fig. S3). For high concentration of the dye in silica
layer, the spectrum is red shifted compared to low concentration
along with an increase in the FWHM value, suggesting dye aggre-
gation/excimer formation. Although, we have already ruled out the
possibility of ground state aggregation since there in no experi-
mental evidence here in this case. However, we cannot rule out the
possibility of excimer formation here as the dyes are packed very
close to each other and do not require a significant diffusion to form
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Fig. 2. Top panel: absorption spectrum of N-(w-butanoic acid)-azatriangulenium tet-
rafluoroborate (ADOTA). in silica thin film. Bottom panel: absorption spectrum of
ADOTA in PVA film.
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Fig. 3. Normalized excitation and emission spectrum of N-(w-butanoic acid)-
azatriangulenium tetrafluoroborate (ADOTA) in silica thin film (red) and in PVA film
(blue). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

aggregates in the excited state. The rapid formation of excimers is
outside the measurement capabilities of our instrument and hence
the rise time (negative exponent) cannot be observed. We ascribe
the broadening of the emission spectrum from ADOTA in silica thin
films to the heterogeneous environment and aggregation of dye
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Fig. 4. Top panel: fluorescence emission spectrum (red line) and anisotropy (blue
circle) of N-(w-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA) in silica
thin film. Bottom panel: fluorescence emission spectrum (blue line) and anisotropy
(blue circle) of ADOTA in PVA film. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Top Panel: fluorescence intensity decay of N-(w-butanoic acid)-
azatriangulenium tetrafluoroborate (ADOTA) in silica thin film (Ex: 470 nm, Obs:
560 nm). Bottom panel: fluorescence intensity decay of ADOTA in PVA film (Ex:
470 nm, Obs: 560 nm).

molecules in the silica matrix. This is a very elaborate problem,
because ADOTA entrapped in the pores of the matrix has a possi-
bility to interact not only with itself but also with the surface of
three-dimensional network. In the literature this problem is called
as the “cage effect” [33]. In the present case, the local environment
of the ADOTA molecule is rich with water and methanol. In other
words, the cage is filled with solvent and this creates the possibility
of forming heterogeneous environment within the confined area.
Steady state anisotropy measurements gave us the overall idea
of the mobility of the fluorophore molecules in a silica film and PVA

4
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Fig. 6. Top panel: fluorescence intensity decay of N-(w-butanoic acid)-
azatriangulenium tetrafluoroborate (ADOTA) in silica thin film (Ex: 470 nm, Obs:
620 nm). Bottom panel: fluorescence intensity decay of ADOTA in PVA film (Ex:
470 nm, Obs: 620 nm).

matrix. The steady state anisotropy data are presented in Fig. 4.
ADOTA entrapped in a PVA matrix showed high anisotropy reach-
ing a value close to 0.3, thus suggesting a very rigid environment.
On the other hand, ADOTA incorporated into silica thin film showed
moderate anisotropy of 0.05. This suggests that the dyes are not
rigidly linked to the matrix or that the anisotropy is lost due to
energy transfer (HOMO- FRET) and that the pores are large on the
molecular scale, making the silica matrix less rigid than PVA matrix.
These results were confirmed by blowing the argon on to silica film
for 1 h and re-measuring the steady state anisotropy to exclude the

Table 1
Analysis of N-(w-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA) fluorescence intensity decay using multi-exponential model of in Silica thin film and PVA thin
film.
Sample Observation (nm) Lifetime (ns) Amplitudes Average lifetime (ns) Chi square
T1 T2 3 o1 a2 03 TAMP TINT X2
ADOTA silica thin film 560 25.14 10.10 2.004 0.28 0.41 0.31 11.84 18.60 0.955
620 26.98 9.33 - 0.65 0.35 - 20.89 20.24 0.892
ADOTA PVA film 560 21.01 13.42 - 0.86 0.14 - 19.95 20.30 0.997
620 20.46 - - 1 - - 20.46 20.46 0.811

Where,
TAMP = 3 QiTi
1

TNt = 3_fii
1

fi = r
i = <

Za,r,
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possibility of rotational diffusion due to the hygroscopic nature of
the silica film. Interestingly, the possibility of ADOTA being cova-
lently linked to the matrices through the acid functional group is
not explored and is a topic of further research in this area.

3.4. Time resolved intensity decay/fluorescence lifetime

The fluorescence lifetime of the ADOTA incorporated into a silica
thin film was heterogeneous compared to fluorescence lifetime of
the ADOTA incorporated into a PVA matrix. The lifetimes measured
at 560 nm are shown in Fig. 5. The average lifetime was found to be
~12 ns in the silica matrix and ~20 ns in the PVA matrix. Three
components are needed to fit the data at 560 nm for the silica thin
film, whereas only two components are needed for the sample in
the PVA film (Table 1). The shorter and heterogeneous nature of the
decay in silica suggests different environments to which dye mol-
ecules are exposed to [28]. Hence, we decided to measure the
lifetimes at a longer wavelength (620 nm) which will further allow
us to know more about the silica network environment. Fig. 6
shows the lifetime decays at 620 nm wavelength. One can see
that the lifetime of ADOTA in the PVA matrix did not change
significantly and stayed approximately 20 ns. However, the fluo-
rescence lifetime of ADOTA (at 620 nm) incorporated into the silica
matrix is significantly longer than the fluorescence lifetime
measured at 560 nm. This could be due to the presence of the dye
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Fig. 7. Lifetime distribution (Lorentzian Model) of N-(w-butanoic acid)-
azatriangulenium tetrafluoroborate (ADOTA) in silica thin film and PVA film. (Top
Panel) This figure represents the fluorescence lifetime distribution when observed at
560 nm. (Bottom Panel) This figure represents fluorescence lifetime distribution
observed at 620 nm. ADOTA is more heterogeneous at 560 nm (Silica Thin
Filmpwym = 15.05 ns, PVA Filmpyym—3.22 ns) compared to observation at 620 nm
(Silica Thin Filmpwym = 12.71 ns, PVA Filmpypm—2.45 ns).

