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Abstract

Easy and fast detection of diseases is now demand of time for monitoring the health conditions
and sustaining the ever-improving lifestyle in both of the developed as well as developing
countries. Biosensors are analytical devices that transform a biological response into an
electrical signal. Biosensors are extremely specific and are independent of physical parameters
such as pH and temperature and should be ecofriendly. Development of biosensors such as
enzyme sensors, immune-sensors, microbial sensors, ion channel sensors etc. is one of fast
growing sectors and is being actively promoted world-wide. Some of the most commonly used
biosensors include Enzyme sensors for the measurement of blood glucose level using glucose
oxidase activity measurement, immune-sensors and ELISA. Since detector is one of the
important part of biosensors, fluorescence detection has a great potential for the detection of
trace amount of analytes due to high sensitivity measurement as compared with the optical

absorption especially for very dilute samples.

Fluorescent biosensors plays a key role in discovery of drugs and in cancer. Single
chain FRET biosensor is potential example which consists of a pair of auto fluorescent protein
(AFP’s) where fluorescence resonance energy transfer occurs between them when brought
close together. Conventionally, FRET based biosensor using visible fluorescent molecules is
influenced by auto-fluorescence from the clinical samples like blood, serum or other body
fluids leading to low signal to noise (SN) ratio and attainment of high sensitivity is hampered
significantly. A FRET biosensor utilizing NIR fluorescent and quenchers can easily detect
resulting fluorescence signals from the body of several 10 cm from a detector outside the body
with high SN ratio (high sensitivity). This means that it is very suitable for pathological imaging
in vivo. In order to increase the sensitivity of the biosensor using near infrared FRET, it is
desirable that the wavelengths of the dye absorption and fluorescence emission should perfectly
match. It is also necessary to adjust the peptide sequence of the enzyme active site so that the
position of the quenching group and the fluorescent group are within the Forster radius. Protein
and peptide biosensors are manufactured easily through synthetic chemistry followed by

enzymatic labelling using synthetic fluorophores.

A biosensor based on NIR-FRET system is advantageous for high sensitivity in terms
of not being easily influenced by auto-fluorescence of water or biomolecules and high

penetrability of near infrared rays. At the same time, by changing the peptide sequence between
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the dyes having fluorescent groups and quenching groups in different wavelength ranges, it is
possible to control the absorption wavelength specifically for the enzyme. This means that
simultaneous measurement of multiple specimens is possible, and the detected image leads to
the construction of a disease database enabling multifaceted examination as a disease pattern
and diagnosis with higher accuracy. By immobilizing to the substrate, it can be applied to on-
chip biosensor in-vitro too. Fluorescent biosensors are potentially employed for early detection
of biomarkers in clinical and molecular diagnostics for disease progress monitoring and

response to treatment.

In the development of near infrared FRET biosensor, development of NIR dyes
(fluorescent group and quenching group) and design of enzyme recognition site are necessary.
Current thesis gives the insights about the synthesis and characterization of far-red sensitive
squaraine dyes with varying wavelengths and NIR cyanine dyes. Apart from this, an effort has
been made to evaluate amino acid sequences that are selective for specific enzymes and

incorporating them to develop model NIR-FRET system.
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Chapter 1: Point-of-Care Biosensor Systems their applications as
diagnostic tools for health care

1. Introduction

Easy and accurate detection of diseases is currently the demand of time for monitoring the
health conditions and sustaining the ever-improving lifestyle in both of the developed as well
as developing countries. This has become possible due to increase in the knowledge, awareness
along with tremendous growth in medical science to control the epidemic and dreadful diseases.
Statistical data on the world population as shown in figure 1 clearly reveals that overall world
population is increasing but the major contribution to this population growth is mainly
contributed by people from Asia, Africa and Latin America although there is projected negative
population growth in developed countries like North America, Europe including Japan. To
sustain this increasing standard of life with the increasing overall world population, it is
necessary to monitor health, with fast and accurate detection of disease with easy to handle
testing devices before going to hospitals for in-depth consultation and treatment. This is where

Point of Care Testing (POCT) devices have come into the picture.

World Population Distribution
by Region, 1800-2050
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Figure 1. Estimated population growth of Asia

POCT refers to the test conducted outside a lab, hospital or clinic by the patients themselves.

Biosensors have emerged as one of the potential POCT devices and played a vital role towards
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the patient care through real-time and remote health monitoring. Over the past few decades,
tremendous researches have been conducted in the field of biosensors to detect biomarkers and

provide information on their concentration in biological samples for robust diagnosis.

The main objectives of POCT devices are to improve quality and efficiency of the
patient care, increase the satisfaction of both physician and patient, improve patient education
as the device can be operated by a patient himself and to decrease the risk liability (1). Some
of the recent advancements of POCT systems are as follows: The study of Genomics and
proteomics research has revealed many new biomarkers that have the potential to advance
healthcare (2-3). The availability of multiple biomarkers is believed to be precarious in the
diagnosis of complex diseases (4). Detection of biomarkers related to different stages of disease
could further enable early detection of diseases and their infection rate (5). Extensive use of
these biomarkers will rest on the development of point-of-care (POC) biosensor devices that
will permit rapid, real-time, label-free, and multiplexed detection with high sensitivity and
selectivity. Despite the rapid development of genomics and proteomics research, a few of these
biomarkers have transitioned into clinical settings. This is due to the lack of rapid diagnostic
techniques that can successfully detect them. For example, tuberculosis (TB), a prevalent
public health issue (6), has confirmed to be curable (7). However, WHO estimation for 2009
suggest that a global detection rate of around 63%, with only 50% of TB cases in Africa being
detected (8). The delayed diagnosis has serious consequences since one untreated pulmonary
case can raise the chances to be epidemic (9-10). To prevent such problems, a diagnostic tool
is desirable that is less dependent on the laboratory facilities or demand for specialized training.
It has been assessed that a single diagnostic test offering 100% accuracy could save around
625,000 lives per year if widely employed, and a test with only 85% sensitivity and 97%
specificity might save 392,000 lives or 22.4% of the current annual worldwide deaths (11).
These numbers signify that there is a pressing need to develop new POC diagnostic tools to

reduce the number of fatalities and the costs incurred due to growing health concerns.

As health care costs are growing and with an aging world population (12), there is a
cumulative need to remotely monitor the health disorder of patients. This takes the account of
situations where patients are not confined to hospitals. To report this issue, a variety of POC
system prototypes have been developed. Such systems provide a real-time response to the
health condition of patients, either to a medical database accessible to health care providers to

the patients themselves. Thus, POC systems establish a new approach to address the issue of
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monitoring and managing the health of patients suffering from chronic diseases, postoperative
patients and elderly people by executing tasks that are conventionally performed using

laboratory testing (13-14).

The keystones for biosensors to emerge as the immense potentiality in medical
diagnostics in improving patient care through real-time and remote health monitoring are their
simplicity in operation, higher sensitivity, utilization of small amount of biological samples,
ability to perform multiple analysis and capability to be integrated with different function on
the same chip (15). Witnessing, the market trends, it is clearly indicated that there is increasing
the growth rate of POCT and home health care diagnostics where biosensors play a key role.
Looking at biosensor market, the biggest fraction and sale is achieved for point of care testing
and home diagnosis when compared to other biosensor industry. The statistics of biosensor are
7.3 billion dollars in 2003, which has increased up to 10.2 by 2007 (16). POC systems for
health monitoring consists of different types of biosensors that are implantable or wearable and
effective in measuring physiological parameters such as heart rate, changes in plasma protein
profile, patterns of multiple biomarkers and oxygen saturation. The sensed information is then
transferred through a wired or wireless link to a central data acquisition node, for example, a
Personal Digital Assistant (PDA), which can, in turn, transmit the sensed signals to a medical
center (17). These systems would not only reduce response time but would also make testing
available in environments where laboratory testing is least feasible (18). These systems not
only have applications in medical diagnostics and biological warfare agent detection (19), but
the sensor configuration can be modified to suit other applications, such as food quality
assurance (20), environmental monitoring (21), and industrial process control (22-23). Other
probable applications are also emerging, which includes the identification of animal and plant
pathogens, water purity analysis, diagnostic testing in case of malarial strains and field tissue
and gene analysis (18). Additionally, early diagnosis of critical health changes could empower
the prevention of fatal events (24). Such early diagnosis requires uninterrupted monitoring, yet
current physiological sensing systems are unsuitable for long-term, recurrent, unobtrusive and
low-cost health monitoring. The next generation of POC biosensor systems could enable better
early detection of critical changes in a patient’s health condition. Hence, POC biosensor
systems are expected to act not only as data collection systems, but they must also learn the
health baselines of individual patients and discover problems autonomously by detecting
alarming health trends using advanced information processing algorithms. Also, next-
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generation POC systems should satisfy certain medical criteria while operating under several
ergonomic constraints and significant hardware resource limitations. Designing such systems
is a very challenging task since a lot of highly constraining and often conflicting requirements
have to be considered. Specifically, the design needs to take into account size and weight
factors; also, its presence should not hinder a patient’s actions. Furthermore, radiation concerns
and other issues need to be accounted for. Also, the security and privacy of the collected clinical
data must be guaranteed, while system power consumption must be minimal in order to

increase the operational life of the system (25-26).

Biosensors are analytical devices that transform a biological response into a detectable
physical signal (27). The biosensor can detect, record and transmit information regarding a
physiological change or the presence of various chemical or biological materials in the
environment. The term biosensor was coined by cammann (28) and is defined as chemical
sensor where the recognition method utilizes a biochemical mechanism (29-30). Biosensors
are extremely specific and are independent of physical parameters such as pH and temperature
and should be eco-friendly (31-32). The role of biosensors in the field of medical science
towards the application of early stage detection of human diseases has become the important
aspect. The basic characteristics of the biosensor comprise of linearity which should be high
for the detection of high substrate concentration, sensitivity, selectivity: the chemical
interference must be minimized for obtaining reliable results and response time. The potential
advantages of biosensors in medical applications include high specificity, linear response,
biocompatible, ease of use, durability, require small sample volume, stable, rapid and accurate
response. In spite of huge and fast growing research in the area of the biosensor, still intriguing
problems like processing single analyte at a time, difficulty in handling with interfering agents,
prior analyte processing for high sensitivity and low throughput detection need their amicable
solutions. In order to overcome we need highly sensitive and high throughput detection and is
good if it is biocompatible with imaging technologies. To achieve this, optical detection system
has caught much attention for its high sensitivity and if this is incorporated with microarray

technology can achieve high throughput detection also.
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1.1. Optical Biosensors

Optical biosensors are potential devices which are alternative to conventional analytical
methods due to their small size, high sensitivity, high specificity and cost effectiveness (33).
Optical biosensors comprise of the light source along with optical components to produce
desired light source and direct this light to a modulating agent which is a modified sensing head
along with photodetector (34). Though promising developments in the field of optical
biosensors have been reported, there are fewer reports about their use in the practical field (35).
The research and technological development of optical biosensors have exhibited the
exponential growth and has a unique potential for real-time, direct and label-free detection of
various biological and chemical analytes (36). A multidisciplinary approach along with MEMS,
nano-bio technology, molecular biology, microelectronics and chemistry is required for the
design and implementation of new devices (37). Optical biosensors are the potential candidates
which can accommodate all the above-mentioned requirements. The applications of optical
biosensors range from the field of medicine, biotechnology and environment having their own
requirements in terms of analyte concentration to be measured, sample concentration, required
precision output, the time taken to complete the probe, cleaning requirements and to enable
reuse of biosensors (38). Optical detection is based on exploiting the interactions between
biological recognition element and optical field. Optical bio sensing can be divided into two
categories: label -free and label based sensing. In the label-free mode, the signal detected is
due to the interaction of analyzed material with the transducer. On the other hand, label based
sensing involves the use of a suitable label and the signal is then generated in the form of a
fluorescence emission or color change. An optical biosensor is a compact device comprised of
a bio recognition element integrated with an optical transducer which converts the result of
binding interactions between the biomolecule and bio-recognition element into measurable
optical signals such as fluorescence, color change or chemiluminescence responses. The basic
principle involved is to produce the signal which is appropriate to the concentration of the
analyte. This biosensor can use numerous biological materials like enzymes, receptors,
antigens, antibodies, whole cells and tissues and nucleic acids as bio recognition elements (39).
Since the detector is the most important tool of biosensors, various detection methods such as
surface plasmon resonance, wave fluorescence, optical waveguides and fluorescence detection
are used to detect the interactions between the bio-recognition elements with the analyte.

Amongst all of the detection methods, fluorescence detection has been most widely utilized in
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biomolecular imaging for the detection of trace amounts of analytes due to their high sensitivity

(40).

Fluorescence detection is the most widely used analytical tool used in biological studies
utilized for quenching and re-appearance of fluorescence in presence of biomarker. The
instrumentation in this field has greatly enhanced and possible to detect fluorescent molecules
or single photons. Fluorescent biosensors are potentially used as imaging agents in cancer and
drug discovery. Various types of fluorescent biosensors were constructed by many researchers
in past decade based on fluorescence ON and OFF biosensors which include biological
macromolecular receptors such as proteins (41) and aptamers (42). One example with
fluorescence OFF mode where fluorophore (OG-Oligreen) displacement is taking place upon
aptamer binding. This sensor specifically detects the K™ ion over many other cations such as
Na*, Li*, Mg?*, Ca*" etc. with a detection limit in nM range (43). A schematic model for

fluorescence ON biosensing has been shown in figure 2.

Specific Interaction

Enzyme Hydrolysis

Figure 2. Schematic representation for the fluorescence ON biosensor

The construction of fluorescent biosensors relies on the following method. In the first step,
there is a need for suitable macromolecule receptor with appropriate specificity and affinity to
the target. The second step involves the integration of signal transduction function persuaded
by molecular recognition event (44). Fluorescent biosensors are small frameworks on to which
one or several fluorescent probes are mounted chemically, genetically or enzymatically through
a receptor. The receptor involves in identifying a specific analyte thereby generating a
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fluorescence signal which is readily detected and measured (45). Fluorescence Resonance
Energy Transfer (FRET) between the two chromophores leads to quenching of the fluorescence
emanating from a fluorophore and has been widely used in the biosensor development.
Quenching this fluorescence by FRET demands not only the presence of two fluorophores
within the Forster radius but also there should be sufficient spectral overlapping between their
electronic absorption and fluorescence emission spectra. Different types of FRET systems have
been widely utilized for the development of fluorescence biosensor. For example utilization of
self-quenching, where the probe is labeled with the same fluorophore which possesses weak
fluorescence. Moderate fluorescence is exhibited by the interaction of the fluorophore with
protein molecules and hetero FRET where the probe is labeled with two different fluorophore
moieties. Hetero FRET system is best and most efficient. Once these are de-quenched they

exhibit enhanced fluorescence representing fluorescence ON bio sensing (46).

Fluorescent biosensors are commonly used in drug discovery in order to identify drugs
by high content screening, high-throughput. These biosensors and detection methods are
considered as potential tools for preclinical evaluation, pharmacokinetics and bio-distribution
candidate drugs (47-48). Fluorescent biosensors are efficiently employed in the early detection
of biomarkers in clinical and molecular diagnostics, for monitoring disease progression and
response to treatment or therapeutics (49). An illustration of genetically-encoded FRET-based
biosensor has been reported for the detection of Ber-Abl kinase activity employed on cells of
a cancer patient to assess Ber-Abl kinase activity and to establish an interrelation with the
disease status in chronic blood cancer (leukemia). This probe was further engaged to regulate
the onset of drug-resistance cells and response to therapy in order to obtain the prediction for
alternative therapeutics (50-51). In an interesting review by Ren and Ai, there is an in-depth
discussion about the utilization the redox probes based on fluorescent proteins (52). In this
review, genetically encoded probes susceptible to the redox processes in biological systems
has been discussed in detail along with their merits, demerits, molecular mechanisms providing
ironic information to biologists for the use of redox fluorescent probes in their studies. Ben¢ina
offers a thorough summary of genetically encoded pH probes, which are based on fluorescent
proteins (53). Both ratiometric and intensity based probes are summarized in this study. Their
instrumentation steps, spectral properties and pH of intracellular organelles are also discussed.

This review will support researchers in selecting pH-sensitive fluorescent protein for their

12| Page
Kyushu Institute of Technology



specific experiments. In this issue, Ben¢ina and coworkers contributed a research article (54),
which reports a high-throughput technique built on ratiometric flow cytometry to detect the
single-cell analysis of HIV protease activity. In order to meet the requirements, at first, the
development of HIV protease sensor from a pair of fluorescent proteins, mCerulean and
mCitrine was conducted and developed sensor was utilized for HIV protease inhibitor

screening assays and intracellular quantitative detection of HIV protease activity.

Bodart et al., in their study, reported that the sensor developed exhibits the enhanced
dynamics ranges to image Epidermal Growth Factor (EGF) stimulation of living cells by
utilization and optimization of fluorescent protein-based Extracellular signal-regulated Kinase
(ERK kinase) probe model (55). The lifetime imaging and ratiometric mode were executed
with this new probe which was the highlighted of this article. Campbell et al., described
regarding mutagenesis studies on CH-GECO2.1, which is red fluorescent protein-based Ca**
ion sensor constructed by their group (56). A large variety of mutants were designed and
characterized, leading to the identification of a key residue, GIn163, which is known to involve
in the conformational change that transduces Ca®" binding leading to change in fluorescence
emission. They also emphasized that the interfaces and inter-domain linkers play an important
role for binding affinities of these chimeric Ca** sensors. Aliaga et al. reported two synthetic
coumarin-based “turn-off” fluorescent probes towards the detection of Cu?" and Fe** ions (57).
Both metal ions exhibited quenched fluorescence of the two dye molecules. The Cu?" and Fe**

ions in human neuroblastoma SH-SYSY cells were imaged by utilizing epifluorescence

microscopy.

Conventionally, FRET-based biosensor using visible fluorescent molecules is
influenced by auto-fluorescence from the clinical samples like blood, serum or other body
fluids leading to low signal to noise (SN) ratio and attainment of high sensitivity is hampered
significantly. A FRET biosensor utilizing near infraed (NIR) fluorescent and quencher
molecules can easily detect the resulting fluorescence signals from the body of several 10 cms
from a detector outside the body with high SN ratio (high sensitivity). This means that it is very
suitable for pathological imaging in vivo. In order to increase the sensitivity of the biosensor
using NIR-FRET, it is desirable that the wavelengths of the dye absorption and fluorescence

emission should perfectly match. It is also necessary to adjust the peptide sequence of the
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enzyme active site so that the position of the quenching group and the fluorescent group are
within the Forster radius. A biosensor based on NIR probe is advantageous for high sensitivity
in terms of not being easily influenced by auto-fluorescence of water or biomolecules and high
tissue penetrability of near-infrared rays. At the same time, by changing the peptide sequence
between the dyes having fluorescent groups and quenching groups in different wavelength
ranges, it is possible to control the absorption wavelength specifically for the enzyme. In the
development of NIR-FRET biosensor, development of NIR dyes (fluorescent group and
quenching group) and design of enzyme recognition site are necessary. Current thesis gives the
insights about the synthesis and characterization of NIR dyes with varying wavelengths. Apart
from this, efforts have also been made to evaluate amino acid sequences that are selective for
specific enzymes and incorporating them to develop model NIR probe to demonstrate their

application towards fluorescence biosensing.