Table 2
Lorentzian analysis of fluorescence intensity decays of N-(w-butanoic acid)-
azatriangulenium tetrafluoroborate (ADOTA).

Observation  Lifetime, FWHM  Chi square(y?)
(nm) 7 (ns) (ns)
ADOTA silica thin film 560 135 15.1 0.98
620 21.8 12.7 0.92
ADOTA PVA film 560 20 3.2 0.98
620 20.4 2.45 0.93

molecules in the confined space in the silica matrix. Stacking of
dyes leads to the restricted motion and less vibrational/torsional
losses and hence the longer lifetime at 620 nm observation. Table 1
shows the lifetime values from the data analyzed using multi-
exponential reconvolution model.

We also analyzed the fluorescence intensity decays using a
Lorentzian lifetime distribution model that takes into consideration
the average number of emitting species in different environments.
The FWHM values of the distribution shows the degree of distri-
bution of the emitting molecules which are much higher in silica
thin films than in the PVA films (Fig. 7). The Lorentzian distribu-
tions (Table 2) for ADOTA in PVA films are very narrow, about 3 ns
at 560 nm observation, and about 2.45 ns at 620 nm observation,
which suggests a very uniform environment and lack of in-
teractions between fluorescent molecules. In contrast, the Lor-
entzian distributions in silica are very wide. In case of ADOTA in
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Fig. 8. Top panel: Fluorescence anisotropy decay of N-(w-butanoic acid)-
azatriangulenium tetrafluoroborate (ADOTA) in silica thin film (Ex: 470 nm, Obs:
560 nm). Bottom panel: fluorescence anisotropy decay of ADOTA in PVA film (Ex:
470 nm, Obs: 560 nm).
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Fig. 9. Top panel: Fluorescence anisotropy decay of N-(w-butanoic acid)-
azatriangulenium tetrafluoroborate (ADOTA) in silica thin film (Ex: 470 nm, Obs:
620 nm). Bottom panel: fluorescence anisotropy decay of ADOTA in PVA film (Ex:
470 nm, Obs: 620 nm).

silica thin films, the FWHM value at 560 nm is about 15 ns and at
620 nm about 13 ns. These higher FWHM values show the broader
distribution of the emitting molecules in silica thin films.

3.5. Time resolved anisotropy

Time resolved anisotropy measurements presented in Figs. 8
and 9 shows some interesting information. As expected in the
case of the PVA matrix, initial anisotropy was high (0.3) with a very
long correlation time (>500 ns) (correlation time >> fluorescence
lifetime) at both observation wavelengths (560 and 620 nm).
However, in case of silica gel matrix the recovered initial anisotropy
values are 0.21 and 0.19 for 560 and 620 nm observation and the
measured correlation times and ryg values are not significantly
different (Table 3). The heterogeneous nature of the correlation

Table 3
Analysis of N-(w-butanoic acid)-azatriangulenium tetrafluoroborate (ADOTA)
anisotropy decay using multiexponential model of on Silica thin film and PVA film.

Sample Observation Anisotropy Correlation time (ns)
nm
(nm) I r2 e Oy [
ADOTA silica 560 0.088 0.095 0.03 0.81 7.37
thin film 620 0.081 0.093 0.017 6.02 0.58
ADOTA PVA film 560 030 — — 504.4 -
620 026 — — 1000 -

times is due to the populations of the dyes in different types of
matrix environment. Therefore, it will not be surprising if a part of
the dye population is immobilized completely and a part of it has a
moderate freedom than the others. It is suggested in the literature
that the hydrogen bonding among silica mesh and the dye mole-
cules undergoes reshuffling in excited state and it may give rise to
such correlation times [7]. Moreover, the estimated steady state
anisotropy values at these wavelengths are 0.069 and 0.042. The
drop in the initial recovered anisotropy, in case of anisotropy decay,
and steady state anisotropy values suggests energy migration (if the
dye molecules are sitting together below 40 A° distances which is
the approximate Forster distance for such homo-transfer and is a
possibility we cannot ignore). Although energy migration is a rapid
process which takes place over the lifetime of the fluorophore
despite having a relatively long fluorescence lifetime in both
matrices.

4. Conclusions

In the present work, the organic fluorophore, N-(w-butanoic
acid)-azatriangulenium tetrafluoroborate (ADOTA) was success-
fully incorporated into silica thin films by the sol—gel process as
well as in PVA films. The PVA matrix was chosen to study fluores-
cence properties of ADOTA in a more rigid environment. Silica
matrix provides an unusual environment for the entrapped fluo-
rophores and affects the dye properties in many different ways. A
red shift of 15 nm was observed in the emission spectra of ADOTA in
silica thin film. In addition, the fluorescence lifetime of ADOTA at
560 nm observation in silica matrix was 12 ns compared to 20 ns in
PVA film. However, when the wavelength of observation was
placed at 620 nm, the fluorescence lifetimes of ADOTA entrapped in
both the matrices are almost similar. The Lorentzian lifetime dis-
tribution shows the presence of broad distribution of the emitting
species in silica thin layer compared to PVA film. To sum up,
considering all the observations such as lower fluorescence effi-
ciencies, shorter lifetimes and concentration dependent red shifted
emission suggests aggregation of dye molecules in the excited state.
Ultrafast spectroscopy experiments will further support our
observations.
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Abstract In this report, we have designed a rapid and sensi-
tive, intensity-based ratiometric sensing as well as lifetime-
based sensing probe for the detection of hyaluronidase activ-
ity. Hyaluronidase expression is known to be upregulated in
various pathological conditions. We have developed a fluores-
cent probe by heavy labeling of hyaluronic acid with a new
orange/red-emitting organic azadioxatriangulenium
(ADOTA) fluorophore, which exhibits a long fluorescence
lifetime (~20 ns). The ADOTA fluorophore in water has a peak
fluorescence lifetime of ~20 ns and emission spectra centered at
560 nm. The heavily ADOTA-labeled hyaluronic acid (HA-
ADOTA) shows a red shift in the peak emission wavelength
(605 nm), a weak fluorescence signal, and a shorter fluores-
cence lifetime (~4 ns) due to efficient self-quenching and
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formation of aggregates. In the presence of hyaluronidase,
the brightness and fluorescence lifetime of the sample increase
with a blue shift in the peak emission to its original wave-
length at 560 nm. The ratio of the fluorescence intensity of
the HA-ADOTA probe at 560 and 605 nm can be used as the
sensing method for the detection of hyaluronidase. The cleav-
age of the hyaluronic acid macromolecule reduces the energy
migration between ADOTA molecules, as well as the degree
of self-quenching and aggregation. This probe can be effi-
ciently used for both intensity-based ratiometric sensing as
well as fluorescence lifetime-based sensing of hyaluronidase.
The proposed method makes it a rapid and sensitive assay,
useful for analyzing levels of hyaluronidase in relevant clini-
cal samples like urine or plasma.

Keywords Hyaluronidase sensing - Azadioxatriangulenium
fluorophore - Ratiometric sensing - Fluorescence
lifetime-based sensing - Fluorescence-based assay

Introduction

Hyaluronidase is a family of endoglycosidase that catalyzes
the depolymerization of hyaluronic acid (HA) via cleavage of
[3-N-acetyl-D-glucosaminidic bonds [1]. Hyaluronidase is
known to be involved in various physiological and patholog-
ical conditions like fertilization, embryogenesis, inflamma-
tion, tumor growth, and wound healing [2—6]. Initially in the
literature, it was described as a “spreading factor” which was
found in the testicular extract of animal and humans. It was
later characterized as hyaluronic acid-degrading enzyme and
called hyaluronidase [5, 7-9]. Recent studies have shown the
role of hyaluronic acid and hyaluronidase with the
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differentiation, proliferation, migration, and angiogenesis of
tumor cells [2, 10, 11]. HA is a linear, non-sulfated glycos-
aminoglycan composed of multiple subunits of D-glucuronic
acid and N-acetylglucosamine. In humans, HA is known to
maintain various important functions like cartilage integrity,
osmotic balance, and homeostasis of water owing to its gel-
like properties [12—14]. An overexpression of hyaluronidase
is associated in the literature with patients suffering from can-
cers, such as prostate cancer [15], bladder cancer [6], head and
neck carcinoma [4], colon cancer, and malignant melanoma
[5]. Therefore, it is of great interest to develop a simple, sen-
sitive, and fast technique with which one can estimate the
activity/level of hyaluronidase in biological samples.

Several methods have been reported in the literature for
detecting hyaluronidase activity, which mainly depends on
the degradation of hyaluronic acid by hyaluronidase. To mea-
sure hyaluronidase activity/level, there are several methods
reported in the literature which includes turbidimetry [16],
viscometry [17], ELISA-like assay [18, 19], colorimetry
[20], zymography [21, 22], and fluorescence detection
[23-32]. Methods like turbidimetry, colorimetry, and viscom-
etry are not very sensitive and cannot detect the level of hyal-
uronidase at different time points of an experiment.
Zymography is simple yet not very sensitive for quantitative
measurements. ELISA-like assays are sensitive and selective
but do not allow real-time monitoring of hyaluronidase activ-
ity. However, fluorescence-based detection of hyaluronidase
is a fast and sensitive method, useful for high-throughput
screening, and has a real-time monitoring capability and their
usefulness in biological samples makes it an ideal method for
hyaluronidase detection.

Various novel fluorescence assays designed to detect hyal-
uronidase activity have been reported in the literature. These
fluorescent probes have been designed for hyaluronidase de-
tection by using hyaluronic acid as a template and labeling it
with gold nanoparticles [23, 33], organic fluorescent dyes [34,
35], conjugated small molecules [36], and upconversion lumi-
nescence material [29]. Although these fluorescence-based
methods have superior properties compared to previous
methods in terms of sensitivity, they also have a few draw-
backs. For example, gold nanoparticles precipitate in biolog-
ical high salt environments [26, 37]. Fluorescent probes de-
veloped using organic fluorophores are smaller in size com-
pared to probes developed using quantum dots, nanodots, and
noble metal nanoparticle as the luminescent material. Some
fluorescent probes have a very short fluorescence lifetime and
hence cannot be used for lifetime-based sensing or imaging, as
the background of the biological sample interferes with the
fluorescence signal of the probe and cannot be easily removed
as the fluorescence intensity decay of background and probe is
almost similar [27, 34].

To make this probe, we heavily labeled hyaluronic acid
with an azadioxatriangulenium (ADOTA) fluorophore.