1.2. Types of fluorescent molecules used in biosensors

Dyes that are active in NIR region have caught much attention due to their diverse applications
in biological and biomedical-related fields. The potential advantages of these dyes include
minimal interfering absorption and fluorescence from biological analytes, low-cost laser diode
excitation, reduced scattering and enhanced tissue penetration depth. However, there are
relatively few class of molecules that are readily available as NIR dyes towards their
application in fluorescence biosensors. These include squaraine dyes, cyanine dyes and
phthalocyanine dyes. Figure 3, clearly indicates that biological tissues and fluids have several
orders of magnitude lower light absorption in the NIR wavelength (700-900 nm) region as
compared that of their visible region counterparts. The absorption spectra of human hand
demonstrate that hand is transparent to light of wavelength between 700 t0 900 nm. Therefore,
this region is known as the diagnostic window (58). The report given by Frangioni John V et
al gives the complete image about the need of the development of NIR fluorophores for FRET
systems (59). The significant advancements have been achieved on the recent development of
NIR dyes with enhanced chemical and photostability, high fluorescence intensity and long
fluorescent lifetime. A variety of dyes has also been designed and synthesized with improved
water soluble property in order to avoid aggregation in biological systems and tissues. These
class of dyes holds promise as suitable candidates for biomedical imaging and biosensing
applications.
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Figure 3. An example of NIR spectral window on measuring biological tissues. Within the
therapeutical window, wavelength specific sensitivity to oxy and deoxyhemoglobin are
measured and optical properties of absorption and scattering are quantified (left) and

Absorption spectra of Human hand (right).
1.2.1. Squaraine Dyes

Squaraines consist of an oxocyclobutenolate core with heterocyclic and aromatic components
at either end of the molecule. Squaraine dyes are considered as far-red sensitizers due to their
superior physio-chemical properties such as good photoconductivity, intense absorption near
600 to 700 nm and high molar absorption coefficient (60). An important property of water
solubility of conventional squaraines still remains an important challenge due to their large and
planar hydrophobic n-conjugated molecular structure. To overcome the above-mentioned
limitation Suzuki et al (61) designed a dye KSQ-4-H by introducing four sulfonate moieties to
enhance the solubility of dyes in phosphate buffer solution (PBS) with sharp absorption. This
dye is believed to be very favorable for in vivo imaging and protein detection. Later in the work
reported by Nakazumi et al (62) who demonstrated a conjugate with two squaraine dyes linked
through thiophene or pyrene unit to synthesize bis-squaraine dyes. These bis-squaraine dyes
exhibited enhanced fluorescence in NIR region once they bind to Bovine serum albumin (BSA).
In the recent work reported by Gassensmith et al (63) wherein a squaraine dye with two
rotaxanes has been demonstrated. A rotaxane with four tri(ethyleneoxy) chains on squaraine is
to improve water solubility and another rotaxane that possess an encapsulating macrocycle is
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to improve stability. In his article, it has been also reported that these type of squaraines exhibit
high stability in different solvents indicating a potential fluorescent scaffold for constructing
various types of NIR imaging probes. In the present investigation, a series of squaraine dyes
have been designed by logical molecular design and synthesized with different alkyl chains
and substituents at 'N' position of indole producing absorption and emission in the range of 650
to 672 nm. In order to explore their potential application as fluorescent probes to sense protein
in phosphate buffer solution (PBS), these dyes were employed to investigate their interaction
using (BSA) and thereafter to utilize these dyes as good fluorophores in the FRET-based probes

to detect the fluorescence enhancement upon hydrolysis of an enzyme.
1.2.2. Cyanine Dyes

Cyanine dyes are the class of molecules with aromatic heterocyclic rings linked through a
polymethine bridge. The monomethine and trimethine cyanines fall their absorption in the
visible region, but by each extension of one vinyl group a bathochromic shift of about 100 nm
can be achieved. Therefore, pentamethine (CyS5) and heptamethine (Cy7) derivatives display
their absorption in the NIR wavelength region. The Cy5 and Cy7 dyes have been utilized
widely as active ingredients in bio-probes for nucleic acids and proteins (64). Indocyanine
green (ICG) has been approved by FDA for evaluating blood flow and clearance. However,
many cyanine dyes suffer due to low quantum yield, photostability, undesired aggregation and
mild fluorescence in aqueous solutions (65). With the continuous research on cyanine dyes,
significant progress has been achieved to overcome these limitations. The studies led to the
discovery that the introduction of rigid cyclohexenyl substitution in the middle of the

Polymethine Bridge can increase the photostability and quantum yield (66).

Peng et al (67) have demonstrated the photostability of newly synthesized 3H-indocyanine
dyes with different N-substituents and found that the presence of electron withdrawing group
at N-position strongly affects the photostability of dyes and whereas the presence of electron
donating substituent is much favorable to obtain dyes with refining photochemical stability.
Other studies of cyanine dyes revealed that the efficiency of fluorescence is greatly increased
upon binding with nucleic acids and proteins (68). In recent studies, some cyanine dyes by an
introduction of carboxyl or sulfonic acid groups have been discovered with strong fluorescence,
enhanced improvement in water solubility and large stoke shift (69). Strekowski and co-
workers (70) have developed dyes containing two cyanine subunits which exhibit negligible
fluorescence but fluorescence signal was highly pronounced upon their binding with proteins.
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Grag et al (71) reported a zwitterionic heptamethine cyanine dye which showed its advantages
towards in vivo applications such as ultra-low non-specific tissues, no serum protein binding

and high signal to noise ratio after conjugation with tumor targeting ligands.

Therefore, the above-discussed literature and review helps researchers to design versatile
group of cyanine dyes by incorporating electron donating and withdrawing groups, alkylation
at N-positon of indole ring, alkylation with different substituents at the terminal and by varying
vinyl chain length to obtain remarkable photophysical behavior of dyes. In this current
investigation, we had designed heptamethine cyanine dyes with —-COOH group at one end of
the indole ring and substituents like —OH, -Br and —I to study the electron withdrawing,
donating and heavy ion effect on interacting with Bovine Serum Albumin (BSA) as a model

protein to utilize these dyes as good quenchers in FRET-based bio-probes.
1.2.3. Phthalocyanines

Phthalocyanines are a class of molecules with two-dimensional 18m-electron aromatic
porphyrin derivatives, composed of four bridged pyrrole subunits linked through nitrogen
atoms. The fundamental chromophore of phthalocyanine is (4n+2) n electron cloud in its ring
moiety providing strong delocalization to the n-electrons around their perimeter.
Phthalocyanines are stable chemically and thermally and also support intense electromagnetic
radiation due to their electronic delocalization. In order to allow the fine-tuning of physical
properties of phthalocyanines, the two central H atoms can be replaced by several metal ions
and varying substituents can be incorporated both at the peripherals of the macrocycle and axial

positions (72) to control their optical behavior.

These unique tuning of physical properties led phthalocyanines and its derivatives to utilize
them as not only dyes but also molecular materials used in electronics (73) biomedicine (74)
and optoelectronics (75). Phthalocyanines though possess long n-m electronic conjugation
which provides good photostability and strong absorption band, which falls often below 700
nm. Studies revealed that incorporation of benzene ring enables Phthalocyanines to tune their
absorption from visible to NIR spectral regions. In spite of their wavelength tuning and unique
physical properties, phthalocyanines were less explored for their application in bioimaging due
to their ease of aggregation in biological systems. Tremendous enhancement in advancing and

tuning the physical properties of phthalocyanines towards their application in bioimaging and
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potential utilization in cancer therapy (76-82), in this current dissertation, we focused on two

classes of NIR molecules namely squaraine and cyanine dyes mainly.

1.3. Bovine Serum Albumin (BSA) as Protein model

The most recognized type of albumin is serum albumin. It is utmost common in the blood or
serum but it may also appear in other fluid compartments. Serum albumin is the most abundant
protein in blood plasma and is produced in the liver. It forms a large proportion of all plasma
protein and acts as the transporter and disposition of many drugs. The specific type of albumin
proteins includes Human Serum Albumin (HSA) and Bovine Serum Albumin (BSA). The
human version is human serum albumin, and it normally constitutes about 60% of human
plasma protein. In general, albumin play the significant role in the human and animal body.
BSA has been frequently used as a model protein for investigating protein folding and ligand
binding mechanism (83). In this regard, Bovine Serum Albumin (BSA) has been studied
extensively, partly because of its structural homology with Human Serum Albumin (HSA) (84-
85).

BSA is a globular protein composed of 3 structurally similar domains, each, in turn,
possess two sub-domains which are stabilized by 17 disulfide bridges. It is acknowledged that
heterocyclic and aromatic ligands were observed to bind hydrophobic sites in subdomains IIA
and IIIA which are known as the site I and II respectively. The intrinsic fluorescence property
of BSA protein is considered to be originating from the tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) residues (86). When it interacts with new compounds, its intrinsic
fluorescence property regularly changes with that of ligand's concentration. The specific
interactions of dye with BSA originates from the presence of two structurally selective binding
sites, a namely the site | and site II. The binding affinity offered by site I is purely hydrophobic
interactions whereas the site II involves a combination of hydrophobic, hydrogen bonding and
electrostatic interactions (87). Thus the mechanism of interactions between ligands and

proteins can be studied by employing fluorescence spectroscopy technique (88).
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1.4. Aim and Motivation of Thesis

Biosensors have become a major scientific interest with a huge potential application towards
POCT devices for the monitoring of healthcare and medical diagnostics owing to their ease of
handling, eco-friendliness and use of small amount of analytes. The major applications of
biosensors include monitoring glucose level in diabetes patients, food analysis, environmental
application, drug discovery, protein engineering, the study of biomolecules and their

interactions, industrial process control medical diagnosis and waste management treatment.

Though different types of biosensors were developed in past and are commercially
available as well, the most successful story for a biosensor is with the detection of glucose level
by Glucose Biosensor. In spite of the fact that enzyme based biosensors are extensively used,
the limitations such as loss of activity during immobilization and interference from other
analytes should be considered for developing the robust biosensor. A variety of microbial
sensors were also developed towards the application in the environmental, food and biomedical
arena, but the design and development of highly satisfactory sensor are still hampered due to
their long response time, low sensitivity and poor selectivity. With the enhanced knowledge of
improved recombinant DNA techniques and genetic information of microbes, an efficient fast

responsive and the extremely selective sensor can be designed.

In the aspect of immune-sensor, the studies are yet to be explored in two different outlines.
Firstly the construction of immunosensor arrays to monitor antigen-antibody reactions and
secondly the expansion and acceleration of antibody production through recombinant
techniques. The important prerequisite for the development of highly sensitive and satisfactory
ion channel sensor is still hampered in the aspect of improving the stability of bilayer
membrane which governs as ligand-gated ion channels. DNA based biosensors were motivated
by their application to clinical diagnosis, forensic investigations, and genome mutation
detection. Though different types of DNA sensors were designed based on electrochemical and
piezoelectric sensors to detect and bind complementary strands of DNA to an analyte, scope
and ability to recognize a change in single nucleotide signifies a remarkable development and
promising challenges for geno-sensor technology. Limitations of different types of
electrochemical-based biosensors include short shelf life of sensor, cross-sensitivity due to
interference with other components present in the system, sensors tolerate limited temperature

range and low humidity and high temperature leads sensor electrolyte to dry out, therefore,
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greater exposure of the sensor to specific targets shortens the life span.

Considering the above-mentioned limitations with different types of biosensors, optical
biosensors have emerged as potential candidates for the POCT devices due to their small size,
flexibility to use in various applications and fast response, no electrical device interactions and
good biocompatibility. The technological development of optical based biosensors met
exponential growth due to their unique potential for real time monitoring, direct and label-free
detection of different analytes. Although optical sensors are strong contenders for POCT
devices due to the existing challenges such as utilization of single analyte at a time, sensitivity
towards interfering agents, prior analyte processing for high sensitivity and low throughput are
to be considered. To overcome these limitations, we need sensitive high-throughput detection

and is best if it is compatible with the imaging process.

The aim of the current thesis is to focus on fluorescence-based sensing by design and
development of novel sensitive fluorescent probes for the detection of the target enzyme.
Detection of fluorescence is rather more sensitive as compared to its optical detection
counterparts and if it is compatible with the microarray technology, high-throughput detection
can also be ascertained. Of course, NIR dyes have been a material of choice, because of their
features like high potential for in-vitro/in-vivo Bio-imaging, good tissue penetration depth,
lower noise due to auto-fluorescence of biological components, the possibility of direct use of
biological fluids and last but not least is the possibility of simultaneous multi-color and multi-
target detection. Taking these advantageous features of NIR dyes into consideration, efforts
have been directed to design and develop NIR fluorescent dye molecules with wavelength
tunability to develop bio-probe. Prior to FRET application, these dyes were subjected to the
investigation of their interactions of BSA which is most versatile protein model to understand
their biocompatibility. Finally, a one-pot dye-peptide conjugate (SQ 1 PC) was synthesized
and its efficient fluorescence quenching was demonstrated which led to the fluorescence ON

biosensing in the presence of the enzyme.
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1.5. Organization of Present Thesis

This thesis explores and displays the synthesis of far-red and near infra-red sensitive squaraine
and cyanine dyes respectively. The effort had been made to utilize these dyes for interactions
with biomolecules to understand the effect of substituents and their aggregation behavior on

complexed with serum albumin.

The first chapter describes the role of biosensors in the field of medicinal science towards
the application of early stage detection of human diseases. The current status and necessity of
biosensors in various fields are also discussed from clinical on-site treatment using Point of
Care testing (POCT) devices along with merits and demerits of different types of biosensors
which are developed towards the application. This chapter highlights the significant research
and technological development of optical biosensors which met exponential growth for real-
time detection of various biological and chemical analytes. This chapter also highlights current
status and development of fluorescent biosensors in order to overcome the limitations such as

autofluorescence from biological samples, high sensitivity and throughput detection.

The second chapter deals with the details of instruments, techniques and characterization

methods used in this current thesis.

The third chapter summarizes the successful synthesis of direct carboxy ring functionalized
symmetrical NIR squaraine dyes (SQ-1, SQ-2, SQ-3 and SQ-4) from their respective
quaternary heterocyclic ammonium salt containing N-alkylated group and effort had been made
in order to explore their potential application as fluorescent probes to sense protein in
phosphate buffer solution (PBS), these dyes were subjected to investigate their interaction
using Bovine serum albumin (BSA) as a model protein to observe the influence of alkyl chain

with varying functional groups of the dyes.

The fourth chapter summarizes the detailed synthesis and photophysical characterization
of representative unsymmetrical NIR cyanine dyes bearing direct carboxyl functionalized
indole ring at one end and whereas the other terminal indole ring was substituted with electron
donating -OH and electronic withdrawing -I groups. The study had been made to investigate
the behavior of these dyes on interaction with Bovine Serum Albumin as a protein model.
These newly designed dyes bearing -COOH functionalized indole ring provide the capability
of covalent coupling with biomolecules such as peptides, oligonucleotides and proteins to
enhance their application potential as fluorescence probes.
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The fifth chapter deals with the synthesis of unsymmetrical squaraine dye (SQ-1) bearing

—COOH functionalized indole ring which facilitates its easy coupling with biomolecules. Near

infra-red (NIR) sensitive and self-quenching fluorescent probe based on the dye-peptide

conjugate (SQ 1 PC) was designed and synthesized by facile and efficient one-pot synthetic

route for the detection of Elastase activity. The fluorescence of the peptide conjugate was self-

quenched owing to the assembled fluorophores on the substrate-assisted by strong dye

aggregation in phosphate buffer solution. Very fast and efficient fluorescence recovery was

observed on hydrolysis of the peptide conjugate by elastase enzyme. This facile one pot

synthetic strategy and possibility of wavelength tuning of squaraine dyes offers the potential

application for the design and development of novel NIR probes for the efficient profiling of

proteases.
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Chapter 2: Instrumentation and Characterization

2.1. Electronic Absorption Spectra

It refers to the use of ultraviolet (UV) and visible region of the electromagnetic radiations for
getting the absorption and reflection properties of different materials such as transition metal
ions, highly conjugated organic compounds, etc. The UV radiation ranges from 10 nm to 400
nm and visible radiation ranges from 400 nm to 760 nm. In electronic absorption spectroscopy,
the electron is made to excite from an initial low energy state to a higher state by the photon
energy provided by the spectrophotometer and is detected in the absorbance spectrum. The

working principle of UV Spectrophotometer is shown in figure 1.
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Figure 1. The working principle of UV-Vis Spectrophotometer

Absorbance is defined as a capacity of the substance to absorb light at the specified wavelength.
Using absorbance of the substance one can calculate molar absorption coefficient of the
substance. The molar absorption coefficient is a measurement to define how strongly a
chemical species absorbs light at the particular wavelength. The units for molar extinction
coefficient is expressed as L.mol'.cm™.

According to Beer lambert law
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Where € is molar extinction coefficient, C is the concentration of the substance, [ is the path
length of the cell.

Equation 1 can be modified as
A
‘T
Upon incidence of light on the material either gets reflected back or pass through or get
absorbed. Absorbance is the difference the incident light (Ip) and transmitted light intensity (I).
The absorbed light is either defined in terms of transmittance or absorbance. Light is guided

through the sample and by detecting output light intensity absorbance is plotted as a function

of wavelength is measured.

Figure 2. UV-Visible Spectrometer used in the present work

The presence of an absorbance band at a particular wavelength is used for identifying the
material as the absorption peak is characteristic to a particular compound and therefore utilized
to identify the material composition. The utilization of absorbance studies for characterization
of material is very well reported (1-2). The model spectrophotometer used for the current study

1s JASCO V-670 as shown in figure 2.
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2.2.  Fluorescence Spectroscopy

Fluorescence spectroscopy is a kind of electromagnetic spectroscopy which analyzes
fluorescence from a sample. Usually, an ultraviolet beam of light is used to excite electrons

and cause them to emit light.

Molecules have different states referred as energy levels. Fluorescence is primarily concerned
with vibrational and electronic states (3-4). The species is excited by absorbing a photon from
its ground state to one of the different vibrational states in excited energy levels. The excited
molecule loses it energy till it reaches the lowest state of excited energy level due to collision
with other molecules. This process can be imagined with a Jablonski diagram as shown in

figure 3a.
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Figure 3 a) Jablonski diagram; b) Schematic representation of fluorescence spectroscopy; c)

working principle of fluorescence and d) simple design of components of fluorimeter.

The molecule then drops to one of the different vibrational levels of ground electronic states
by emitting a photon. The emitted photon will have different energies and frequencies.

Therefore by analyzing the different frequencies of emitted light and their intensities, the
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different vibrational levels of the structure can be determined. In emission measurement, the

excitation wavelength is fixed and the detection wavelength is varied.

The light from the excitation source passes through a Monochromator or filter which
strikes the sample. The incident light is absorbed by the sample and molecules get fluoresce.
A proportion of this fluorescent light passes through the second monochromator of a filter and
reaches detector which is placed in the right angle to the incident beam light. There are different
types of light sources which can be used as excitation light sources which include, xenon arc
lamp, mercury-vapor lamp, lasers and Led lights. The use of monochromator is to transmit
light of an adjustable wavelength with regulating tolerance. The detectors used in fluorescence
spectroscopy are of single-channeled or multi-channeled. The single —channeled detector can
detect the intensity of one wavelength whereas multi-channeled detects the intensities of
different wavelengths. The schematic representation, working principle and design of

components of fluorimeter are shown in figure 3 b, ¢ and d respectively.
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Figure 4. Fluorescence spectrophotometer used in current thesis.

In this current thesis, the fluorescence spectroscopy is used to determine the quantum yield and
fluorescence lifetime of synthesized NIR unsymmetrical cyanine and Far-red sensitive
symmetrical and unsymmetrical squaraine dyes. Fluorescence spectroscopy is also used to
determine the binding interactions of the dyes with BSA as a protein model and hence binding
constant was calculated. The model fluorescence spectrophotometer used in this current thesis

is Jasco FP-6600 shown in figure 4.
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2.3. Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectroscopy involves the interaction of infrared radiation with matter. It is employed
to study and identify chemicals, for a given sample which is of solid, liquid or gaseous. IR
spectrum is basically a graph light absorbance with frequency or wavelength. The cm™ is the
units in which the frequency is expressed. IR study involves triggering molecular vibrations
through irradiation with infrared light. IR spectroscopy aides in providing the information

about the presence of certain functional groups.
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Figure 5. Schematic working principle of IR Spectroscopy

Infrared spectroscopy is based on the fact that when an infrared light is incident on the sample,
the material absorbs specific frequencies characteristic of the bonds present. Upon incidence
of infrared light the bonds or the functional groups present in the molecule vibrate and
resonance occurs when the vibration frequency of incident light matches leading to absorption.
These vibration frequencies are characteristic of a particular functional group or bond. Thus
based on the absorbed vibration frequency the nature of the bond or functional group can be

identified.
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Figure 6. Fourier transform Infrared spectrometer used in this present work

In Fourier transform infrared (FTIR) spectroscopy infrared light is incident on the sample. The
output light signal is detected and the instrument gives absorbance as a function of infrared
wavelength (or equivalently, wavenumber). IR is used to identify the functional groups or
bonds in a molecule (5-7). The IR spectrum was recorded on a JASCO FT/IR 4100 (figure 6).
Samples for IR spectroscopy can be prepared in different ways. Since the current research deals
with solid samples, the sample preparation for solid compounds is of two types. One method
is to grind the sample with nujol mull which is a mineral oil. The second is to grind the samples
with KBr salt. This powder mixture is then pressed between mechanical presses to make a
translucent pellet through which the beam of the spectrometer can be passed (8). Potassium

bromide pellet sample method was used for the compounds under investigation to measure IR.

2.4. Nuclear Magnetic Resonance Spectroscopy

The nuclear magnetic resonance (NMR) spectrum is applied in structure elucidation since the
properties given by it can be associated with the molecular structure of the sample compound.
NMR spectroscopy is dominantly employed in a characterization of organic materials (9). It is
based on magnetic interactions of the nuclei with the external applied magnetic field (10).
Upon application of external magnetic field, the spin of nuclei which is disoriented otherwise

gets aligned. The working principle of NMR is as shown in figure 7. In NMR spectroscopy
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electromagnetic radiation is employed to excite this oriented spin in presence of external
magnetic field to a higher energy state resulting in induction of output radio signal which is

detected and processed.
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Figure 7. Principle involve in Nuclear Magnetic Resonance Spectrometer

The scalar coupling (or J-coupling) signifies an indirect interaction between individual nuclei
in a chemical bond, mediated by electrons, and inappropriate conditions. The chemical shift is
specific to particular nuclei and correlates its chemical environment. NMR is employed to
detect various isotopes of nuclei, such as '"H NMR for hydrogen, '*C NMR for carbon, *'P
NMR for phosphorus and so on. The *C NMR is less sensitive than proton NMR since the *C
is only 1% of the total carbon content on earth (11). '"H NMR spectrum was recorded at 26°C
on JEOL JNM-A500 Nuclear Magnetic Resonance Spectrometer operated at 500 MHz. *C
NMR spectrum was recorded at 24°C on JEOL Nuclear Magnetic Resonance Spectrometer at
125 MHz. NMR spectra were measured in solution with TMS as an internal reference. All 1H
shift values are given in parts per million (s = singlet; d = doublet; t = triplet; m = multiplet).

The compounds were dissolved in appropriate deuterated solvents and NMR was performed.
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2.5. Mass Spectrometer

2.5.1. Fast Atom Bombardment Ionization Mass Spectrometer

FAB is a soft ionization method producing deprotonated or protonated species and was
developed by Michael Barber, University of Manchester (12-13). Mass spectroscopy is used to
identify materials by determining the mass of the free ions in high vacuum (14). The mass
spectrum provides a plot of ion signal versus mass to charge ratio and enables to conclude the
mass to charge ratio and gas phase ions abundance (15). In mass spectrometer analysis, the
target sample is ionized and these ions are segregated according to their mass to charge ratio
by a mass analyzer and the mass spectrum is delivered by the detector. The working principle

of Fab mass is as shown in figure 8.
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Figure 8. The schematic of a fast atom bombardment ion source for a mass spectrometer.
Different types of mass spectrometers are existing in the market. One of the critical variants
among the mass spectrometers is the method of ionization. Samples are ionized by bombarding
with high-energy source beam of atoms or ions (FAB) (16), by electron impact, or by photons
(Laser desorption/Ionization). The material is mixed with a matrix and exposed to
bombardment with the high-energy beam of atoms generally from an inert gas such as xenon
or argon. Two most commonly used matrices are glycerol and m-nitro benzyl alcohol. In the
current study, various compounds synthesized were characterized by the FAB mass

spectrometer by mixing the samples with matrix 2, 2-dithiodiethanol.
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2.5.2. Electrospray Ionization (ESI-Mass)

Electrospray is used in this technique, where high voltage is applied to the sample to create an
aerosol to produce ions. The technique is different from other atmospheric pressure ionization
processes since it produces multiple charged ions effectively. ESI is also known as soft
ionization technique since there is very little fragmentation. This is advantageous as molecular
ion peak is always observed. The ESI method was first reported by Masamichi Yamashita and

John Fenn in 1984 (17). The schematic working principle of ESI-mass is shown in figure 9.
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Figure 9. Working principle of ESI-Mass

The ionization mechanism includes a liquid containing the analyte of interest which is
dispersed by electrospray (18) into fine aerosol. The formation of ion involves solvent
evaporation, the typical solvents used for organic compounds are methanol and acetonitrile.
The aerosol is sampled into first vacuum stage of spectrophotometer through a capillary which
has the potential difference of about 3000V which is heated to aid further solvent evaporation.

The solvent methanol is used in the current thesis to analyze the mass of dyes.

2.5.3. Matrix Assisted Laser Desorption Ionization Time of Flight
(MALDI-TOF Mass)

It’s one another soft ionization technique which is different from ESI-mass in producing far

fewer multiply charged ions. TOF-Mass is used to analyze biomolecules such as peptides,

proteins sugars, DNA and large organic molecules like polymers and macromolecules, which

are likely to be fragile and fragment when ionized by conventional ionization methods. The

schematic working principle of TOF mass is as shown in figure 10.
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Figure 10. Principle involved in TOF mass

The samples were mixed with the matrix in analyzing molecules with TOF-Mass. The matrix
consists of crystallized molecules which are different types of which 3 are most commonly
used namely 3,5-dimethoxy-4-hydroxycinnamic acid, a-cyano-4-hydroxycinnamic acid (a-
CHCA) and 2,5-dihydroxybenzoic acid (DHB) (19). A solution of the matrix is made in a
mixture of purified water and organic solvents such as acetonitrile or ethanol. The matrix
solution is mixed with analyte sample. This solution is spotted onto a MALDI plate. The
solvent vaporizes leaving the recrystallized matrix. The matrix and analyte are supposed to be
co-crystallized. Co-crystallization is a unique factor in choosing the matrix to obtain a better
quality mass spectrum of the analyte of interest. However, molecules with the n-conjugated
system like naphthalene can also serve as an electron acceptor and is used as the matrix (20).
This is particularly used in studying molecules with m-conjugated systems (21). The dyes
synthesized in this current thesis are of the n-conjugated system. Hence MALDI-TOF mass is

used to analyze some of the dye molecules.
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Figure 11. Time of Flight Mass Spectrophotometer

The TOF mass model used in this current thesis is Bruker Microflex-KI shown in figure 11.
The instrumentation includes the use of UV lasers such as nitrogen lasers and ND: YAG lasers.
The laser strikes the matrix crystals in the dried-droplet spot (22). The matrix absorbs the
energy and is desorbed and ionized during the process. The hot cloud which is formed consist
of neutral and ionized matrix molecules, nano-droplets, protonated and deprotonated molecules
(23). The ion observed after this process contains molecules with ions added or removed such
as [M+H]" in the case of an added proton, [M+Na]" in the situation of added sodium and [M-
H]" in the case of removed proton, depending on the nature of matrix, the laser intensity and
voltage used. TOF measurement is typically suited to ionization method since pulsed laser
takes individual shots. TOF instrument is equipped with ion mirror which reflects ions using

an electric field, thus doubling the ion flight path and increasing the resolution.

2.6. High Performance Liquid Chromatography (HPLC)

HPLC is an analytical instrument utilized to separate compounds which are dissolved in
solution (24). It comprises of a pressurized sample inlet, column (stationary phase), pump for
diffusing solvents (mobile phase) and a detector (25). The sample is injected and passed
through the column. The working principle of HPLC includes injection of analytes into the
mobile phase stream and are swept on to the column containing stationary phase. The analytes
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which do not interact with stationary phase pass through the column, they elute first from the
column. The analytes which strongly interacts with stationary phase remain on the column and
never to be seen. The analytes which fall in between these two extremes are the ones which
spend some time in the column. Each analyte spends a slightly different length of time. Hence
by the end of the column, the individual components of the analyte sample can be separated

and detected. The schematic working principle of HPLC is as shown in figure 12.
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Figure 12. Outline working principle of HPLC

The components of a liquid mixture are separated based on their difference in interaction with
the stationary phase which results in different flow rates for individual components (26). The
transportation of different components of the mixture is assisted by the mobile phase. The
interactions between the sample and column are defined by the adsorbent material of the
column. Based on differences in adsorption the components in a mixture are separated if the
column is alumina or silica (27), ion exchange if the column is a solid functionalized with

sulfonic acid (28), size-exclusion if the column is a porous silica or polymeric particles.
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Figure 13. HPLC used in this current work.

The purity of products was also checked by the HPLC (29). The HPLC used in this current
thesis is shown in figure 13. Synthesized squaraine dyes and dye intermediates in this thesis
were analyzed by high-performance liquid chromatography (HITACHI) equipped with
chromolith analytical column (RP — 18e, ¢ 4.6 mm x 100 mm), Integrator D — 5700, UV-Vis
detector L — 7420 and pump L - 7100.
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Chapter 3: Synthesis, Photophysical Characterization and Binding
Interactions of Far Red Sensitive Symmetrical Squaraine Dyes with BSA

Abstract: A series of symmetrical squaraine dyes with —COOH substituted at the 5" position
and varying in the substituents at the N position of the indole were synthesized which readily
absorbed in the far-red region of the solar spectrum. These dyes were then employed to interact
with Bovine serum albumin (BSA) in phosphate buffer solution. These dyes presented a sharp
absorption in the range of 550-700 nm with an appreciable high extinction coefficient ranging
from 1.3 X 10° dm®.mol!.cm™. The rigid conformational structure of the dyes is vividly proved
by the small stokes shift of 10-17 nm. Thus the dye-BSA conjugate formation was proved by
the enhanced emission intensity as well as the bathochromic shift of the absorbance maxima.
These newly synthesized dyes bind with about one order higher binding constant than the
squaraine dyes reported till date. Amongst the squaraine dyes under study in this work, the one
with trifluorobutyl substituent at the N position (SQ-2) proved to be outstanding with a binding
constant of 8.01 x 10° M with BSA.

3. Introduction

3.1. Squaraine Dyes Structure

The squaraine dyes belong to the interesting organic chromophoric system, where an
oxocyclobutenolate core is linked by aromatic or heterocyclic components at both ends leading
to donor—acceptor—donor molecular motif. Due to the planar structures and zwitterionic
properties, squaraine dyes exhibit intense absorption and emission in NIR region. Sensitizing
dyes belonging to squaraine family are of considerable interest as fluorescent labels/probes for
biological and pharmaceutical research owing to their tunable absorption/emission from visible
to NIR wavelength region, high molar absorptivity and reasonably good quantum yields (1-2).
By logical molecular design, the absorption and emission behavior of these dyes can be tuned
from visible to IR wavelength making them suitable for fluorescence imaging since they are
exterior to the self-absorption and auto-fluorescence regions of biological matrices (3). The
strong absorption and emission signal of Squarylium chromophores are due to charge transfer
transitions, in consequence, these chromophores are sensitive to the neighboring environment
(4-5). By estimating the change in optical properties of dyes, the change in environment can be
monitored, which is a key factor and potential for squaraines to become good candidates as
chemo-sensors (6).
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A series of squaraine dyes have been synthesized with different alkyl chains and
substituents at 'N' position of indole producing absorption and emission in the range of 650 to
672 nm. The unique chemical and physical properties of squaraine dyes find their versatile
applications in the area as NIR fluorescent probes, environmental sensors (7), molecular
sensors (8-9), bioimaging and biochemical labeling (10-13), nonlinear optical devices (14-15)
which have gathered huge attentions from the scientific community. For an illustration, the
main concern in sensing design is sensitivity, squaraine dyes can carry out this duty with a

change in color or absorption intensities even at low concentrations.

3.2. Squaraine Dyes Aggregation

Organic dyes are capable of forming supramolecular aggregates comprised of numerous
ordered subunits linked through noncovalent bonds, such as m — & stacking, van der Waals
forces, hydrophilic and/or hydrophilic interactions, electrostatic forces and H-bonds (16-17).
This phenomenon is also common when biomolecules are taken into consideration, in which
H-bond and n—n stacking are very important interactions from DNA to proteins. Squaraine
dyes are very likely to form J- or H-aggregates due to strong n—n stacking interactions and their
rigid and planar zwitterions structures. Though, it is still challenging to control and utilize ideal
self-assembled functional materials established on squaraine chromophores (4). In order to
exploit the properties of H- and J-aggregates in application towards advanced material devices,
one must need to identify and categorize them.

An easy method used was absorption spectroscopy, H-aggregates are characterized by
shorter absorption wavelength which is absorption compared to the monomer band (18). While
aggregates that display a narrow red-shifted band in compare with the monomer band are
generally designated as J-aggregates (19-20). Dye molecules that aggregate in parallel with a
plane-to-plane stacking are termed as H-aggregates while a head-to-tail stacking can generate
J-aggregates, figure 1 displays the formation of aggregates. During excitation, a transition from
ground state to upper state in H-aggregates and to a lower state in J-aggregates leads to the

shifts in absorption wavelength to blue and red, respectively.
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Figure. 1 Illustration of H and J-aggregates based on molecular exciton theory

3.3. Experimental

3.3.1. Materials and Methods

1-lodobutane, 1,1,1-trifluoro-4-iodobutane, 1,3-propanesultone, Ethyl-4-bromobutanoate
used in the present synthesis were purchased from Tokyo Kasei Co. Ltd. Solvents (reagent
grade, Wako chemical company) and Squaric acid were purchased from Alfa Aesar and
used as received. The purity of the synthesized squaraine dyes and dye intermediates were
analyzed by high-performance liquid chromatography (HITACHI) equipped with
chromolith analytical column (RP — 18e, ¢ 4.6 mm x 100 mm) using methanol-water
solvent gradient. Figure 2 indicates the purity of final symmetrical squaraine dyes used for
present investigation which was verified by HPLC. Mass of the intermediates, as well as
final SQ dyes, were confirmed by MALDI-TOF-mass or fast ion bombardment (FAB) mass
in positive ion monitoring mode. For final symmetrical squaraine dyes, high-resolution
FAB-mass (HR-MS) in positive ion monitoring mode was also measured. Nuclear
Magnetic Resonance (NMR) spectra were recorded on a JEOL JNM A500 MHz
spectrometer in CDCI3 or d6-DMSO with reference to TMS for structural elucidation.
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3.3.2. Synthesis of SQ dyes and dye intermediates

Aromatic ring carboxy functionalized indole 2,3,3-trimethyl-3H-indole-5-carboxylic acid
was synthesized following the method reported (21). Symmetrical squaraine dyes and dye
intermediates of 5-carboxy-2,3,3-trimethyl-indole have been synthesized following the

method as shown in Scheme 1.

NH.NH,

J-methyl-2-butanone

Acetic acid,
HOOC Refluxed at 1200C for 8 hrs.

a) R= ledobutane

b) R=1,1,1-trifluoro-4-iodobutane
¢) R=13-propanesultone

d) R= Ethyl-4-bromobutanoate

HOOC

Squaric acid

6

Benzene : Butanol (1:1)

Refluxed at 100°C for 2 hrs. 7
Riza7
4 2) R= (CH,);-CH,
SQ-1: R=R;= (CH,);-CH, 3) R= (CH,);-CF,4
5Q-2: R=R,= (CH,),-Cy 4) R= (CH,)3-SO;H
8Q-3: R=R,= (CH,);-SO,H 5) R= (CH,);-COOE

SQ-4: R=R,= (CH,);-COOC H,

Scheme 1: Synthesis of Symmetrical squaraine dyes

Synthesis of 5-carboxy-2,3,3-trimethyl-1-alkyl-3H-indolium iodide (2-5)

2,3,3-trimethyl-3H-indole-5-carboxylic acid (1, 1 equiv.) and (a, 3 equiv, in Acetonitrile,
950C), (b, 3 equiv, in propionitrile, 1000C), (c, 3 equiv, in DCB, 1350C), (d, 3 equiv, in
propionitrile, 1000C), were added and reaction mixture was refluxed for (a: 48 h, b: 24 h, c: 72
h, d: 24 h) under nitrogen atmosphere to give corresponding 5-carboxy-N-alkyl-indoium
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iodides (2-5). After completion of the reaction as monitored by HPLC, the solvent was
evaporated and the crude product was washed with ample diethyl ether giving the titled

compound. The physical and spectral data of N-alkyl-indolium iodides (2-5) are as follows.

Synthesis of 1-butyl-5-carboxy-2,3,3-trimethyl-3H-indolium (2): Yield 77% with 97% purity
as confirmed by HPLC. FAB-mass (measured 260.0; calculated 260.16) confirms successful
synthesis of the compound (22).