@ Springer

ADOTA is an orange/red-emitting organic fluorophore with
peak emission centered at 560 nm and a fluorescence lifetime
of20 ns in aqueous solution. Our previous studies have shown
that it is the only red-emitting organic fluorophore with a long
fluorescence lifetime of 20 ns [38—47]. One major problem
encountered using fluorescence detection methods in biolog-
ical fluids, cells, and tissue is the presence of autofluorescence
which reduces the obtainable signal-to-noise ratio. As most
biomolecules emit at higher energies, the autofluorescence
level decreases towards the red/NIR region of the electromag-
netic spectrum. Therefore, using a red-emitting fluorophore
can help to overcome this issue.

The goal of this study was to develop a rapid and sensitive
ratiometric sensing probe for estimating hyaluronidase activ-
ity/level. To achieve this goal, a simple strategy was used
where we developed a probe using HA as template and la-
beled it with an orange/red-emitting organic fluorophore with
a long fluorescence lifetime. The design of this probe was
created by heavy labeling of HA with an aniline-substituted
ADOTA fluorophore (Scheme 1) [48]. When a certain molar
ratio of the fluorophore to hyaluronic acid is reached,
fluorophores are close enough that dimers or higher order
aggregates may form. The aggregated dyes display red-
shifted absorption and fluorescence as well as reduced fluo-
rescence lifetime (4 ns). Even a small fraction of aggregates
dominates the optical properties due to the close proximity of
all dyes bound to HA and the resulting quenching of non-
aggregated dyes via energy transfer to the red-shifted aggre-
gates. The fluorescence intensity and fluorescence lifetime of
the HA-ADOTA probe are thus significantly reduced com-
pared to the non-aggregated ADOTA dye. The fluorescence
signal will recover after the degradation of the probe by hyal-
uronidase, where the long hyaluronic acid chains of the HA-
ADOTA probe are split into shorter fragments and the
fluorophore molecules will move apart. It was observed from
our previous observations that the aggregation of ADOTA
fluorophore causes a red shift in the peak emission wavelength
[38]. Similarly, heavy labeling of hyaluronic acid with
ADOTA causes a shift in the peak emission wavelength of
the probe to 605 nm. Once the hyaluronidase starts degrading
this probe, the peak emission wavelength shifts back to its
original position at 560 nm. This shift in emission wavelength
after degradation of the probe provides a method to develop a
ratiometric sensing probe, where the ratio of emission inten-
sity of the digested to undigested probe can be used to calcu-
late hyaluronidase activity/level. Some of the reported
methods for the fluorescence detection utilize single fluores-
cence intensity as the sensing method. Collection of the signal
at a fixed wavelength can be tempered due to various reasons
like fluctuation in the excitation intensity, emission collection
efficiency, change in focal point, etc.[49, 50]. These problems
can be overcome by ratiometric collection of signal at two
different wavelengths. Ratiometric sensing acts in a self-
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Scheme 1 Schematic a
representation for the assay
system and its response to the
enzyme hyaluronidase. (A)
Covalent binding of ADOTA
fluorophore to the COOH group
of hyaluronic acid. (B)
Undigested HA-ADOTA probe
and cleaved probe following
enzymatic action

&

L@ Hyaluronic acid

calibrating way to minimize interfering factors while allowing
for more accurate detection of analyte [51-53].

The activity/level of hyaluronidase can also be estimated
using the change in the fluorescence lifetime of the biosensor
as the aggregation in the undigested probe leads to a decrease
in the fluorescence lifetime ( 4 ns). After cleavage of the bio-
sensor by hyaluronidase, a recovery in the amplitude-
weighted fluorescence lifetime was observed ( 15 ns). This
large difference in the fluorescence lifetime of the probe can
be used for the detection of hyaluronidase. Here in this paper,
we tested the HA-ADOTA probe in spiked PBS and we also
used it to measure hyaluronidase activity/level in cell culture
media from a prostate cancer cell line (DU-145) which is
known to express higher levels of hyaluronidase [15, 54].

Materials and methods

Sodium hyaluronate from bacterial fermentation was obtained
from Acros Organics (Thermo Fisher Scientific, Fair Lawn,
NJ). Dimethyl sulfoxide (DMSO), guanidine hydrochloride,
acetaldehyde, cyclohexyl isocyanide, centricon filter (30,000
molecular cutoff), and bovine testis hyaluronidase (EC
3.2.1.35, type 1-S, 451 U/mg) were obtained from Sigma-
Aldrich (Sigma-Aldrich, St. Louis, MO). Dulbecco’s
phosphate-buffered saline (PBS), fetal bovine serum (FBS),
DMEM media, antibiotic, insulin, transferrin, and selenium
(ITS) supplement, and Slide-A-Lyser dialysis cassettes (10,

Hyaluronidase

Azadioxatriangulenium (ADOTA)

000 molecular weight cutoff) were purchased from Thermo
Fisher Scientific (Waltham, MA). ELISA kit for hyaluronic
acid was purchased from R&D Systems (Minneapolis, MN).
DU-145 cells were purchased from ATCC (Manassas, VA).
The ADOTA fluorophore (N-(4-aminophenyl)-
azadioxatriangulenium tetrafluoroborate) was synthesized as
described elsewhere [48]. All compounds, solvents, and ma-
terials were used as received; water was used directly from a
Millipore (Billerica, MA) purification system.

Preparation of the active amine form
of the azadioxatriangulenium (ADOTA-NH,) fluorophore

The ADOTA fluorophore with a reactive amine group was
prepared according to previously published procedures [48].
Briefly, tris(2,6-dimethoxyphenyl)methylium tetrafluorobo-
rate was reacted with p-aminoaniline and 2,6-lutidinein aceto-
nitrile at ambient temperature for 90 min to form the respec-
tive acridinium salt. Subsequent twofold ring closure in mol-
ten pyridinium hydrochloride at 200 °C in 60 min provided
the fluorescent ADOTA. Precipitation as the tetrafluoroborate
salt and recrystallization from methanol yield the pure com-
pound in excellent yield as dark crystals (Scheme 2).

Preparation of HA-ADOTA probe

The starting material for the preparation of the reactive amine
of the AzaDiOxaTriaAngulenium (ADOTA-phenyl-NH,)

@ Springer
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Scheme 2 Synthetic procedure for the preparation of p-aminophenyl-ADOTA BF,

was prepared according to the above-described method
(Scheme 2). HA was dissolved to 1.25 mg/mL in dH,O and
then diluted 1:2 in DMSO. The ADOTA-NH, was dissolved
in DMSO and added to the HA solution for a final ADOTA-
NH, concentration of 25 mg/mL. Acetaldehyde and
cyclohexyl isocyanide were added to 0.04 % (v/v), and the
reaction was allowed to proceed for 48 h at 25 °C.
Afterwards, the solution was diluted 1:14 in ethanol/
guanidine HCI (50 puL of 3 M guanidine HCI per 900 uL of
100 % ethanol) and the HA-ADOTA allowed to precipitate
overnight at —20 °C. The precipitate was then dissolved in
1 mL of dH,O followed by extensive dialysis against dH,O.
The concentration of HA in the probe was measured using
ELISA kit for hyaluronic acid and was found to be
0.6 mg/mL.

Preparation of cell culture media

Concentrated cell culture media were prepared according
to the method mentioned by Lokeshwar et al. with
slight modifications [54]. DU-145 cells were plated in
DMEM media containing 10 % FBS and 1 % antibiotic
solution. After 70 % confluency, cells were washed
three times with serum-free DMEM media. Cells were
then incubated with serum-free DMEM media with ITS
supplement. The serum-free media were collected after
72 h and concentrated ten times using 30,000 molecular
cutoff centricon filter. Concentrated media from six cul-
ture flasks were pooled together and used for analyzing
hyaluronidase activity in the media.

Experimental section
Absorption measurements

Absorption spectra were measured using a Cary 50 Bio UV—
visible spectrophotometer (Varian Inc., Australia). Absorption

@ Springer

spectra were scanned from 350 to 620 nm in PBS at room
temperature.

Steady-state fluorescence measurements of hyaluronan
hydrolysis

The HA-ADOTA probe was incubated with different
amount of hyaluronidase (0-100 U/mL) in PBS, pH
7.4, at room temperature. The fluorescence emission
spectra were recorded every 10 min for 150 min for
all the concentrations of the enzyme. Steady-state fluo-
rescence intensity measurements of all the samples
were made using a Carry Eclipse spectrofluorometer
(Varian Inc., Australia) using a 10-mm x4-mm quartz
cuvette. The emission was scanned from 520 to
700 nm following a 470-nm excitation and using a
495-nm-long pass filter on the emission side. Steady-
state excitation spectra were measured by observing the
emission at 605 nm, and excitation was scanned from
400 to 600 nm using a 590-nm-long pass filter on the
emission side.

Fluorescence intensity decay

Same amount of HA-ADOTA probe was added to PBS (pH
7.4) with varying amount of hyaluronidase (0—100 U/mL).
The change in fluorescence lifetime was measured for all the
concentrations of enzyme every 20 min for 160 min.
Fluorescence lifetimes of all the samples were measured using
FluoTime 200 (PicoQuant, GmbH, Berlin, Germany) time-
resolved spectrofluorometer. This instrument contains a mul-
tichannel plate detector (Hamamatsu, Japan), and a 470-nm
laser diode was used as the excitation source. The fluores-
cence intensity decays were measured under magic angle con-
ditions (54.7°), and data was analyzed with FluoFit version
4.5.3 software (PicoQuant GmbH, Berlin, Germany) using the
exponential reconvolution procedure using nonlinear
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regression (multiexponential deconvolution model). In the
case of multiexponential analysis, the fluorescence decay
was analyzed using:

1(t) =) cvexp(~1/7:)

where 7; are the decay time and «; are the pre-exponential
factors (amplitudes) of the individual components.
Amplitude-weighted lifetime is given by:

() = Z T}

For measuring fluorescence lifetime of HA-ADOTA in so-
lution containing concentrated media from DU-145 cells, a
confocal microscope equipped with time-correlated single
photon counting (TCSPC) detector was used (MicroTime
200, PicoQuant, Germany). A 470-nm laser operating at
5 MHz repetition rate was used. Sample is prepared in a glass
bottom petri dish, and laser excitation is used on Olympus
1X71 inverted microscope. The signal from the detector was
routed into a PicoHarp 300 (PicoQuant, Germany) TCSPC
module. Fluorescence lifetime was measured every 10 min
for 150 min. All analyses were performed using SymPho
Time, V.5.3.2 software from PicoQuant.

Results and discussion

Scheme 1 shows the schematic representation of HA-ADOTA
probe. The HA-ADOTA probe obtained from heavy labeling
of ADOTA fluorophore produces a low fluorescence signal
and exhibit a short fluorescence lifetime resulting from aggre-
gation and FRET between ADOTA molecules and aggregates.
Nevertheless, the addition of hyaluronidase to the HA-
ADOTA biosensor solution causes a strong fluorescence en-
hancement and an increase in the fluorescence lifetime, which
is attributed to the specific cleavage of the hyaluronic acid
template by hyaluronidase and the breakup of aggregates
and spatial separation of fluorophores.