Synthesis of 5-Carboxy-2,3,3-trimethyl-1-Trifluorobutyl-3H-indolium iodide (3): Yield 46%
with 99% purity as confirmed by HPLC. FAB-mass (measured 441.0; calculated 441.04)

confirms the successful synthesis of the compound (23).

Synthesis of 5-carboxy-2,3,3-trimethyl-1-(3-sulfopropyl)-3H-indol-1-ium (4): Yield 59%
with 99% purity as confirmed by HPLC. FAB-mass (measured 326.1066; calculated 326.1057)

confirms the successful synthesis of the compound (24).

Synthesis of 5-carboxy-1-(3-ethoxy-3-oxopropyl)-2,3,3-trimethyl-3H-indol-1-ium (5): Yield
59% with 99% purity as confirmed by HPLC. FAB-mass (measured 318.1698; calculated
318.1700) confirms the successful synthesis of the compound (25).

Synthesis of symmetrical squaraine dyes

Symmetrical SQ Dyes (SQ-1-4) were synthesized using corresponding carboxy functionalized
trimethyl-indolium iodide salt 2-5 ((2 equiv.) and squaric acid (1 equiv.)) in 1-butanol: benzene
mixture. The reaction mixture was refluxed for 18 h using Dean-Stark trap for azeotropic
removal of water. After completion of the reaction, the reaction mixture was cooled, the solvent
was evaporated and the product was purified by silica gel column chromatography using
chloroform: methanol as eluting solvent. The physical and spectroscopic data of symmetrical

SQ dyes are as follows;
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Figure 2. HPLC chromatogram of symmetrical squaraine dyes.

Synthesis of N-butyl substituted squaraine dye SQ-1: Yield 64 % with HPLC purity 100 %.
MALDI-TOF-mass (calculated 596.29 and observed 597.25 [M+H]"). HR-MS (calculated
596.288 and observed 596.296 [M]"). 1H NMR (500 MHz, d6-DMSO): d/ppm = 12.85 (b, —
COOH), 8.04 (dd, H-6), 7.96 (dd, H-4), 7.43 (dd, H-7), 5.90 (s, H-10), 4.13 (q, 2H, H-13), 1.76
(m, 2H, H-14), 1.70 (s, 6H, H11 + 12), 1.40 (m, 2H, H-15), 0.95 (t, 3H, H-16) confirms the
successful synthesis of the dye.

Synthesis of N-Trifluorobutyl substituted squaraine dye SQ-2: Yield 71 % with HPLC purity
100 %. FAB-mass (calculated 704.23 and observed 705.0 [M+H]") confirms the identity of the
compound. |H NMR (500 MHz, d6-DMSO): d/ppm = 8.03 (d, H-6), 7.96 (d, H-5), 7.98 (d, H-
7), 7.96 (d, H-4), 5.92 (s, H-10), 4.23 (t, 2H, H-13), 1.93 (m, 2H, H-14), 1.71 (s, 6H, H11 +
12) confirms the synthesis of dye.

Synthesis of N-sulfopropyl substituted squaraine dye SQ-3: Yield 42% with HPLC purity
100 %. FAB-mass (calculated 728.17 and observed 729.00 [M+H]") confirms the identity of
the compound. 1H NMR (500 MHz, d6-DMSO): d/ppm = 7.94 (d, H-7), 7.88 (d, H-5), 7.47 (d,
H-4), 5.85 (s, H-10), 4.19 (t, 2H, H-13), 2.48 (m, 2H, H-14), 1.94 (t, 2H, H-15), 1.2 (s, 6H,
H11 + 12) confirms the synthesis of dye.

Synthesis of N-butoxybutyl substituted squaraine dye SQ-4: Yield 42 % with HPLC purity >

80 %. FAB-mass (calculated 769.9040 and observed 769 [M]") confirms the identity of the
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compound. 1H NMR (500 MHz, d6-DMSO): d/ppm = 8.04 (d, H-7), 8.02 (d, H-5), 7.99 (d, H-
4), 6.01 (s, 2H, H-10), 4.14-4.16 (t, 4H, H-17), 1.58-1.61 (m, 4H, H-14), 1.48-1.51 (t, 4H, H-
15), 1.24-1.27 (m, 2H, H-18), 0.90-1.01 (m, 6H, H-11+12) confirms the successful synthesis
of the dye.

3.4. Results and Discussion

3.4.1. Photophysical Characterization

The far-red sensitive dyes were subjected to photophysical investigations pertaining to the
electronic absorption and fluorescence emission spectroscopy. The electronic absorbance and
fluorescence emission spectroscopy data of the far-red sensitive Squaraine dyes are tabulated
in table 1. Figure 3 depicts the solution state absorbance and fluorescence spectra of dyes in

dimethylformamide (DMF) as the solvent.

Table 1. Photophysical properties of symmetrical squaraine dyes in DMF solution

Sensitizing A (max) A (max) Stoke (e)
Dyes Absorption Emission  Shift  (dm* M cm™)
SQ-1 650 nm 662 nm 12 nm 2.2x105
SQ-2 652 nm 664 nm 12 nm 1.4x105
SQ-3 656 nm 666 nm 10 nm 1.5%105
SQ-4 655 nm 672 nm 17 nm 2.3x105
1.4 900
0 SQ1
wooc s oon sQ2 | 800
1.2 1 N\ N \
R & \ SQ3
$Q-1: R-R,— (CH,),CH, \ sQ4 [ 700
11 SQ-2: R=R,=(CH,);-CF; \ - —-=-5Q1 z
$Q-3: R=R,— (CH,); SO;H n L 600 %
SQ-4: R=R,= (CH,);-CO-OC H, I T osQ2 s,
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Figure 3. Electronic absorption (solid line) and fluorescence emission (dashed line) spectra of

dyes in DMF solution (5 pM). The inset shows the molecular structure of squaraine dyes.
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The N substituted alkyl group on the indole moiety plays a pronounced role on the absorbance
maxima of the respective dyes where the value of Amax ranges from 650-656 nm with a high
molar extinction coefficient ranging from 2.34 x 10° to 1.45 x 10° dm® M! cm™!. The high
extinction coefficient is attributed to the strong n—n* electronic transitions. The fluorescence
emission spectra were measured slightly below (about 12 to 16 nm) to the resultant Amax of
absorption spectra. The peak maxima of the fluorescence emission band range from 662 to 672
nm with a small stoke shift of 10-17 nm. The stoke shift is depended on the conformational
changes of the molecule after photoexcitation. A small stoke shift is attributed to the rigidity
of the molecule where there is negligible conformational change after photoexcitation.
Similarly, a fathomable stoke shift is due to the change in the molecular conformation upon

photoexcitation.
3.4.2. Binding Assay of Squaraine dyes with BSA

0.1 M PBS at almost neutral pH (7.4) and squaraine dyes solutions at 2 uM were used to employ
the protein (BSA)-dye assay. To the concentration range of (0-10 uM) of PBS/BSA, 100 ul of
0.1 M DMF dye solution was added and stirred thoroughly at room temperature before
recording their absorbance and emission spectra. Titrations of dyes were carried out at 25°C,
to compare the interactions between protein and dyes. Hence, the apparent binding constants

(Ka) was calculated using equation 1. (26)

1 1 1 1

(Fe—Fy)  (Fao—Fo) | KaIBSA] (Fw — Fy)

(1

Where, Fo, Fx, and F are the fluorescence intensities of dyes in the absence, the presence of
BSA and at a concentration of complete interaction, respectively, while [BSA] is the protein

concentration. Equation [1] can be modified as

(Foo - FO) _ 1

Fo—Fo) ' K,[BSA] @)

The binding/association constant (K,) values for the interaction between the BSA and Squaraine dyes
were calculated from the slopes of the corresponding plots between the (F. — Fo)/(Fx — Fo) as a function

of [BSA] ! as per the equation (2).
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Interactions of dyes with BSA

The interaction of squaraine dye with model proteins like bovine serum albumin (BSA), human
serum albumin (HSA), avidin and ovalbumin helps in determination of the protein sensing of
the dye. PBS was used as a buffer to investigate the interactions between dyes and protein
which have a wide application in imaging and sensing applications for ligand binding
mechanism and protein folding (27). When it comes to the investigation of the interactions
between dye and protein molecule, noncovalent labeling of biomolecules is par excellent than
the covalent part. There are reports that BSA interacts non-covalently with proteins leading a
distinct color change of the solution. Thus non-covalent labeling technique was employed to
circumvent the purification steps and chemical interaction of biomolecules with dyes towards
the application of optical imaging (28). Figure 4 shows the binding sites of BSA and possible

interaction of dye.

Figure 4. 3D structure of BSA and its binding sites.

Frank Welder et al have studied the noncovalent labeling of both Bovine Serum Albumin (BSA)
and Human Serum Albumin (HSA) with NIR Squarylium dyes using absorption detection techniques
(29). Bovine serum albumin (BSA) is a globular protein which has been prominently used as protein
model to investigate the interactions between dye and protein owing to its high homology with HSA in
the amino acid sequences (30). Therefore, dyes used in this work have been subjected to investigate

their interaction with BSA as a model protein.
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Figure 5. Electronic absorption spectra of SQ-1 in 0.1 M PBS at different concentrations of
BSA for fixed dye concentration of 2 uM.

Figure 5 shows the absorption spectra of SQ-1, a representative of Squaraine dyes, in presence
and absence of BSA. There are two distinct electronic absorption bands in the wavelength
region of 250-300 nm and 620-680 nm corresponding to the absorption of BSA and the dye
respectively. A gradual increase in the intensity of absorption between 250-300 nm was
observed on the gradual increase in the BSA concentration. A red shift of 10 nm from 639 nm
to 649 nm is observed on the interaction of BSA with the dye which is contributed by the
increased concentration of BSA and formation of aggregates. There was initial decrease
(hypochromism) in absorption intensity which continues up to 4-6 uM along with the presence
of'isosbestic point and then remains constant upon the further addition of BSA. The equilibrium
between the free and bound protein is simple in all dyes which are clearly indicated by the
presence of isosbestic point. The red shift could be attributed due to the presence of
hydrophobic environment provided by BSA to the dye SQ-1 which indicates the development
of dye-BSA conjugate pair. It is well known that squaraine dyes are prone to dye aggregate
formation in the solution owing to their flat molecular structure. Upon interaction with BSA,
first of all there, is dye-BSA conjugate formation leading to disruption of dye aggregates
resulting into red-shifted absorption maximum. At the same time, compaction of the effective
n-electron density decreases due to dye-BSA conjugate formation leading to the
hypochromicity. Once the conjugate formation is finished, further increase in the BSA (> 6

puM) does not affect the decrease in the intensity of SQ-dye rather than only red-shift. This is
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attributed to the fact that now added additional BSA is involved mainly in the prevention of
dye aggregation rather than conjugate formation. Similar study of interaction between the HSA

and Squaraine dye has also been investigated by Jisha et al. (31)

It is worth to mention that similar behavior has also been observed for the other
squaraine dyes such as (SQ-2, SQ-3, and SQ-4). Figure 6 depicts the absorption spectra of dye
SQ-2 with BSA. The dye SQ-2 also exhibits an initial decrease in absorption intensity up to
6uM and was random on further addition of BSA. The hydrophobicity of molecule is
responsible to show high binding ability towards the protein.

Absorbance

255 355 455 555 655 755 855
Wavelength (nm)

Figure 6. Electronic absorption spectra of SQ-2 in 0.1 M PBS at different concentrations of
BSA for fixed dye concentration of 2 uM.

The enhanced hydrophilicity or least hydrophobicity of SQ-3 is a key factor to exhibit
insignificant interaction with the protein. SQ-3 display random increase and a decrease in
absorption till 5uM and were constant upon further addition of BSA. Figure 7 represents the
absorption interaction of SQ-3 with different concentrations of BSA. Upon the interaction with
BSA, SQ-3 showed enhanced side vibronic shoulder associated with the dye-aggregation
owing to its strong hydrophilic nature due to the presence of two highly hydrophobic -SO3;H

groups in the side chain.

56 |Page
Kyushu Institute of Technology



=
[¥]

——0 nM
——1 M

2 M

3 M
—4puM
——5uM
—6 uM
—7 1M
—8 M
—0 M
— 10 pM

(=
L

2
]

Absorbance
(=]
(=

250 350 450 550 650 750 850

Wavelength (nm)

Figure 7. Electronic absorption spectra of SQ-3 in 0.1 M PBS at different concentrations of
BSA for fixed dye concentration of 2 pM.
The mild hydrophobicity of dye SQ-4 ester is responsible for the binding with BSA. The

interactions of SQ-4 is random and similar to that of SQ-3. Figure 8 displays the absorption

interactions of dye SQ-4 with varied concentrations of BSA.
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Figure 8. Electronic absorption spectra of SQ-4 in 0.1 M PBS at different concentrations of
BSA for fixed dye concentration of 2 uM.

The fundamental basis for fluorescence bio-imaging is to observe changes in the fluorescence
behavior of dyes on interactions with biomolecules. The spectroscopic behavior of squaraine
dyes has been reported to be highly sensitive to the environmental conditions due to their self-
aggregation (32). It was suggested that Squarylium dyes occupy a common hydrophobic site
on protein to form a dye-protein complex, which enhances the fluorescence signal and be used
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for the determination of proteins (33-34). In general, fluorophores are bound to protein either
covalently or non-covalently. And noncovalent labeling technique basically promotes
hydrophobic binding sites. Thus it is a wide potential application to monitor the change in
conformation of the protein and their binding with drugs in biomedical field (28). The
fluorescence emission spectra of dyes SQ-1, 2, 3 and 4 associated with different concentrations

of BSA are shown in figure 9.
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Figure 9. Fluorescence emission spectra of SQ-1-4 with varying concentrations of BSA for a
fixed dye concentration of 2 uM.

Figure 9 shows that the addition of increasing amounts of BSA leads to the increase in
fluorescence intensity along with a red shift of peak maxima. The reason for this bathochromic
shift could be possibly due to the noncovalent interactions between the dye and the BSA. The
bathochromic shift of SQ-1, 2, 3 and 4 of 10, 6, 16, 14 nm clearly presents that the BSA micro-
atmosphere are less likely polar than that of the PBS alone which is solely because of the
hydrophobic interior surface and the exterior surface of BSA. It can be argued that why there
was continues increase in the fluorescence intensity of dye upon the addition of BSA where

absorption maximum saturates up to 6 uM of BSA concentration. As discussed earlier, BSA is
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not only involved in the dye-BSA conjugate formation but also prevention of dye aggregation.
It has also been reported that there is quenching in the fluorescence upon the dye aggregate
formation (35). This is the reason why the addition of the BSA with concentration > 6 uM leads
to further enhancement in the fluorescence intensity of dye by preventing the dye aggregation.
Among the dyes, SQ-3 shows relatively suppressed fluorescence intensity. It can be explained
on the basis of dye aggregation which is prominent in case of SQ-3. H aggregate provides a
supplementary pathway for non-radioactive decay which is the primary cause for low intensity.
However, the addition of 10 uM BSA to SQ-4 amicably increased the fluorescence intensity
by 3 folds. Interestingly, the addition of only 1 pM BSA to SQ-3 increased the same by 5 folds.

The dependency of BSA concentration with the fluorescence intensity of the different
symmetrical squaraines dyes has been plotted in figure 10. It prominently shows a linear
correlation between the fluorescent intensity and the BSA concentration that is there is an
increase in fluorescence intensity when the concentration of BSA is increased was observed
till 6 uM and attained saturation. Though, these dyes exhibit interactions on further addition of
BSA, the emission intensity seems to follow nonlinearity, where the change in fluorescence
intensity is comparatively less as it attained saturation at 6 uM of BSA. The reason for this
linear behavior is the aspect of the non-covalent interaction between the dyes and proteins as a
result of the formation of BSA- dye conjugate. It has been genuinely accepted worldwide that
the drugs or probes interact uniquely with the protein which is basically confined on the protein
concentration (36). The main feature of the dyes to implement it as a probe is its ability not to
disturb the protein structure as the protein structure monitors its function and activity. The
space in the protein where the probe is positioned is more likely to undergo its conformational
change. Thus to avoid the deterioration of the protein structure, a minimum and optimized

concentration of dye as 2 uM is probed to study the dye-BSA synergy.
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Figure 10. Plot of florescence emission intensity at peak maxima for Squaraine dyes as a

function of BSA concentration. Dye concentration was constant (2 uM) for each of the dyes.

The apparent binding constant (K.) for the synergy of the dyes with BSA was computed using
equation (2) by plotting (F» — Fo)/(Fx — Fo) versus the inverse of BSA concentration as
displayed in figure 11. The binding constant value (Ka) was obtained from the slopes of the
curve. For SQ-1, SQ-2, SQ-3, SQ-4, the K, value deduced thus were be 6.2 x 10° M, 8.0 x 10°
M1, 0.3 x 10 M ! and 3.9 x 10® M respectively. Comparing the binding constants of all the
dyes concerned, the dye having the N-trifluorobutyl in the indole moiety was supreme with K,
value about an order of magnitude higher than the rest of the reported dyes (37). The reason
for the high binding potency and hence high (ki) of SQ-2 is due to the optimum
hydrophobicity/hydrophilicity. ~ Implying the same  condition of  optimum
hydrophobicity/hydrophilicity for high binding ability, for SQ-3 the Binding constant is the
lowest which may be due to enhanced hydrophilicity or least hydrophilicity and the secondary

reason could be the high dye aggregation preventing it to interact with the protein.

BSA possess distinct hydrophobic and hydrophilic active sites site I and Site-II (38).
The relative hydrophobicity of ligands (drug or dyes) controls its interaction with BSA, more
generally with Site-I. The dyes under study have similar n-conjugation framework and the —
COOH substituent at the 5™ position. They differ only in the substituent at the N position of
the indole moiety. The relative hydrophobicity of the dyes follows the trend SQ-4 > SQ-1 >
SQ-2 > SQ-3 which is confirmed from the retention time in HPLC. The one having more
hydrophobicity has more retention time. Thus in one word, the binding affinity of the dye with
BSA is controlled by the moderate (balanced) hydrophilic and hydrophobic interactions with
Site-I and Site-I1.
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Figure 11. Plot of (F- — Fo) / (Fx — Fo) as function [BSA] ! at a fixed dye concentration of 2
pM.

3.5. Conclusions

Carboxy functionalized symmetrical squaraines with varying substituents were synthesized
with satisfactory yields and characterized. The dyes were subjected to photophysical
investigations in order to explore their applicability as fluorescent probes. Interactions of these
dyes with BSA as a protein model suggested the formation of dye-BSA conjugates, which led
to the enhancement in fluorescence intensity along with the bathochromic shift of emission
maxima. The interaction between dyes with protein was found to be (SQ-2 > SQ-1 > SQ-4 >
SQ-3) while hydrophobicity of the dyes was found to be in the order (SQ-4> SQ-1 > SQ-2 >
SQ-3) as confirmed by HPLC retention time. The dye SQ-2 showed highest binding ability
with BSA hence showed high binding constant (Ka) which can be attributed to its possible
interactions with both the binding sites of BSA owing to its moderate hydrophilicity as well as
hydrophobicity. The above photophysical characterization reveals that Squaraine dyes can be

used as good fluorophores for designing NIR-FRET systems.
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3.7. Appendix
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Figure 1: TOF Mass of SQ-1.
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Figure 3. FAB Mass of SQ-4.