Figure 1 shows the absorption spectrum of HA-ADOTA
probe in PBS solution at room temperature with the maximum
absorption peak centered at 540 nm. A second transition is of
lower oscillator strength with peak centered at 440 nm. As it
can be seen from Fig. 1, even though the main absorption peak
is centered at 540 nm, a 470-nm excitation is also enough to
excite the probe. Furthermore, a complete emission spectrum
can be obtained when the probe is excited using a 470-nm
excitation source. The concentration of the ADOTA in the
stock HA-ADOTA is 13.96 uM. The probe was diluted 200
times in the assay system (70 nM).

The normalized emission spectra of HA-ADOTA probe
and free ADOTA fluorophore in PBS following a 470-nm

High labeled HA-ADOTA

0.08

0.04

Absorption

0‘00 L L L L L
400 450 500 550 600

Wavelength (nm)
Fig. 1 The absorption spectrum of HA-ADOTA probe in PBS (pH 7.4).

The concentration of ADOTA in HA-ADOTA probe is 13.96 uM. HA-
ADOTA probe in the assay system is 70 nM

excitation are shown in Fig. 2A. It can be seen from the graph
that the emission spectra of free fluorophore are centered at
560 nm, whereas the peak emission of HA-ADOTA probe is
centered at 605 nm. The 45-nm shift in the peak emission
wavelength was obtained due to aggregation of the
fluorophore molecules. This shift in the peak emission proves
the efficient energy transfer between the ADOTA molecules
and in fact shows the efficient design of this biosensor.

The excitation spectra and emission spectra of HA-
ADOTA probe before and after enzymatic cleavage with
100 U/mL of hyaluronidase are shown in Fig. 2B. It
can be seen from Fig. 2B that the emission spectrum
of the digested probe shifts back to its original peak
emission wavelength of 560 nm, whereas the intact
probe has a peak emission wavelength centered at
605 nm. This aggregation-induced shift in the emission
wavelength allows for an efficient method to
ratiometrically detect the enzyme activity by measuring
the fluorescence intensity at two wavelengths, i.e. 560
and 605 nm. The ratiometric sensing provides a built-in
self-calibration and higher accuracy in terms of quanti-
tative analysis. We also observed a small change in the
excitation spectra of HA-ADOTA probe before and after
cleavage by hyaluronidase. The shift in the emission
wavelength of the HA-ADOTA probe is also visible to
the eye. Figure 2C shows the change in the color of the
solution containing HA-ADOTA probe before and after
enzymatic cleavage, when excited using a handheld blue
laser. We also estimated the quantum yield of the
ADOTA monomer and aggregates by mimicking the
monomer/aggregate system in thin polyvinyl alcohol
(PVA) films with low and high concentration of
ADOTA. The estimated quantum yield for monomer is
55 %, whereas the quantum yield for aggregate ADOTA
system is less than 1 %. The details about quantum
yield measurement are given in the Electronic
Supplementary Material (ESM, Fig. S1).
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Fig. 2 (A) Normalized emission
spectra of free ADOTA
fluorophore in PBS (pH 7.4) and
the emission spectra of HA-
ADOTA probe (70 nM ADOTA)
in PBS (pH 7.4) when excited
using a 470-nm light source. (B)
The excitation and emission
spectra of heavily labeled HA-
ADOTA (70 nM ADOTA) probe
before and after enzymatic
cleavage. The large spectral
overlap between excitation and
emission spectra is responsible for
an efficient excitation energy
migration (HOMO-FRET)
between ADOTA molecules. The
energy migration between
ADOTA molecules is responsible
for the self-quenching process.
(C) Pictorial representation of the
change in the color of HA-
ADOTA solution before and after
hyaluronidase cleavage

Fig. 3 The change is
fluorescence emission of HA-
ADOTA probe (70 nM ADOTA,
PBS pH 7.4) after incubation with
different amount of hyaluronidase
enzyme. The fluorescence
emission spectra were collected
for 150 min. A 470-nm laser was
used for the excitation, and the
experiments were performed in
triplicate and a similar increase in
fluorescence intensity was
observed

@ Springer
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Fig. 4 Change is the ratio of emission intensity (560 nm/605 nm) of the
assay system (70 nm ADOTA) in PBS buffer (PBS 7.4) at room
temperature vs reaction time in the presence of different amount of
hyaluronidase. A 470-nm laser was used for excitation, and all the
experiments were performed in triplicate