Figure 4. H-NMR of SQ-1.
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Chapter 4: Synthesis, Photophysical Characterization and Binding
Interactions of Unsymmetrical Cyanine Dyes with BSA

Abstract: A series of model NIR sensitive unsymmetrical cyanine dyes bearing direct —
COOH functionalized indole ring were efficiently synthesized, characterized and subjected to
photophysical investigations. These unsymmetrical cyanine dyes were then subjected
to investigate their interaction with bovine serum albumin (BSA) as a model protein in
Phosphate buffer solutions (PBS). These dyes exhibit intense near infra-red light absorption
and emission with high molar extinction coefficients and exhibit a blue shift in PBS solution
owing to their enhanced dye aggregation. Interaction of these dyes with BSA leads to not only
enhanced emission intensity but also bathochromically shifted absorption maximum due to the
formation of the dye-BSA conjugate. These dyes bind strongly with BSA having an order of
magnitude high binding constant as compared to the typical values reported for typical cyanine
dyes. Amongst the unsymmetrical cyanine dyes used for present investigation one having
substituents like lodo and carboxylic acid in the terminal Indole ring (UCD-4) exhibited the
highest association with the BSA having very high binding constant 1.01 x 10’ M"!. Ligand
displacement investigation with one of the cyanine dye UCD-4 having highest binding constant
using dansylproline and dansylamide revealed they have the nearly equal binding capability

(66 %) with both of the site-I and site-1I of the BSA.

4. Introduction

4.1. Cyanine Dyes Structure
The photophysical properties of near-infrared (NIR) dyes within different types of media

resulted in their use in potential applications such as photodynamic therapy, silver halide
sensitizers, laser diodes, and optical data storage (1). Cyanine dyes are a unique class of charged
chromophores with conjugated polymethene framework consisted of two quaternized nitrogen-
containing heterocyclic rings linked together with an intermediate polymethene bridge (2).
Varying the nature of the heterocyclic structure or increase in Polymethine Bridge results in
dye absorption and fluorescence maxima extending into longer wavelengths. NIR polymethene
class of cyanine dyes have attracted a great attention owing to their very high molar extinction
coefficients, small Stokes shift and tunability of optical absorption and emission from visible
to IR wavelength region by judicious molecular design (3). Their fluorescence can be readily
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detected from deep tissues by commercially available imaging modalities making them the
strong contender for the bio-imaging applications (4-6). Therefore, application of NIR sensitive
organic dyes in optical imaging and bio-diagnosis has emerged as a potential candidate due to
its low energy radiation, non-invasive nature and high sensitivity (7-9). In biological
applications, NIR fluorescence can be particularly advantageous due to the absence of
background interference because dye absorption bands are well removed from those most bio-
macromolecules (3). Figure 1 depicts the typical absorption range of organic compounds used

in the study of bio-molecules.

A
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FLUOROPHORES |
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Figure 1. Typical absorption range of organic compounds used for the analysis of Bio-
molecules.

Cyanine dyes have been extensively used in biological research during the last several decades.
When examining the published literature, it is significant to note that this research has
continuously been dictated by the availability of dye. Because visible dyes were made available
much prior than their longer wavelength chromophores, a significant part of the literature
focuses only on dyes exhibiting spectral characteristics (absorption and emission) in the visible
region of the electromagnetic spectrum. In spite of the abundant advantages of using near-
infrared (NIR) dyes, the limitations of former detection methods made the use of the longer
wavelength range less attractive. Since then a large number of research groups have been
dynamically employing the NIR spectral region for a broad range of biological applications.
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Polymethine cyanine dyes, owning a huge number of conjugated systems which commonly
absorb in NIR region. These dyes are potentially used in medical and biological application
due to their solubility in water. In recent years, NIR dyes have been extensively used to study
proteins in solution phase due to their absorption regions lying far beyond the absorption region
of most of the bio-molecules. Cyanine dyes have been used in varied applications such as
fluorescent probes in luminescent materials for labeling (11), analyte-responsive fluorescent
probes (12) and in optoelectronics (13). Wavelength tunable fluorescence emission and good
fluorescence quantum yield enable the cyanine dyes to detect low concentrations of analytes
(14). Recent investigations on cyanine dyes have demonstrated that unsymmetrical cyanine
dyes are more pronounced and gained much interest due to their excellent nucleic acid staining
properties (15). Synthetic versatility due to variable central methene units and availability of a
huge number of aromatic and heterocyclic terminal functionalities, considerable quantum yield,
good tissue penetration, lower noise due to autofluorescence and the possibility of simultaneous
multicolor and multi-target imaging enables the cyanine dyes for the utmost interest as

fluorescent probes/labels (16-17).

Polymethine cyanine dyes are characterized by a chain of methine groups, that is of a
structure of conjugated double bonds (18). The carbon atoms of the methine groups can be
substituted by other groups than hydrogen, or they can be parts of carbocyclic or heterocyclic
ring systems. The polyenes chain which ends with alkyl or other groups, do not influence the
electronic excitation of the dye. In polymethine dyes, the chain of methine groups ends
typically with an electron donor D and an electron acceptor A. The structural backbone of
polymethine dyes is represented in figure 2. Polymethines can be classified by the number of
methine groups where n =0, 1, 2, etc. corresponding to mono-, tri-, penta-methines. In addition,
polymethines can be further divided with respect to the structure of the electron donor-
acceptors. For example, in the largest group of cationic polymethine dyes the donor and
acceptor moieties contain nitrogen. And depending on whether or not both or one of the

nitrogen’s are components of a ring moiety, they are named cyanine or hemi-cyanine.
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A—C \ A—C \

Figure 2. Structural backbone of Polymethine Cyanine dyes

The relationship between dye structure and Spectra

The monomethine cyanine’s typically get absorbed in the visible region, and with each
extension of the chromophore by one vinylene moiety (CH=CH) a bathochromic shift of about
100 nm is achieved (1, 11, 19). Substituents at the chromophore lead to additional shifts in
absorption. Remarkable spectral changes are witnessed with strongly electron withdrawing or
strongly electron donating substituents on the chain. The extensive conjugation may increase
the instability which can result in photo-bleaching or shorten the shelf life of the label. This
instability may be compensated with appropriate dye design such as phthalocyanines or
combining the polymethine chain into a cyclic structure. Patonay and Strekowski’s research
groups synthesize heptamethine cyanine dyes. In their procedure, two heterocyclic moieties are
linked by Vilsmeier- Haack reagent which comprises a heptamethine chain. Polymethine
cyanine’s are weakly fluorescent owing to its conformational flexibility. In common, the
quantum yield of cyanine dyes passes through a maximum value with the extension of the
polymethine chain. The fluorescence efficiency of NIR polymethines is also improved or

enhanced upon immobilization in complexes with biomolecules.

4.2. Cyanine Dyes Aggregation
Cyanine dyes forms aggregate quite readily in aqueous solution. These aggregates display
absorption bands which are different from the monomeric species (11). The aggregate bands
which are bathochromically shifted in relative to the monomeric band are termed as J-
aggregates (20-23). Bands which are hypsochromically shifted when compared to the
monomeric peak are recognized as to H-aggregates. The tendency of dye molecules to form
aggregates be influenced by the structure of the dye and the environment (11). Aggregation of

dyes is mainly promoted by strong van der Waals interactions and/or hydrogen bonding. The
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strong stacking of cyanine dye structure can be promoted by van der Waals interactions due to
the delocalized positive charge on the molecule. Environmental aspects of aggregation include

ionic strength, pH, solvent polarity, concentration, temperature and micellar.

Cyanine dye aggregation can be defined by the exciton coupling model as displayed in
figure 3 (11). Both H- and J-aggregates are composed of parallel dye molecules arranged in
end to end and plane to plane to produce a two-dimensional crystal structure. According to this
model, the dye molecule is termed as a point dipole and exciton state of the dye aggregate
separates into two levels due to the interaction of transition dipoles. The molecules may
aggregate in a head to tail (end to end) or parallel way (plane to plane stacking) to form J- and

H-aggregates respectively.

> —
—>

M H J

Figure 3. Exciton coupling model of Polymethine cyanine dye aggregation

H-aggregates are designated to be in a brickwork formation and J-aggregates are assumed to
be more of a staircase confirmation. In H-aggregates, dipoles are fully coupled and are
promoted to higher energy excited states. Whereas in the staircase conformation, dipoles are
partially coupled and are only excited to the lowest energy excited states. Only J-aggregates
are potential and capable of producing fluorescence with a large quantum yield (24).

Meanwhile, fluorescence only takes place from the lowest energy excited state (Kasha’s rule),
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only J-aggregates will fluoresce. H-aggregates normally possess low quantum yields and molar

extinction coefficients when compared to their monomeric absorption bands (25-27).

4.3. Experimental

4.3.1. Materials and Methods

All the chemicals for synthesis and photophysical characterization are of analytical or
spectroscopic grade and used as received. Synthesized unsymmetrical cyanine dyes and dye
intermediates were analyzed by MALDI-TOF/FAB-mass spectroscopy in positive ion
monitoring mode and nuclear magnetic resonance spectroscopy (NMR 500MHz) for structural
elucidation. Electronic absorption spectroscopic investigations in solution state were made
using UV-visible-NIR spectrophotometer (JASCO V-530 UV/VIS spectrophotometer). At the
same time, fluorescence emission spectrum was also recorded using fluorescence emission

spectroscopy (JASCO FP-6600 spectrophotometer).
4.3.2. Synthesis of Cyanine dyes and dye intermediates

Most cyanine dyes have conventionally been synthesized by a condensation reaction between
an unsaturated bis-aldehyde or its equivalent as Schiff base in the presence of a catalyst and a
heterocyclic base containing an activated methyl group (28). The most widely used catalyst in
this type of reaction is sodium acetate. Narayanan and Patonay reported a unique method for
the synthesis of heptamethine cyanine dyes. The potential of these polymethine cyanine dyes
as precursors for creating functionalized near-infrared biomolecular labels was also reported.
The reaction basically involves heating a mixture of N-alkyl-substituted quaternary salts
derived from 2,3,3-trimethylbenzoindole or 2,3,3-trimethyl indole and 2-chloro-1-formyl-3
(hydroxymethylene)cyclohex-1-ene to reflux in a mixture of benzene and 1-butanol as a
solvent. An important characteristic of this method is that the slower rate of the reaction permits
one to prepare asymmetric dyes from two different heterocycles in a single pot with
satisfactorily yield. These cyanine dyes under investigation can be readily used for various
covalent protein labeling applications since they bear —-COOH group on the terminal of the

indole ring.

Model NIR sensitive unsymmetrical cyanine dyes (UCD-1-4) used in the present study has
been synthesized as per the scheme-1 and reported literature procedures.
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Scheme 1: Synthesis of Unsymmetrical NIR Cyanine Dyes.

Synthesis of substituted indole derivatives (2-6):

The derivatives 5-bromo-2,3,3-trimethyl-3H-indole (2), 5-methoxy-2,3,3-trimethyl-3H-indole
(3), 5-iodo-2,3,3-trimethyl-3H-indole (5) and 2,3, 3-trimethyl-3H-indole-5-carboxylic acid (6)
were synthesized following the methodology reported by Barbero N et al (29), Li H et al (30),

Klotz E J et al (31) and Inoue T et al (32) respectively.
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Synthesis of 2,3,3-trimethyl-3H-indol-5-0l (4):

To a solution of compound 3 in dichloromethane (30 mL) at 0 °C was added dropwise 2
equivalents of 1 M BBr3 in dichloromethane and the mixture was stirred at room temperature
for 12 hours. Upon the completion of reaction as monitored by TLC, the reaction mixture was
washed with a saturated aqueous solution of sodium bicarbonate and the organic extracts were

dried over Na;SOs, filtered, and evaporated to afford 4 as a brown solid in 79% yield (33).

Synthesis of Alkyl-3H-indolium iodides (1a-6a):

The derivatives 1-butyl-2,3,3-trimethyl-3H-indol-1-ium iodide (la), 5-bromo-1-butyl-2,3,3-
trimethyl-3H-indol-1-ium (2a), I-butyl-5-hydroxy-2,3,3-trimethyl-3H-indol-1-ium (4a), 1-
butyl-5-iodo-2,3,3-trimethyl-3H-indol-1-ium (5a) and [-butyl-5-carboxy-2,3,3-trimethyl-3H-
indol-1-ium (6a) were synthesized by following the procedure reported by Pisoni et al (34),
Levitz A et al (35), Oshikawa Y et al (36), Gerowska M ef al (37) and Pandey S S et al (38)

respectively.

Synthesis of Hemi cyanines (7-10):

In a round bottom flask one equivalent of corresponding alkyl-3H-indolium iodides (1a, 2 a,
4a, 5a) and glutaconaldehyde dianil monohydrochloride, along with the catalytic amount of
acetyl chloride were dissolved in acetic anhydride. The reaction mixture was refluxed at 140°C.
After the completion of reaction as monitored by TLC, the reaction mixture was poured on to
crushed ice to precipitate the desired compound as black solid. This was filtered, dried and
purified by silica gel column chromatography (Ethyl acetate: Hexane = 1:1). The title

compound was obtained as green solid (39).

1-butyl-3,3-dimethyl-2-((1E,3E,5E)-6-(N-phenylacetamido)hexa-1,3,5-trien-1-yl)-3H-

indol-1-ium chloride (7) was obtained in 60% yield. MALDI TOF — mass (measured 414.33
[M+H] *;  calculated 413.58),  5-bromo-1-butyl-3,3-dimethyl-2-((1E,3E,5E)-6-(N-
phenylacetamido)hexa-1,3,5-trien-1-yl)-3H-indol-1-ium chloride (8) obtained in 20% yield.
MALDI TOF — mass (measured 492.33 [M] ; calculated 492.48), I-butyl-5-hydroxy-3,3-
dimethyl-2-((1E,3E,5E)-6-(N-phenylacetamido)hexa-1,3,5-trien-1-yl)-3H-indol- I -ium
chloride (9) obtained in 26% yield EST — mass (measured 429.25 [M] *; calculated 429.58), I-
butyl-5-iodo-3,3-dimethyl-2-((1E,3E,5E)-6-(N-phenylacetamido)hexa- 1,3, 5-trien-1-yl)-3H-
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indol-1-ium chloride (10) obtained in 20% yield confirmed the successful synthesis of

intermediate hemi-cyanine's.

Synthesis of Unsymmetrical cyanine dyes (UCD-1 - 4):

In a round bottom flask, one equivalent of corresponding hemi cyanine (7-10) was dissolved
in 20 ml of ethanol. To the above solution one equivalent of Compound 6a, 2 equivalents of
sodium acetate were added. The reaction mixture was refluxed at 95°C. Upon the completion
of reaction as monitored by TLC, the solvent was evaporated under reduced pressure and the
residue was dissolved in chloroform and washed with water to remove excess sodium acetate.
The organic layer was dried over anhydrous sodium sulfate and evaporated under reduced
pressure. The crude was purified by silica gel column chromatography (Chloroform: Methanol

=9:1) to afford the respective compounds as blue green solid (40).

1-butyl-2-((1E,3E,5E)-7-((E)-1-butyl-5-carboxy-3,3-dimethylindolin-2-

ylidene)hepta-1,3,5-trien-1-yl)-3,3-dimethyl-3H-indolium chloride (UCD-1) was
obtained in 10% yield. High resolution (HR)-FAB mass (measured 537.3453 [M] *;
calculated 537.3476). 'H NMR (500 MHz CDCl3): 0.99 (6 H, t), 1.26-1.68 (8 H, m),
1.71 (6 H, s), 1.78 (6 H, s), 3.65-4.10 (4H, t), 6.21-6.99 (7 H, m), 7.45 (1 H, s), 7.49 (1
H, s), 7.81 (1 H, s), 7.91 (1 H, s), 8.05-8.13 (3 H, m). *C NMR (500 MHz, DMSO:
6180.59 (C-17), 8167.16 (C-9), 6166.92 (C-1), 6146.65 (C-6), 5145.67 (C-24), 56142.01
(C-19), 8141.77 (C-5), 6140.30 (C-7), 6136.16 (C-15), 6131.50 (4C, C-11,12,13,14),
0127.60 (C-3, 22), 8125.04 (C-21), 6123.57 (C-20), 123.06 (C-2), 6122.61 (C-23),
0121.87 (C-4), 6112.34 (C-16), 6109.17 (C-10), 649.74 (C-8), 647.21 (C-18), 0643.26
(C-29), 643.23 (C-25), 829.52 (C-30), 628.96 (C-26), 626.76 (C-33), 024.12 (C-34),
819.5 (C-27), 819.44 (C-31), 813.78 (C-32), 513.56 (C-28). FTIR (KBr, cm™): 2958-m
(OH), 1694-s (C=0), 1604-s (C= C), 1515-s (C= C (Ar)), 1417-s (CHz bend), 1365-m
(C-N), 1316-w (C-0O), 833-w (P-substitution), 782-m 714-s (C-H (oop)).

S5-bromo-1-butyl-2-((1E,3E,5E)-7-((E)-1-butyl-5-carboxy-3, 3-dimethylindolin-2-
yvlidene)hepta-1,3,5-trien-1-yl)-3,3-dimethyl-3H-indol- 1 -ium chloride (UCD-2)
obtained in 9% yield. FAB — mass (measured 615.2581 [M] *; calculated 615.2557).
FTIR (KBr, cm-1): 2957-m (OH), 1710-s (C=0), 1609-m (C= C), 1508-s (C= C (Ar)),
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1417-m (CH2 bend), 1347-m (C-N), 1267-w (C-O (carboxyl)), 1086-m (C-O), 824-w
(p-substitution), 723-w (m-substitution), 652-m (C-H (oop)).

1-butyl-2-((1E,3E,5E)-7-((E)-1-butyl-5-carboxy-3,3-dimethylindolin-2-

ylidene)hepta-1,3,5-trien-1-yl)-5-hydroxy-3,3-dimethyl-3H-indolium chloride (UCD-
3) obtained in 5% yield. (HR)-ESI - TOF mass (measured 553.3415 [M] +; calculated
553.3425). 1H NMR (500 MHz CDCI3): 0.97 (6 H, t), 1.12-1.58 (8 H, m), 1.65 (6 H,
s), 1.69 (6 H, s), 3.99 (2 H, m), 4.44 (2 H, m), 6.10-6.99 (7 H, m), 7.2 (3 H, m), 7.99 (2
H, m), 8.33 (1 H, s). 13C NMR (500 MHz, DMSO: 6177.17 (C-17), 6170.09 (C-9),
0166.18 (C-1), 6153.49 (C-6), 6149.34 (C-24), 6144.94 (C-19), 6140.79 (C-5), 6132.49
(C-15), 8131.75 (C-11,12,13,14), 8129.92 (C-3, 22), 5126.99 (C-7), 6123.57 (C-21),
6122.11 (C-20), 6120.89 (C-2), 8104.77 (C-23), 698.67 (C-4), 895.74 (C-10), 693.05
(C-16), 058.26 (C-18), 048.73 (C-25), d844.34 (C-8), 042.38 (C-29), 629.69 (C-26),
028.22 (C-30), 625.54 (C-33), 024.80 (C-34), 620.41 (C-27), 620.16 (C-31), 015.29 (C-
32), 614.55 (C-28).FTIR (KBr, cm-1): 2964-m (OH), 1695-m (C=0), 1605-s (C= C),
1521-m (C= C (Ar)), 1417-m (CH2 bend), 1360-s (C-N), 1291-w (C-O (carboxyl)),
1091-s (C-0), 831-w (p-substitution), 716-s (m-substitution), 658-w (C-H (oop)).