Response of HA-ADOTA probe with hyaluronidase

As mentioned, the HA-ADOTA probe was synthesized by
heavy labeling of hyaluronic acid with ADOTA fluorophore
through covalent bond formation. To investigate the response
of the biosensor towards hyaluronidase, the fluorescence re-
sponse of HA-ADOTA probe to hyaluronidase at varying
concentration was investigated by adding hyaluronidase to
HA-ADOTA probe (70 nM ADOTA) in PBS (pH 7.4) at room
temperature. Figure 3 shows the hyaluronidase concentration-
dependent change in the fluorescence intensity of the HA-
ADOTA probe. The fluorescence intensity of the reaction sys-
tem increases with increasing concentration of hyaluronidase
from 0 to 100 U/mL of hyaluronidase. Even 1 U/mL of hyal-
uronidase was enough to increase the fluorescence intensity
and causes the shift in the peak emission of the HA-ADOTA
probe. In the case of 1 U/mL of hyaluronidase, the fluores-
cence intensity shows 1.7 times enhancement in the fluores-
cence signal, whereas, in the case of 100 U/mL of enzyme, 5.6
times enhancement in the fluorescence signal was observed.
The emission intensity for different amount of hyaluronidase
are drawn to the same scale so as to easily distinguish the
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10000 —— Mo enzyme 0 min, 4.16 ns
= No enzyme 160 min, 3.8 ns
© 1000 ——— 100 U HAase 160 min, 1445 ns
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>
=
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Fig. 6 The fluorescence intensity decay of HA-ADOTA probe (70 nm
ADOTA, 0.6 mg/mL HA) in PBS (pH 7.4) in the absence and presence of
hyaluronidase. In the presence of enzyme, an increase in the fluorescence
lifetime was observed. Without the enzyme at 0 min, three components
are needed to fit the data with amplitudes of 0.16, 0.53, and 0.31 with the
lifetime of 18, 0.41, and 3.23 ns. With 100 U/mL of hyaluronidase at
160 min, the decay was fitted using two components with amplitudes of
0.74 and 0.26 and with lifetime of 18.85 and 1.83 ns. All fluorescence
lifetime measurements were performed in triplicate

change in the fluorescence enhancement with different
amount of enzyme.

The kinetic assay of the enzymatic reaction was determined
by measuring the time-dependent change in the fluorescence
intensity of the HA-ADOTA probe in the absence and pres-
ence of hyaluronidase. We assessed the change in fluores-
cence intensity for all concentrations of enzyme every
10 min for 150 min and calculated the change in the intensity
ratio using the fluorescence intensity at 560 and 605 nm as the
observation points. From Fig. 4, it can be seen that in the
absence of hyaluronidase, we did not notice any change in
the ratio of fluorescence intensity, which proves the stability
of HA-ADOTA probe. The time-dependent fluorescence in-
tensity measurement shows that the emission intensity ratio at
560 and 605 nm gradually increases with increasing amount
of enzyme and time. It was also observed from Fig. 4 that the
emission intensity ratio almost reaches a plateau after 80 min
of reaction when the enzyme concentration was 50 U/mL or
higher. To ensure the reaction was complete, we took 100 min

Fig. 5 The calibration curve for a b
the intensity ratio of HA-ADOTA 21} 21}
(70 nM ADOTA) probe in PBS
(pH 7.4) at 100 min as a function 18k 18k
of hyaluronidase levels (A) 0— o & o
20 U/mL and (B) 0~100 U/mL s E,, s E,,
28 28
2 O 3 ©
g 3" g @'
cw T w
09} 0.9
gel o 0.6L - : : : :
0 2 4 6 8 10 12 14 16 18 20 0 20 40 60 80 100

Hyaluronidase (U/ml)

Hyaluronidase (U/ml)
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as the end point in our experiment. Figure 5A represents the
calibration curve obtained by measuring the change in the
fluorescence intensity after 100 min as a function of hyaluron-
idase activity for enzyme within 0-20 U/mL, whereas Fig. 5B
represents the entire region with 0—100 U/mL. Both the curves
were fitted using exponential model (Y=A; x eT¥"D+
Ay x Dty R*=0.98). Details about the fitting method
are given in the ESM. Using this standard curve, the level of
hyaluronidase from an unknown sample can be easily
determined.

Fluorescence lifetime-based sensing of hyaluronidase

We also desired to determine if the observed spectral changes
are as well accompanied by the change in the fluorescence
lifetime of the HA-ADOTA probe. The fluorescence intensity
decay measurements are presented in Fig. 6 for HA-ADOTA
probe in PBS at room temperature. The emission of the HA-
ADOTA probe is highly quenched in the absence of hyaluron-
idase and shows a heterogenous decay. Three exponentials are
needed to fit the data, and an amplitude-weighted lifetime of
4 ns is determined as compared to 20 ns lifetime for free
fluorophore in PBS. In the presence of hyaluronidase, the
amplitude-weighted lifetime increases with the increasing
amount of enzyme. Table 1 shows the detailed analysis of
the intensity decay of HA-ADOTA probe with different
concentrations of hyaluronidase (0, 1, 10, 50, and
100 U/mL). The recovered average amplitude-weighted
lifetime of HA-ADOTA probe with 100 U/mL of hyal-
uronidase was 15 ns, and two components were needed
to fit the decay with amplitudes of 0.74 and 0.26 and
lifetime of 18.85 and 1.83 ns. Figure 7 shows the
change in the amplitude-weighted fluorescence lifetime
of HA-ADOTA probe with different amounts of en-
zyme. It can be observed from the graph that with an
increasing concentration of hyaluronidase and increasing
time, an increase in the fluorescence lifetime is also
observed. The time-resolved measurements demonstrate
the generation of free unquenched ADOTA dyes
(7~19 ns) in the presence of hyaluronidase.