1-butyl-2-((1E,3E,5E)-7-((E)-1-butyl-5-carboxy-3,3-dimethylindolin-2-

ylidene)hepta-1,3,5-trien-1-yl)-5-i0do-3,3-dimethyl-3H-indolium chloride (UCD-4)
obtained in 11 % yield. "TH NMR (500 MHz CDCls): 0.97 (6 H, t), 1.1-1.58 (8 H, m),
1.65 (6 H, s), 1.69 (6 H, s), 4.0-4.10 (4H, m), 6.2-7.2 (7 H, m), 7.55 (1 H, s), 7.63 (2 H,
d), 7.99 (1 H, s), 8.09 (2 H, d). >*C NMR (500 MHz, DMSO: §176.20 (C-17), §173.70
(C-9), 6168.09 (C-1), 6154.23 (C-5), 6147.10 (C-24), 6146.47 (C-19), 6145.07 (C-6),
614091 (C-15), 6133.14 (C-14), 6132.69 (C-13), 6131.68 (C-12), 6129.62 (C-11),
0125.78 (C-7), 8124.06 (C-3, 22), 6123.70 (C-21), 6122.37 (C-20), 6121.87 (C-2),
6119.29 (C-23), 6113.63 (C-4), 8112.14 (C-10), 886.92 (C-16), 669.18 (C-18), 663.35
(C-25), 648.29 (C-8), 844.65 (C-29), 5629.89 (C-26), 629.87 (C-30), 627.98 (C-33),
024.44 (C-34), 620.36 (C-27), 620.13 (C-31), 614.35 (C-32), 614.20 (C-28). FTIR (KBr,
cm!): 2958-m (OH), 1699-m (C=0), 1605-m (C= C), 1506-s (C= C (Ar)), 1415-s (CHz
bend), 1360-s (C-N), 1309-w (C-O (carboxyl)), 816-w (p-substitution), 714-s (m-
substitution), 649-m (C-H (oop)), 554-w (C-I).
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4.4. Results and Discussion

4.4.1. Photophysical Characterization
After the successful synthesis and purification, these NIR sensitive dyes were subjected to
photophysical investigations pertaining to the electronic absorption and fluorescence emission
spectroscopy. Results thus obtained pertaining to the photophysical parameters have been
summarized in table 1. Figure 4 exhibits the solution state electronic absorption and
fluorescence emission spectra of the unsymmetrical cyanine dyes in the dimethylformamide

(DMF) solution.

Table 1. Spectral properties of dyes in DMF and 0.1 M PBS solution at pH 7.4.

DMF solution PBS solution Stoke Shift (e)
(dm’® M
DYE A (max) A (max) A (max) A (max) DMF PBS cm'l)

Absorption Emission Absorption Emission

UcCD -1 764 nm 788 nm 750 nm 770nm  24nm 20 nm 1.1x10°
UCD -2 769 nm 792 nm 755 nm 774nm  23nm 19 nm 1.2x10°
UCD -3 769 nm 792 nm 753 nm 772nm  23nm 19 nm 0.8x10°
UCD +4 774 nm 798 nm 758 nm 770nm  24nm 12 nm 1.4x10°

It can be observed that position of maxima (Amax) for the electronic absorption and
fluorescence emission in DMF are not much affected by the different substituents
(bromo, hydroxyl and iodo) present in main w-conjugated polymethene framework. The
Amax Of unsymmetrical cyanine dyes ranges from 764 to 774 nm with high molar
extinction coefficients (€ = 10> dm® M ! em™!). This sharp and intense light absorption
in this class of dyes is associated with the n—n* electronic transitions. The fluorescence
emission spectra for each of dyes were measured slightly below (about 15-20 nm) to the
corresponding Amax of absorption spectrum as the excitation wavelength. For all of the
unsymmetrical cyanine dyes, one main emission band can be observed which is ranging
from 788 nm to 798 nm, with a small Stokes shift of 23 and 24 nm. This small Stokes
shift represents the rigidity of the molecules without having any conformational changes

after the photoexcitation.
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Figure 4. Electronic absorption (solid line) and fluorescence emission (dashed line) spectra of

UCD-1-4 in DMF solution (5 uM).
To investigate the interactions between the dyes and the biomolecules for imaging
applications, Phosphate buffer solution (PBS) has been most commonly used. Keeping
this in mind, electronic absorption spectra of these dyes were also measured in the 0.1
M PBS solution at pH 7.4 which has been shown in figure 5. It is worth mentioning that
the absorption spectra of cyanine dyes in PBS exhibited slightly blue shifted Amax
compared to that observed in DMF. This behaviour of blue shifted Amax could be
attributed to the enhancement in the aggregation of dye, promoted by the hydrogen
bonding between the dye molecules due to the presence of —-COOH groups. It is well
known that cyanine dyes exhibit dye aggregation owing to their flat molecular structure
(41). Apart from the main n—n* electronic transition, cyanine and squaraine dyes also
exhibit a vibronic shoulder just before the main absorption peak and the vibronic
shoulder has been reported to be the marker of molecular aggregation (42). A higher
value of the ratio of absorbance for the vibronic shoulder with respect to the absorbance
corresponding to the main n—nt* transition indicates an enhanced dye aggregation (43-
44).
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Figure 5. Electronic absorption spectra for unsymmetrical cyanine dyes UCD-1 to 4 in
0.1 M PBS.
An interesting feature that the fluorescence emission of cyanine dyes in PBS showed

slightly red shifted curves with stoke shift less than those observed in organic solvents which
are displayed in figure 6, can also be credited to the aggregation of dyes. The emission
intensities of these cyanine’s in PBS solution are relatively high at similar concentration and
experimental conditions than those reported by Pisoni et al (34). Therefore the dyes UCD-1-4
can be used as potential applicants as quenching probes for the design and development of NIR

fluorescence resonance energy transfer systems.
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Figure 6. Fluorescence emission spectra for unsymmetrical cyanine dyes UCD-1-4 in 0.1
M PBS.

4.4.2. Quantum Yield of Cyanine Dyes

Cyanine dyes are considered to be a vast area of chemical research owing to its wide
applications in biomedical, analytical, biological and various other research fields. Near-
infrared absorbing cyanine dyes have drawn much attention because of their optimal spectral,
biological and chemical properties along with their excellent safety profile (45). The potential
advantages of NIR fluorophores are the ability to penetrate deep into biological tissue as slight
NIR absorption and emission exist in natural biosystems and the pronounced decrease in
autofluorescence which is constantly encountered in the visible region (46). Cyanine dyes can
be regarded as the leading class of NIR fluorescent probes towards biological applications at
the current situation because of their unique, broad wavelength tunability, moderate-to-high
fluorescence quantum yields and high molar extinction coefficients (45). Most polymethine
cyanine’s possess the disadvantage that their Stoke shifts are less than 20 nm. A small Stokes*
can leads to self-quenching and measurement error by scattered light and excitation light. Both

of these key features are responsible for decreasing the detection sensitivity to a greater extent.

Fluorescence quantum yield (¢) is an important parameter towards the development of
fluorescent probes and is an indicator of the capability of a fluorescent probe to convert

absorbed photons into the emitted one in a particular environment. In combination with molar
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extinction coefficient (g), it signifies the strength of fluorescence signal since the product of

the ¢ and € determines the brightness of fluorophore.

Fluorescence emission quantum yield of dyes was estimated based on the comparative
method reported by Williams et al (47), which involves the use of well characterized standard
samples with known ®r values. Basically, the same number of photons can be expected to
absorb when the solutions of the standard and test samples with matching absorbance at similar
excitation wavelength are preferred. Therefore, a simple ratio of the integrated fluorescence

intensities of the two solutions will give the ratio of the quantum yield values.
Grad ] 1]
RlGradgl |n?

Where Qr is the quantum yield of the known (reference) sample, Grad is the gradient obtained
from the plot of integrated fluorescence intensity vs. absorbance, Gradr is the gradient of
reference sample 1 is the refractive index of the solvent. The fluorescence emission quantum
yield assay was done by using different concentrations of dyes ranging from 100 uM to 100
nm in the chloroform as the solvent. The electronic absorption and fluorescence emission
spectra were recorded. The emission spectra were measured using the corresponding Amax of
absorption spectra as the excitation wavelength. Integrated fluorescence intensity (area under
the peak) was obtained and a graph between integrated fluorescence intensity vs. absorbance

was plotted to obtain straight line with Gradient (m).

Table 2. Fluorescent quantum yield of cyanine dyes.

Dye  Quantum Yield (¢)

UCD-1 0.33
UCD-2 0.44
UCD-3 0.19
UCD-4 0.65

A perusal of Table 2 indicates that newly synthesized dyes in this work exhibits moderate the
high ¢ values compared to that of the values reported for a variety of typical NIR cyanine dyes.
Amongst the dyes used in this work, it can be seen that dye UCD-2 exhibit moderate value of
¢ (about 0.44), which can be attributed to the presence of donating group as well as low stoke
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shift than unsubstituted dye and —OH substituted cyanine dye UCD-3 exhibits relatively
hampered value of ¢ (about 0.20) as compared to the unsubstituted UCD-1 (0.33). This could
be attributed the fact that UCD-3 exhibits pronounced aggregate formation and aggregate
assisted non-radiative fluorescence decay leading to the hampered ¢. The dye UCD-4 exhibit
high value of ¢ (about 0.65), due to the presence of heavy metal on the terminus of the indole
ring. The dyes under investigation display’s high quantum yield and the stoke shift is greater
than 20 nm which greatly reduces the defects such as self-quenching and measurement error

due to scattered and excited light there by enhancing the detection sensitivity.

4.4.3. Fluorescence Life time Measurement
The average amount of time the molecule spends in its excited state can be precisely defined
as the fluorescent life time of a molecule (48). When the molecule absorbs a photon, one of the
electrons gets promoted to an excited state and descends to the first excited state vibrational
orbital through intersystem crossing. The molecule can stay in this state for a quite long period
of time, which ranges from hundreds of picoseconds to tens of nanoseconds. The fluorescence
lifetime depends not only on the structure in the excited state, but also rigidity is the most
important factor, and its environment, such as oxygen concentration, viscosity, polarity,
temperature and pH (49). Meanwhile, all these parameters are biologically significant and their
defects often accompanying with to diseases, application of fluorescent lifetime as an imaging
modality in medical biology is promptly developing. The heightened interest in the use of NIR
fluorescent dyes for in vivo and in-cellular imaging studies motivated researchers to evaluate
the FLT of NIR fluorescent polymethine dyes. This class of dyes are particularly used in a
variety of biological applications due to their excellent biocompatibility and spectral properties

(50-52).

The fluorescence lifetime of the dyes in chloroform as a solvent was estimated to
provide insights on excited state decay pathway. It is generally accepted that the photo-
isomerization decay pathway is dependent on solvent whereas internal conversion is the solvent
independent process. There is no clear information about which properties of the solvent
including hydrogen bonding, viscosity and polarity play an important role in decay pathway.
The research conducted by M Y Berezin et al concluded that cyanine dyes are highly sensitive

to solvent polarity (49, 53).
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The study conducted by H Lee and group in 2008 had synthesized structurally diverse
NIR polymethine dyes and their fluorescence life time was evaluated in relation to their
structural properties. Comparative life time study based on modification of heterocyclic system
and methine chain length showed that indolium or benzoindolium polymethine cyanine dyes
display longer life time when compared to benzoindolium trimethine dye. This particular study
had also revealed that the fluorescence life time of polymethine dyes increases from polar to

non-polar solvents. The dyes displayed enhanced lifetime values in chloroform as the solvent.

Table 3. Life time fluorescence measurement of unsymmetrical cyanine dyes.

Dye Lifetime (1)
UCD-1 1.39 ns
UCD-2 1.40 ns
UCD-3 1.40 ns
UCD-4 1.42 ns

Keeping this in view, the fluorescence lifetime of dyes under present investigation was
executed in chloroform solvent. The constant dye solution of concentration 5 uM was prepared
using chloroform and the lifetime measurement were recorded by employing the emission
maxima of corresponding dyes at 20 ns time of scale. The lifetime values displayed by these
unsymmetrical dyes are shown in table 3 and are comparable to the dyes reported by H Lee
(54). Figure 7 displays the lifetime measurement of unsymmetrical cyanine dyes which are
high when compared to the dyes reported. There is no significant change in life time
fluorescence displayed by these dyes though different electron withdrawing, donating and

heavy metal ion substituents are incorporated in the terminus of the indolium ring.
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Figure 7. Life time fluorescence measurement of unsymmetrical cyanine dyes.

4.4.4. Binding Assay of Cyanine Dyes with BSA

BSA is a globular protein made of three main domains that contain two subdomains each: ITA
and IIIA (34). The sub domains are stabilized by 17 disulfide bridges which serve the purpose
as specific binding pockets with the ligands. Both the sub domains comprise of intrinsic
fluorescent residues Tyr 411 and Trp 214 in IIIA and IIA respectively. Trp 214 exhibits the
most fluorescence in the molecule, Tyr displays reasonable fluorescence and is quenched in
the presence of tryptophan residue, amino groups, and carboxyl groups (55). These
hydrophobic residues are the binding sites of interest for noncovalent interactions with cyanine
dyes. Furthermore, as Pisoni and coworkers point out, steric interferences can also affect dye

and protein binding interactions (34).

The protein-dye binding interactions were executed using PBS (0.1 M at pH 7.4) and
cyanine dye solutions (2uM), prepared by the addition of 100 pl of 0.1 M dye solution in DMF
to the various concentrations of PBS/BSA solutions in the concentration range of (0-10 uM).
The methodology adopted was similar to that discussed in chapter 3. This study aims to
characterize a series of unsymmetrical NIR cyanine dyes and their binding behavior with BSA.
Specifically, to study the effect of substitution on the terminal of the indolium ring with various

groups such as electron withdrawing, electron donating and heavy ion was taken into
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consideration while evaluating their absorption and emission properties and their changes upon
interaction with BSA. It is expected that the dye with most hydrophobic moieties will show
preference in binding with BSA thus supporting their potential use for the applications towards

noncovalent labelling of proteins.

In order to avoid the purification steps in labelling of biomolecules with dyes
towards the application of optical bio imaging, noncovalent methods have been
frequently used (19). Patonay and co-workers were among the first to study the
noncovalent labelling of the human serum albumin (HSA) with near-infrared dyes by
using high-performance liquid chromatography (HPLC) and absorption detection (56).
At the same time, bovine serum albumin (BSA) is a globular protein which has been
prominently used as protein model to investigate the interactions between dye and
protein owing to its high homology with HSA in the amino acid sequences (57).
Therefore, dyes used in this work have also been subjected to investigate their
interaction with the BSA as a model protein. Figure 8 depicts the absorption spectra of
one of the representative cyanine dyes (UCD-1) in the presence and absence of BSA. It
can be seen that there are two different sets of prominent electronic absorption bands in
the wavelength region of 250 nm - 300 nm and 700 nm - to 800 nm associated with the
absorption of BSA and dye UCD-1, respectively. Increase in the BSA concentration led
to the gradual increase in the intensity of absorption between 250 nm - 300 nm, which

was associated with electronic absorption of the protein BSA.
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Figure 8. Electronic absorption spectra of UCD-1 in 0.1 M PBS at different concentrations of
BSA for fixed dye concentration of 2 uM.
However, there was random increase and the decrease of absorption intensity associated with
dye in NIR region of 600 nm - 800 nm, a behavior similar to that observed by Pisoni et al also
(33). At the same time, random increase and decrease without any isosbestic point indicate that
the equilibrium between the free and bound protein is not simple in all the dyes under
investigation. Interestingly, Amax associated with UCD-1 which was around 750 nm in the
absence of BSA was found to be bathochromically shifted by 5-10 nm in the presence of BSA.
This could be attributed to the suppression of dye aggregation due to the interactions between
the protein and dye molecules. A similar type of behavior has also been observed for the other

cyanine dyes (UCD-2 and UCD-3and UCD-4) and results have been provided in figure 9.
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Figure 9. Electronic absorption spectra of UCD (2-4) in 0.1 M PBS at different
concentrations of BSA for fixed dye concentration of 2 uM.

The fluorescence emission spectra of UCD-1 in the presence and absence of BSA
is shown in figure 10. It can be seen that dye exhibits increase in fluorescence intensity
near the Amax along with the slight red shift of peak maxima upon the addition of
increasing amounts of BSA. The increase in fluorescence intensity could be attributed

to the possible interaction between the UCD-1 and BSA.
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Figure 10. Fluorescence emission spectra of UCD-1 with varying concentrations of BSA for a
fixed dye concentration of 2 uM.

This interaction may lead to the strengthening of the planar configuration of the dye
molecules especially in the excited state ultimately enhancing the molecular rigidity
after formation of a complex between UCD-1 and BSA. It seems quite probable that —
COOH functionality of dye is expected to the hydrogen bond assisted dye aggregate
formation in PBS leading to the blue-shifted emission maximum (Table 1). In the
presence of BSA in the PBS, this aggregate formation is hampered due to the dye-BSA
complex formation leading to bathochromically shifted emission. For the other dyes
under investigation also electronic absorption and fluorescence emission spectra in the

presence and absence of BSA were also measured and shown in figure 11.
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Figure 11. Fluorescence emission spectra of UCD (2-4) with varying concentrations of BSA
for a fixed dye concentration of 2 pM.

BSA concentration dependence of the fluorescence intensity for various unsymmetrical
cyanine dyes have been shown in figure 12. A linear correlation between the fluorescent
intensity of dyes as a function of BSA concentration was observed. This increase in
fluorescent intensity along with the red shift of Amax can be attributed to the non-covalent

interaction between dyes and protein for the formation of BSA-dye conjugates.
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Figure 12. Plot of florescence emission intensity at peak maxima for cyanine dyes
(UCD-1-4) as a function of BSA concentration. Dye concentration was constant (2

uM) for each of the dyes.

It has been widely accepted that drugs or probes interact differently with the protein
under consideration and their ability to bind depends on protein concentration (33). It
can be clearly seen that ability to bind with fluorescent dyes utilized in this work were
enhanced upon the addition of increasing concentration of BSA. At the same time,
amongst the dyes utilized dye-BSA interaction studies, UCD-4 was found to exhibit the
highest binding affinity BSA. In order to successfully implement fluorescent dyes as a
probe, it is necessary that the dye should bind to the protein without causing any damage
to its three-dimensional conformation which basically governs the protein function and
activity. The conformational changes in protein may occur at the point where the probe
is located. As the dye concentration increases, there may be more damage in its activity.
Keeping this mind, a very low dye concentration of (2 uM) has been used for
investigation of the dye-BSA interaction with all of the unsymmetrical NIR cyanine
dyes. Thanks to high € and good ¢ of the dyes, it possible to investigate the interaction
satisfactorily even at lower dye concentration.

To compare the ability of binding and relative association of dyes with BSA
quantitatively, apparent binding constant (K.) was calculated using equation [2] by
plotting (Foo — Fo)/(Fx — Fo) as a function of the inverse of BSA concentration as shown
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in figure 13. The value of K, was calculated from the slopes of these curves which was
found to be 7.08 x 10° M!, 7.06x10° M1, 3.7 x 10° M and 10.13 x 10° M™! with the
cyanine dyes UCD-1, UCD-2, UCD-3 and UCD-4, respectively. Therefore,
unsymmetrical cyanine dye bearing 5-Iodoindole exhibits highest binding affinity with
the BSA and estimated K, is about an order of the magnitude higher as compared to that
obtained for the typical cyanine dyes (36). This could be attributed to the presence of
direct ring substituted hydrophilic carboxylic acid (—COOH) functional group
promoting hydrogen bonding with binding sites of BSA. On the other hand enhanced
aggregation and competitive interactions due to the presence of two functional groups —
OH and —COOH on the two opposite ends of the chromophore in the dye UCD-3 could
be attributed to the least association with the BSA.

® UCD1
A UCD2
5 o
¢ UCD3 -
X TUCD4
44 Linear (UCD 1)
-~ e
= | e Linear (UCD 2) -‘
1 P2
] X
= I Linear (UCD 3)
= | Linear (UCD 4
' wend X o ® X
= . gttt
1 “’
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

[BSA]™* (uM)*

Figure 13. Plot of (Foo — Fo)/(Fx — Fo) as function [BSA] ! at a fixed dye concentration of 2.0

X

10 M.
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4.5. Conclusions

Direct ring carboxy functionalized NIR sensitive unsymmetrical cyanine dyes having
different substituents (-Br, -OH and -I) have been successfully synthesized and
characterized. These dyes were subjected to the photophysical investigations in order to
explore their applicability as fluorescent probes. Interactions of these dyes with BSA as
a protein model suggested the formation of dye-BSA conjugates, which led to the
enhancement in fluorescence intensity along with the bathochromic shift of emission
maxima. Amongst the various dyes utilized, one with mild electron withdrawing iodo
group (UCD-4) has been found to exhibit the highest affinity towards the association
with BSA. This high binding constant observed in the case of UCD-4 could be
associated with the presence of relatively bulkier iodo group along with the -COOH
group directly attached to the indole ring.
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4.7. Appendix
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Figure 1. TOF Mass of 1-butyl-3,3-dimethyl-2-((1E,3E,5E)-6-(N-phenylacetamido) hexa-
1,3,5-trien-1-yl)-3H-indol-1-ium chloride (7).
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Figure 2. TOF Mass of 5-bromo-1-butyl-3,3-dimethyl-2-((1E,3E,5E)-6-(N-
phenylacetamido)hexa-1,3,5-trien-1-yl)-3H-indol-1-ium chloride (8).
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Chapter 5: Near Infrared Fluorescence Detection of Elastase Enzyme
Activity Using Peptide-Bound Unsymmetrical Squaraine Dye

Abstract

Extended wavelength analyte-responsive fluorescent probes are highly desired for the imaging
applications owing to their deep tissue penetration and minimum interference from
autofluorescence by biomolecules. Near infra-red (NIR) sensitive and self-quenching
fluorescent probe based on the dye-peptide conjugate (SQ 1 PC) was designed and synthesized
by facile and efficient one-pot synthetic route for the detection of Elastase activity. In the
phosphate buffer solution, there was an efficient quenching of fluorescence of SQ 1 PC (86 %)
assisted by pronounced dye-dye interaction due to H-aggregate formation. Efficient and fast
recovery of this quenched fluorescence of SQ 1 PC (> 50 % in 30 seconds) was observed on
hydrolysis of this peptide-dye conjugate by elastase enzyme. Presently designed NIR sensitive
self-quenching substrate offers the potential application for the detection of diseases related to

proteases by efficient and fast detection of their activities.
S. Introduction

Growing demand for point-of-care testing (POCT) devices for home diagnostic and facile
health care monitoring, biosensors have attracted tremendous attentions owing to utilization
of small amount of biological samples, ease of handling and user-friendliness (1, 2). Although,
biosensors are one of the strong contenders for POCT devices, due to the existing challenges
like utilization of single analyte at a time, controlling the sensitivity in the presence of
interfering agents, prior analyte processing for higher sensitivity and low throughput are needed
to be considered for the further development of more efficient and versatile POCT devices. It
is, therefore, necessary to develop biosensors that are sensitive and having the capability of
high throughput detection along with their compatibility with imaging techniques for
simultaneous multi-target analysis (3). The advent of Microarray technology has led the
possibility of rapid profiling of huge number of proteins in a single experiment (4, 5). Working
with protein arrays for biosensing applications is challenging and cumbersome to control polar
and ionic interactions, unspecific adsorption of proteins and preservation of native form of
protein along with their spatial orientations onto the surface after immobilization (6). The
establishment of robust protein biosensing platforms, however, remains changeling. The recent
advancements in microarray technology provide a tool that helps to identify genetic mutations
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in healthy and diseased tissues (7) and are beneficial in clinics (8). The detection of low
abundant protein in the typical mixtures of blood, saliva or urine will enable the early detection
of potential medical conditions. This is the reason why more attentions are being paid for the
development of peptide arrays for rapid and high throughput screening of complex protein
functions including qualitative as well as quantitative estimation of proteases (9, 10). Proteases
are an important class of physiological enzymes which hydrolyze the amide bond at specific
sites of the polypeptide chain thereby playing a vital role in the regulation of a large number of
physiological processes such as cell proliferation/differentiation, apoptosis, DNA replication,
haemostasis and immune responses (11-13). The recent year's study had seen enormous
progress in design and study of molecular imaging towards biomedical applications. The
activity and expression of specific enzymes including proteases can now be analyzed by
various molecular imaging techniques (14) including optical imaging in NIR regions (15).
Human Neutrophil Elastase (HNE) belongs to serine class of proteases and is a proteolytic
enzyme stored in the azurophilic granules of polymorphonuclear cells (16). Although the
proteolytic destruction of bacteria is one of the major roles of this enzyme, its hyperactivity
leads to the pathogenesis of acute and chronic inflammations (17, 18). Excess release of HNE
cleaves the cellular receptors, activates protogenetic mediators and intrinsically involved in the
epithelial as well as endothelial membrane damage (19, 20). Therefore, knowledge of roles
played by different serine protease along with their strict control and monitoring especially

HNE activity has a great importance for therapeutic viewpoints.

In spite of fast growth and development of protease assay methods, methods based on
immunoassay consisted of specific binding to the target protease with antibodies have been
although commercialized and able to estimate the proteases quantitatively (21). However, they
are not much suitable for mapping protease activity and stages of disease which are associated
with protease activity rather than their quantity. In order to avoid these issues of immunoassay-
based detection of proteases, several other methods such as utilization of suitable peptide
substrates based on optical (absorbance/fluorescence) detection and appearance or quenching
of fluorescence emanating from Forster resonance energy transfer (FRET) have been widely
used (22-24). Interaction of proteases with these chromogenic or fluorogenic substrates leads
to the selective proteolytic cleavage of the peptide bond resulting in changes of their absorption
or fluorescent spectral behaviors which form the basis for the detection of protease activity. In
this context, fluorogenic substrates are preferred over chromogenic substrates owing to their
enhanced sensitivity and compatibility with the high throughput fluorescence mapping on
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microarray-based platforms (25). A perusal of the fluorogenic substrates used for the protease
assay reveals that the wide-spread use of fluorescent tags working mainly in the visible or low
wavelength region. In this case, not only auto-fluorescence resulting from the biological
analyte poses a limitation to attain good signal-to-noise (S/N) ratio but also photo-damage to
biological species which cannot be avoided owing to the high energy excitations. In this context,
utilization of fluorophores exhibiting emission in the near-infrared (NIR) wavelength region
not only imparts much higher sensitivity owing to its highly diminished auto-fluorescence from
the biological samples but also are capable of deep tissue penetration leading to efficient bio-
imaging (26). Accordingly, various NIR fluorescent dyes had been designed and developed in
past few years (27-31).

Tung, Ching-Hsuan, et al in 2002 (32) had reported the design and development of NIR
fluorochromes which are modified by small molecules other than peptides and are used
potentially for targeting receptor systems. The probe developed opened the door to more
extensive medical and biological applications like detection of small tumors by endoscopy (33,
34), determination of efficacy of receptor targeted therapeutic agents and non-invasive
measurements of receptors (35). Sreejith et al in 2008 (36) had demonstrated a method for the
detection of low molecular weight aminothiol by employing a n-extended squaraine dye that
exhibits NIR electronic transition. The probe was important in imaging and bio labeling
applications. The probe was used successfully for the detection and estimation of aminothiols
in human blood plasma to confirm the effect of smoking on increased levels of aminothiols in
blood. Yuan, Lin, et al in 2012 (37) demonstrated a unique approach to construction of NIR
fluorescent sensor based on NIR dyes for biological applications in living animals. NIR-H>O»
for endogenously produced H>0, and NIR-thiol for endogenous thiols. These probes serve as
a platform for the development of fluorescent sensors based on hydroxyl functionalized
reactive sites. Zhang, Yongbin, et al in 2015 (38) had reported the development of a fluorescent
probe for the detection of thiols in aqueous media. The probe displayed tremendous
enhancement in fluorescence intensity selectively for Cys, Hcy and GSh thiols over other
amino acids in analytes. The probe exhibited as a good cell membrane permeability and can be
used to mark thiols in living cells. Yao, Defan et al in 2016 (39) reported an effective
fluorogenic probe based on polarity sensitive NIR emission. The probe exhibited high
selectivity and specificity for LPA based on specific recognition between the RDG ligand and
integrin receptor. The probe developed was highly stable in aqueous media and exhibited low
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toxicity in live cells. The probe outcome as an important tool for LPA imaging in NIR optical
window for the application in early clinical detection of ovarian cancer and can be further
applied in wide range of clinical diagnostics. On the other hand, the FRET-based assay requires
the logical development of suitable fluorophore and quencher pair posing synthetic
complications due to the need orthogonal protecting groups while their coupling with peptide

substrate library.

The design of peptide substrates tagged with fluorescent moieties having the capability
of self-quenching and re-appearance of the fluorescence after enzymatic hydrolysis has also
been simplified for the solution of the relatively complicated fluorescence-peptide-quencher
molecular system. This was demonstrated by designing the substrates after the incorporation
of a multiple numbers of identical fluorophores leading to concentration-dependent quenching.
Sato et al have demonstrated the concentration dependent fluorescence quenching for their
fluorescein isothiocyanates (Fluorescent moiety) tagged peptide substrate for Trypsin enzyme
and proteolytic cleave of the peptide bond led to the appearance of the fluorescence (40).
Internally quenched fluorescence-based fluorescent dendritic peptide substrates have also been
reported which exhibit fluorescence ON sensing of chymotrypsin enzyme due to increased
fluorescence emission after the enzymatic hydrolysis of the designed substrates (41). Squaraine
dye belongs to a class of intensely colored dyes having donor-acceptor-donor zwitterionic
molecular framework containing squaric acid as central four-membered ring core surrounded
by electron-rich aromatic moieties. Incorporation of immensely available and judiciously
selected aromatic/heterocyclic systems with varying donor strength it is easily possible to
design a variety of squaraine dyes with tunable light absorption and fluorescence emission

encompassing from visible to IR wavelength region (42).

5.1. Experimental

5.1.1. Materials and Methods

I-iodoethane, 2-methyl-5,6-benzoquinoline, dibutoxy squarate and Elastase used in present
work were purchased from Sigma. Reagent grade solvents, trimethylamine, benzyl bromide,
N,N'-di-cyclohexylcarbodiimide (DCC), Pd/C were purchased from Wako chemical company
and used as received. The amino acids, coupling reagents like Hydroxybenzotriazole

(HOBT.H20), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
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(HBTU), N-Hydroxysuccinimide (NHS ester) and de-protecting reagents such as 4N
HCl/dioxane, 20% DMF/piperidine were purchased from Watanabe chemicals. Mass of the
intermediates as well as final SQ dye and peptide sequence were confirmed by MALDI-TOF
mass and ESI-Mass. The purity of the synthesized peptide sequence and intermediates were
analyzed by high-performance liquid chromatography (HITACHI) equipped with chromolith

analytical column (RP — 18e, ¢ 4.6 mm % 100 mm) using Acetonitrile-water solvent gradient.

Preparation of buffer and stock solutions

Preparation of PBS buffer (0.1M, pH=7.4)

The buffer solution was prepared by dissolving 1.76 g of NaH,P04.2H>0 and 5.49 g of
Na;HPOy4 in 500 ml of water. The pH was adjusted to 7.4 using HCI and NaOH.

Preparation of Peptide conjugate and Elastase stock solution

The 100 uM stock solution of peptide conjugate was prepared by dissolving 1.57 mg in 10 ml
dimethylsulfoxide. The concentration of the peptide conjugate stock solution was determined
by the molar extinction coefficient of SQ 1 dye (¢ = 0.5x10° dm?®.mol!.cm™). The molar
extinction coefficient of peptide conjugate should be twice that of SQ 1 dye as 2 units of dye
per mole is present in peptide conjugate. Therefore the molar extinction coefficient of SQ 1 PC
is 1.05x10° dm®.mol!.cm™. The 1 mM stock solution of elastase (Mol. Wt = 30,000 Daltons)
enzyme was prepared by dissolving 15 mg of elastase in 0.5 ml of PBS buffer.

Enzyme activity Assay

The enzyme activity assay was executed by preparing different concentrations of Elastase
enzyme (3, 9, 21 nmol) from the above-mentioned stock solution with a fixed concentration of
dye-peptide conjugate (10 uM) in PBS. The overall solution used for analysis was 3ml (2.9 ml
dye-peptide conjugate and 0.1 ml of elastase solution). Change in fluorescence intensity as a
function of time with different concentrations of an enzyme was depicted in figure 3b and
Fluorescence emission spectra of 0.1 M phosphate buffer solution of dye —peptide conjugate
(10 pM) at pH 7.4 as a function of time after the addition of 21 nM of an enzyme was depicted

in figure 3a. The self-quenching efficiency (43) was calculated by using the following equation.
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Self-quenching efficiency (%) = [1 — (Fsupstrate/ Feontror)] X 100

Where Fsubstrate 18 €mission intensity after complete hydrolysis of dye-peptide conjugate and

Feontrol 18 emission intensity of dye-peptide conjugate before hydrolysis.

5.1.2. Synthesis of SQ-1 dye and dye Intermediates

Synthesis of 5-Carboxy-2,3,3-trimethyl-1-ethyl-3H-indolium iodide (1)

2,3,3-trimethyl-3H-indole-5-carboxylic acid was synthesized following the procedure reported
by Pandey et al (44). 2,3,3-trimethyl-3H-indole-5-carboxylic acid (1 equiv.) and 1-iodoethane
(3 equiv.) were dissolved in acetonitrile and reaction was refluxed for 24 h at 90°C. The
reaction was monitored by TLC using chloroform: methanol system. Upon the completion of
the reaction, the solvent was evaporated under reduced pressure and the product was
precipitated with ample addition of ether. The solid was filtered and dried, yielded 79% with
purity 98% as confirmed by HPLC. FAB-mass (measured 232.0 [M]"; calculated 232.13).

Synthesis of 3-methyl-N-ethyl-5,6-benzoquinoline iodide (2)

In a round bottom flask fitted with a condenser, 3-methyl-5,6-benzoquinoline (1.93g; 10mmol)
and 1odoethane (3.06g; 20mmol) were dissolved in dichlorobenzene and the reaction was
refluxed at 130°C for 48 hours. The reaction was monitored by TLC and HPLC. After the
reaction, the solvent was evaporated under reduced pressure and ample amount of ether was
added to precipitate the title compound. The solid compound was filtered, washed with ample
ether and dried under vacuum yielded 86% with purity 97% as confirmed by HPLC. Maldi-
Tof Mass (measured 222.0 [M]", 223.0 [M+H]"; calculated 222.0).

Synthesis of semi squaraine (3)

In a round bottom flask with a condenser, 1-ethyl-3-methyl benzoquinolium iodide (2.8g;
8mmol), dibutoxy squarate (1.8g; 8mmol) and trimethylamine (2 ml) were added and dissolved
in ethanol. The reaction mixture was then refluxed for 1 hour. The progress of the reaction was
monitored by TLC. Upon the completion of the reaction as monitored by TLC, the solvent was
removed under reduced pressure. The crude was then purified by silica gel column
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chromatography yielded 60% with the purity of 98% as confirmed by HPLC. Maldi-Tof Mass
(measured 373.65 [M]", 374.68 [M+H]+; calculated 373.16).

Synthesis of unsymmetrical squaraine dye (SQ 1)

Semi squaraine (3, 746mg; 2mmol) was taken in a round bottom flask and dissolved in 30 ml
of ethanol. To this reaction mix, 40 % NaOH (0.6ml) was added and refluxed at 100°C for 30
minutes. The reaction progress was monitored by TLC. Upon the completion, the reaction mix
was cooled and 1.2 ml of 20 % HCI was added. Upon cooling, the solvent was evaporated
under reduced pressure, to this residue 5-Carboxy-2,3,3-trimethyl-1-ethyl-3H-indolium iodide
(716 mg; 2mmol) and 1:1 ratio of benzene/butanol was added. The reaction mixture was then
refluxed at 110°C for 18 hours. The reaction was monitored by TLC and HPLC. After the
reaction, the solvent was evaporated and the crude was purified by employing silica gel column
chromatography yielded 60% with 100 % purity as confirmed by HPLC. Maldi-Tof Mass
(measured 530.11 [M], 531.12 [M+H]"; calculated 530.2) confirms the successful synthesis
of SQ 1. Figure 1 depicts the synthetic scheme of SQ 1.

COOH ’2__,
HOOC
Y HOOC llodoethane
4>-
CH;COOH Acetomtrlle N I

HN—NH,

1 -iodoethane

chhloroenzene @/ ©

Dibutoxy squarate
Ethanol, EtzN

g

COOH i) 40 % NaOH @/ /
i) 20 % HCI
iii) intermediate 1

Scheme 1: Synthesis of unsymmetrical squaraine dye
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5.1.3. Synthesis of fluorescent peptide sequence

Boc protection of amino acids on N-terminal (Boc-Ala-OH)

In a round bottom flask, alanine (4.5g, 50mmol) was dissolved in 20 ml of water and cooled in
ice bath. To this solution triethylamine (10ml, 75mmol) and Boc2O (12g, 60mmol) dissolved
in dioxane was added and stirred at room temperature for overnight. Upon the completion of
the reaction as confirmed by TLC, the solvent was evaporated. The reaction mixture was
dissolved in ethyl acetate and extracted with 4% NaHCO3, 10% citric acid and brine repeatedly
for 3 times. The organic layer was then dried over MgSOQs, filtered and the solvent was
concentrated under reduced pressure. The Boc protected amino acid was then crystallized using

ether and petroleum ether yielding 97% with purity 93% as confirmed by HPLC.