A oUu/ml
18F A 1u/m

A 50U/ml
15l A 100Umi

Amplitude weighted lifetime

0 30 60 90
Time (min)

120 150

Fig. 7 The time-dependent change in the fluorescence lifetime of HA-
ADOTA probe (70 nM ADOTA) in PBS (pH 7.4) in the absence and
presence of hyaluronidase

Estimating hyaluronidase activity in cell culture media

It has been previously reported that several prostate cancer cell
lines overexpress hyaluronidase activity. DU-145 is one such
cell line which is reported to have overexpression of hyaluron-
idase. To investigate the activity of hyaluronidase produced by
DU-145 prostate cancer cell line, we measured enzyme activ-
ity in concentrated serum-free culture media using an HA-
ADOTA probe. In a solution of 100 puL of concentrated media
and PBS (pH 7.4), HA-ADOTA probe (70 nM ADOTA in
assay system) was added (total volume 1000 pL). The change
in fluorescence intensity ratio was calculated every 10 min for
150 min (Fig. 8). The intensity ratio at 100 min was used to
estimate hyaluronidase level using the standard curve obtain-
ed from spiked PBS buffer solution (Fig. 5). The calculated
hyaluronidase level was 5 U/mL. To confirm if the fluores-
cence enhancement was caused by hyaluronidase, the effect of
apigenin (inhibitor of hyaluronidase) was also examined on
the activity of hyaluronidase [5, 55, 56]. Stock solution
(20 mM) of apigenin was prepared in DMSO. The final con-
centration of apigenin in experimental solution was 50 uM. It
was observed that the apigenin inhibited the fluorescence en-
hancement of HA-ADOTA probe. To confirm our steady-state
fluorescence intensity data, we also measured the change in

Table1 Amplitude-weighted lifetime of HA-ADOTA with different amount of hyaluronidase
Hyaluronidase concentration (U) Time (min)
0 20 40 60 80 100 120 140 160
0 4.16 ns 4.16 ns 4.02 ns 4 ns 3.86 ns 4.08 ns 4.05 ns 3.8 ns 3.8 ns
4.3 ns 5.09 ns 5.51 ns 5.69 ns 6.07 ns 8.35ns 8.63 ns 8.77 ns 8.89 ns
50 4.16 ns 9.22 ns 10.03 ns 10.75 ns 10.78 ns 11.91 ns 11.36 ns 11.64 ns 11.62 ns
100 4.16 ns 10.13 ns 10.44 ns 12.47 ns 13.03 ns 13.88 ns 13.5ns 14.11 ns 14.45 ns

Averaged amplitude-weighted lifetime of HA-ADOTA probe was estimated every 20 min of the enzymatic reaction
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the fluorescence lifetime of HA-ADOTA probe in the concen-
trated serum-free media. Of concentrated media with PBS and
HA-ADOTA probe (100 pL total volume), 10 pL was added
to a glass bottom petri dish. Fluorescence lifetime was mea-
sured using a time-resolved microscope (MicroTime 200,
PicoQuant, Germany). The main advantage of using confocal
microscope with TCSPC abilities can help us to focus exactly
at the center of the media while simultaneously only needing a
small volume of the biological sample. The measured
amplitude-weighted fluorescence lifetime of the undigested
probe was around 4.5 ns. However, after 150 min of enzymat-
ic reaction in the concentrated culture media, a fluorescence
lifetime of 18 ns was measured. We also measured the effect
of apigenin (hyaluronidase inhibitor) on the fluorescence life-
time of HA-ADOTA probe. Apigenin solution (50 pM) was

Table 2 Amplitude-weighted fluorescence lifetime of HA-ADOTA
probe media collected from DU-145 cell line

Time (min) apigenin ~ DU-145 media  DU-145 media with apigenin

Background 2.56 ns 2.07 ns
10 481 ns 2.8 ns

20 11.09 ns 43 ns

30 13.97 ns 5.1 ns

40 14.93 ns 4.14 ns
50 1525 ns 5.28 ns
60 16.35 ns 3.48 ns
70 18.13 ns 4.56 ns
80 17.74 ns 524 ns
90 18.21 ns 4.03 ns
100 17.74 ns 3.85ns
110 18 ns 428 ns
120 17.72 ns 43 ns

130 18.37 ns 4.12 ns
140 17.94 ns 4.78 ns
150 17.9 ns 4.87 ns

Data also shows the effect of apigenin on the inhibition of hyaluronidase
activity from culture media

40 60 80 100 120 140 160
Time (min)

prepared with 10 uL concentrated media and PBS (total
volume=100 puL). We found that the apigenin inhibited the
activity of hyaluronidase and fluorescence lifetime of HA-
ADOTA probe stayed constant ( 4.5 ns). These data suggest
that the increase in fluorescence intensity and fluorescence
lifetime indeed arises from the hyaluronidase activity. The
amplitude-weighted fluorescence lifetime of HA-ADOTA
probe in concentrated media with and without apigenin is
given in Table 2.

Conclusions

In summary, we have successfully developed a biosensor for
hyaluronidase using an orange/red-emitting organic ADOTA
fluorophore with a long fluorescence lifetime. This probe
serves as an intensity-based ratiometric sensor and fluores-
cence lifetime-based sensor of hyaluronidase. Moreover, due
to ratiometric sensing ability, a higher sensitivity can be
achieved. The change in color of the fluorescence emission
of undigested (red) and digested (yellow) HA-ADOTA probe
can also be observed by the naked eyes using an appropriate
excitation. Compared to other biosensors developed over
nanoparticles, the biosensor developed using organic
fluorophore is much smaller in size. The large difference be-
tween the fluorescence lifetime of undigested and digested
probe helps to easily quantify hyaluronidase level using fluo-
rescence lifetime as detection parameter. Emission in the
orange/red region where there is a long fluorescence lifetime
makes this probe highly useful for biological samples which
possess a large amount of autofluorescence. It is a widely
understood phenomenon that the contribution of autofluores-
cence decreases in the orange/red region of the electromagnet-
ic spectrum. We successfully estimated the level of hyaluron-
idase in serum-free culture media of DU-145 prostate cancer
cells. In conclusion, this HA-ADOTA biosensor can be easily
used to measure hyaluronidase activity/level in complex path-
ological samples where the enzyme hyaluronidase is
overexpressed.
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