Protection of amino acids on C-terminus (Boc-Ala-OBzl)

In a round bottom flask, Boc protected (Boc-Ala-OH) amino acid (11.4 g, 60mmol) was
dissolved in DMF and placed over an ice bath. To this mixture, triethylamine (9ml, 72mmol)
and benzyl bromide (18ml, 132mmol) was added. The above mixture was stirred at room
temperature for overnight. Upon the completion of reaction as monitored by TLC, the solvent
was evaporated and the residue was dissolved in ethyl acetate, washed with 4 % NaHCO3 and
brine. The organic layer was then dried over MgSOs, filtered and concentrated. The final
compound was crystallized with petroleum ether yielded 84% with purity 92% as confirmed

by HPLC.

De-protection of Boc from the amino acids (HCIl.H-Ala-OBzl)

In a round bottom flask with calcium guard tube, Boc protected (Boc-Ala-OBzl) amino acid
(14g, 50mmol) and 40 ml of 4N HCl/dioxane was added and stirred at room temperature for 3
hours. After the reaction was monitored by TLC, the solvent was evaporated under reduced
pressure and the compound was crystallized using ether. The solid compound was filtered and

dried yielded 99% with purity 99% as confirmed by HPLC.
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Coupling of amino acids (Boc-Pro-Ala-OBzl)

In a round bottom flask, HCl.H-Ala-OBzl (5g, 23mmol) was dissolved in DMF and placed
over an ice bath. To this reaction mixture, triethylamine (4ml, 28mmol), Boc-Pro-OH (5.9g,
28mmol), HOBT.H>O (4.3g, 28mmol) and DCC (5.8g, 28mmol) was added and stirred at room
temperature for overnight. Upon the completion of reaction as monitored by TLC, the solvent
was evaporated, the residue was dissolved in ethyl acetate and 10% citric acid solution was
added to precipitate DCU. The DCU was filtered, the filtrate was washed with 10% citric acid,
brine, 4% NaHCO3 and brine respectively for 3 times. Finally, the organic layer was dried over
MgSOs, filtered and dried yielding 75% of title compound with purity 100 % as confirmed by
HPLC.

Synthesis of Peptide sequence A (Boc-f-Ala-Ala-Pro-Ala-OBzl)

By following the above-described protection, deprotection and coupling methods peptide
elongation was repeated using P-Alanine, Alanine and Proline amino acids. The final
compound (Boc-f-Ala-Ala-Pro-Ala-OBzl) was obtained in 98 % yield with purity 100 % as
confirmed by HPLC.

Synthesis of compound B (H:N-Lys-(Boc)-OH)

In a round bottom flask with Fmoc-Lys-(Boc)-OH (11.71g, 25mmol) was dissolved in DMF
and placed over an ice bath. To this reaction mixture, triethylamine (7.7ml, 55mmol) and
benzyl bromide (3.6ml, 30mmol) was added. The above mixture was stirred at room
temperature for overnight. Upon the completion of reaction as monitored by TLC, the solvent
was evaporated and the residue was dissolved in ethyl acetate, washed with 4 % NaHCO3 and
brine twice respectively. The organic layer was then dried over MgSQOy, filtered and
concentrated. The titled compound (Fmoc-Lys-(Boc)-OBzIl) was yielded in 75% with purity
90% as confirmed by HPLC and further used for the next step.

The compound obtained above, Fmoc-Lys-(Boc)-OBzI (10g, 17.9mmol) was dissolved
in 20% DMF/Piperidine and stirred for 1.5 hours to remove the Fmoc residue. Upon completion
of the reaction as monitored by TLC, the solvent was evaporated under reduced pressure, ethyl

acetate was added to the residue and washed with saturated Na>COj3 twice. The organic layer
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was then dried over NaxCOs3, concentrated and dried under vacuum to obtain compound B (H-

Lys-(Boc)-OBzI) in 96% yield with purity 91% ass confirmed by HPLC.

Synthesis of compound C (H- f-Ala-Ala-Pro-Ala-Lys-OBzl)

The peptide substrate A was dissolved in methanol and Pd/C was added to the mixture and
stirred under H» gas for 1 hour. Upon the completion of reaction as monitored by TLC, the
palladium-charcoal was filtered and the solvent was concentrated under reduced pressure and
dried to obtain (Boc- f-Ala-Ala-Pro-Ala-OH) in 94% yield with purity >90% as confirmed by
HPLC. The obtained compound was further used for the next step, the coupling reaction with

B.

In a round bottom flask, above obtained compound, Boc- S-Ala-Ala-Pro-Ala-OH (6g,
14mmol) and compound B (5.2g, 16.8mmol) was coupled using the above-mentioned coupling
method. The compound (Boc-f-Ala-Ala-Pro-Ala-Lys-(Boc)-OBzI) was obtained in 92% yield
with purity 92% as confirmed by HPLC. The compound was further used in the next step to

remove the Boc residues.

The compound Boc-f-Ala-Ala-Pro-Ala-Lys-(Boc)-OBzI (1.2g, 1.6mmol) was treated
with 4N HCl/dioxane in a round bottom flask with calcium chloride guard tube for overnight.
Upon the completion of the reaction as monitored by TLC, the solvent was evaporated and the
peptide substrate (H-f-Ala-Ala-Pro-Ala-Lys-OBzl) was crystallized using ether. The titled
compound C was then filtered and dried under vacuum, yielded in 98% with purity 85% as
confirmed by HPLC. Scheme 2 represents the synthetic strategy of peptide substrate C. ESI-
Mass (measured 569.3057 [M+Na]’; calculated 546.66) which confirms the successful
synthesis of C.
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Scheme 2: Synthetic strategy of peptide sequence

5.1.4. One pot synthesis of dye-peptide conjugate (SQ 1 PC)
In a round bottom flask fitted with condenser SQ 1 (50mg, 0.1mmol) , DCC (42mg, 0.2mmol),
NHS ester (25mg, 0.2mmol) were dissolved in DMF and refluxed at 50°C for 2 hours. The
reaction progress was monitored using TLC. Upon the completion of the reaction, Peptide
sequence (C, 30mg, 0.05mmol) was added and stirred at room temperature for overnight. After
the reaction is complete, the solvent was evaporated and the crude was purified by employing
silica gel column chromatography using chloroform: methanol as the solvent system. The
peptide conjugate was obtained in satisfactory yield. ESI-Mass (measured 1594.78 [M+Na];
calculated 1571.88) confirms the successful synthesis of peptide conjugate. Scheme 3 depicts

the synthetic scheme of peptide conjugate.
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HN——SQ 1

Scheme 3: Synthetic scheme of peptide conjugate

5.2. Results and Discussion

In this present work, efforts have been directed to design an internally quenched homo-labeled
fluorescent-peptide substrate utilizing a far-red sensitive unsymmetrical squaraine dye coupled
with a peptide sequence susceptible to the pancreatic elastase enzyme. Figure 1 exhibits the
structure of the main building blocks like direct carboxy ring-functionalized unsymmetrical
squaraine dye SQ-1 (1a), Elastase enzyme specific peptide sequence -Ala-Ala-Pro-Ala-Lys-
(OBzl) (1b) along with fluorescent peptide substrate (1c). Figure 1(d) represents the MM?2
energy minimized three-dimensional structure of (1b) and led to the proposal of a possible

structure of peptide-dye conjugate as shown in the Fig. 1(c).
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(d)

Figure 1. Chemical structure of unsymmetrical squaraine dye (a), elastase enzyme specific
peptide (b), peptide-dye conjugate (c) and MM2 energy minimized 3D structure of the peptide

(d).

It can be clearly seen from the structure of our newly proposed peptide-dye conjugate that two
dye molecules are connected to one peptide at either end of the terminals. SQ-1 was selected
as model dye not only due to its NIR fluorescence capability but also an appreciably good
interaction of squaraine dyes with most commonly used model proteins like bovine serum
albumin and human serum albumin (45, 46). It has been reported that pancreatic serine
protease elastase cleaves the substrate at peptide bonds on the carboxyl side of amino acid
residues bearing small alkyl side chain which has led us to design Ala-Pro-Ala as target peptide
for elastase enzyme (47). B-Ala and Lys-containing free amino groups have not only been used
as a spacer but also for assisting the easy binding of the SQ-1 dye with its free -COOH group
in a single one pot reaction. A perusal of this newly designed substrate as shown in Fig. 1(c)
reveals dense packing of the SQ-1, which is expected to bring the internal self-quenching of
the fluorescence. At the same time, the flat molecular structure of squaraine dyes is also
expected to promote the dye aggregation especially in the buffer solution and aggregated dye
molecules have been reported to exhibit the quenched fluorescence (48). Internally
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fluorescence quenched peptide-dye conjugate was synthesized by one-pot reaction of NHS-
ester activated unsymmetrical squaraine SQ-1 and peptide H-B-Ala-A-P-A-K-OBzI as per the

scheme-3.

Electronic absorption spectrum of SQ-1 in dimethylformamide (DMF) solution exhibits
a strong electronic absorption with absorption maximum (Amax) at 672 nm along with the feeble
vibronic shoulder around 610 nm and molar extinction coefficient of 1.02 x 10> dm®.mol!.cm’
! which is associated with m-n* electronic transition which is a typical characteristic of the
squaraine dyes. The Amax absorption and emission, molar extinction coefficient and stoke shifts

of SQ 1 dye and SQ 1 PC in both DMF and PBS solutions were shown in Table 1.

Table 1. Spectral properties of dye and dye-conjugate in DMF and 0.1 M PBS solution at pH

7.4.
DMF Solution PBS Solution
A (max) A (max) Stoke (8) A (max) A (max) Stoke (8)
Absorption Emission Shift (dm*M™' Absorption Emission Shift (dm?®M!
cm™) cm™)
SQ 1 Dye 672 nm 754nm  82nm  1.02x10° 644 nm 700nm  56nm  0.66x10°
SQ1PC 664 nm 736 nm 72 nm 3.7x10° 605 nm 658nm  53nm 0.98x10°

Merging of the vibronic shoulder with the main absorption for SQ-1 in DMF solution indicates
the existence of dye aggregated species. It has been reported that in the case of H-aggregate
formation by squaraine dye, sometimes shoulder becomes even more pronounced as compared
to monomeric dye absorption peak. Prevention of this dye aggregation by using aggregation
preventing species like chenodeoxycholic acid leads to decrease in the absorption
corresponding to this shoulder verifying the suppression of dye aggregation (49). On the other
hand, its emission spectrum shows fluorescence emission peak at 754 nm with relatively large
Stokes shift of 82 nm. Typically, squaraine dyes exhibit a Stokes shift of 20-30 nm due to its
rigid molecular structure and indicate the nearly similar molecular configuration of dyes in
both of the ground as well as excited states (50). This large Stokes shift in the case of SQ-1 in
DMEF solution indicates rather diminished conformational stability of SQ-1 in an excited state
as compared to typical squaraine dyes. On the other hand, the electronic absorption spectrum
of a dye-peptide conjugate (SQ 1 PC) exhibits relatively broader optical absorption having a

blue-shifted Amax at 664 nm and fluorescence emission maximum at 736 nm with a stoke shift
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of 72 nm as shown in the Fig. 2(b). This blue-shift in the absorption and emission maximum
could be attributed to the dye aggregate formation. It has been reported that squaraine dyes
forms the blue-shifted H-aggregates and red-shifted J-aggregates depending on their structure

and molecular environment owing to their relatively flat molecular structure (51).
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Figure 2. Electronic absorption and fluorescence emission spectra of (a) unsymmetrical
squaraine dye SQ-1 and (b) peptide-dye conjugate (SQ 1 PC) in the DMF solution of
concentration 5 uM. Figures (C) and (D) represents the same spectral profile for SQ-1 and SQ
1 (PC) in 0.1 M phosphate buffer at pH 7.4 and concentration of 10 uM, dotted line represents

the emission spectra for corresponding solutions in all the case.

It is interesting to note here that there is a drastic decrease in the fluorescence intensity
associated with SQ-1 for the dye-peptide conjugate as compared to the pure dye SQ-1 having
a similar concentration (5 uM) and the same solvent (DMF). This indicates that SQ-1
undergoes the fluorescence quenching upon its conjugation with peptide under investigation
(SQ 1 PC). In general two basic mechanisms have been proposed for the fluorescence
quenching. First is related to quenching due to fluorescence resonance energy transfer (FRET)

while the second one is related to the concentration dependent static internal quenching. In the
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homo-dye labeled probes, FERT quenching generally occurs when stoke shift is very small
allowing the sufficient overlapping between the absorption and emission spectra of the dye
(52). On the other hand, in the case of static quenching, there is a change in the spectral shape
generally blue-shift in the absorption maximum facilitated by H-aggregate formation (53).
Although both of the mechanism seems to be applicable to explain the fluorescence quenching
of SQ 1 PC, considering the large stoke shift and small spectral overlap contribution from
FRET-based quenching seem to be small. At the same time, blue shifted absorption and
emission maxima which are highly pronounced in the case of phosphate buffer solution (PBS)
as shown in the Fig. 2 (c, d) clearly corroborates the dominance of the second mechanism based
on static concentration dependent quenching. Thus considering the peak fluorescence
intensities of dye alone (SQ-1) and dye-peptide conjugate (SQ 1 PC), fluorescence quenching
efficiency was estimated to be 73 % and 86 % in the DMF and PBS, respectively.

Fairly good internal self-quenching fluorescence of dye SQ-1 after coupling with target
peptide was observed. This property of conjugate enabled us to explore the application of dye-
peptide conjugate as enzyme activity detection based on fluorescence ON bio-sensing. As
discussed earlier, Elastase enzyme recognition probe Ala-Pro-Ala amino acid residue was
chemically bound with the free -COOH group of SQ-1 by simple one pot reaction. It can be
seen from the structure of SQ 1 PC that two terminal amino acids B-Alanine and Lysine have
been introduced to solve the two purposes. Firstly, they function as a spacer to promote the
access of Elastase enzyme towards the target tripeptide Ala-Pro-Ala. Secondly, availability of
free amines allows dense incorporation of SQ-1 dye promoting the internal self-quenching. To
demonstrate this, 10 uM solution of this target dye-peptide conjugate SQ 1 PC was subjected
to enzymatic hydrolysis using Elastase enzyme in 0.1M phosphate buffer at pH 7.4 and
fluorescence emission spectra were measured at different time intervals as shown in figure 3(a).
A perusal of this figure clearly reveals that there was a pronounced recovery of quenched
fluorescence of the dye within 30 seconds and reached to saturation after 30 min leading to
about five-fold enhancement in the fluorescence signal compared to that in the absence of
Elastase. This enhancement in the fluorescence after enzymatic hydrolysis could be attributed
to the fact that dye-aggregate formation is promoted after conjugation of SQ-1 with peptide in
phosphate buffer leading to the H-aggregate assisted efficient fluorescence quenching. After
the enzymatic hydrolysis of the peptide bond, multiple copies of dyes are released and attain
the special separation leading to the re-appearance of the dye fluorescence.
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Figure 3. Fluorescence emission spectra of the 0.1M phosphate buffer solution of dye-peptide
conjugate (10 pM) at pH 7.4 as a function of time after the addition of 21 nmol of elastase
enzyme. Right hand side figure (b) represents the change in fluorescence intensity as a function
of time with different concentrations of elastase for a fixed concentration of dye-peptide

conjugate (10 uM).

Considering the fluorescence intensities before (control) and after enzymatic hydrolysis of SQ
1 PC, quenching efficiency was estimated to be 81 %. This indicates that such a simple and
homo-labeled dye-peptide conjugate based on internal quenching is capable to efficiently
detect the enzymatic activity based on fluorescence ON bio-sensing. Efforts were also directed
to test this designed dye-peptide conjugate by changing the amount of Elastase enzyme (3 nmol
to 21 nmol) for a fixed concentration of this dye-peptide conjugate (10 uM). Based on the
change in the fluorescence intensity as a function of time, enzymatic hydrolysis was monitored
for different enzyme concentration and has been shown in figure 3(b). A perusal of this figure
also indicates that rate of change in fluorescence as a function of concentration is not much
significant. On the other hand, saturation fluorescence intensity after complete hydrolysis
exhibits clear and distinguishing change for different concentrations of the Elastase. Therefore,
consideration of fluorescence intensity at saturation seems to be more plausible for the
quantitative aspects of enzyme activity estimations using such dye-peptide conjugate by the

fluorescence-ON biosensing. It can be seen that in all of the cases the fluorescence intensities
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were reaching saturation after about 25 min. of the enzymatic hydrolysis, while there was

completely no change in the case of control that is in the absence of enzyme.

Overall we have demonstrated the NIR fluorescence quenching promoted by enhanced
dye aggregation of dye-peptide conjugate and disruption of this aggregation in the presence of
enzyme led to the facile detection of proteases based on fluorescence-ON biosensing. Although
detection of Elastase activity has been successfully demonstrated in this work, such design and
concept can be easily implemented to any target protease by judicious selection of suitable
central peptide sequence susceptible to the target enzyme under investigation. Use of single
fluorophore and its one-pot coupling with target peptide sequence provide simplicity and rapid
profiling of various proteases. Such a concept of fluorescence-ON biosensing based on
aggregation-induced fluorescence quenching and re-appearance of fluorescence after enzyme
hydrolysis bears good potential in medical diagnosis based on the qualitative and quantitative
estimation of enzymes. Integration of such dye-peptide conjugates with microarray technology
is expected to tremendously enhance the throughput of analysis. Utilization of such dye-peptide
conjugate for microarray application has been schematically shown in figure 4. Amine
functionalization of glass surface has been widely studied along with the report of very high-
density amine functionalization using 3-amino propyltriethoxysilane (APTS) by Beyer et. al
(54). It can be easily seen from the figure 4(b) that free -COOH group in our proposed dye-
peptide conjugate can be easily obtained by hydrogenation of O-benzyl group using H», Pd/C,
which is now ready to couple with the free amine group of amine functionalized glass surface
(a) making glass surface-bound dye-peptide conjugate (c). Thus we can attach various kinds of
such molecular probes on a single glass surface in the microarray format. At the same time, use
of wavelength tunable squaraine dyes in such dye-peptide conjugate system not only imparts
the widespread design of molecular probes but also provide the capability of efficient and
simultaneous multi-target protease analysis facilitated by multi-wavelength fluorescence-ON

biosensing.
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Figure 4. Schematic representation for application of proposed dye-peptide conjugate in
peptide microarray for enzyme detection based on fluoresecence-ON biosensing. (a) Amine
functionalized glass surface after treatment of glass with APTS (b) dye-peptide conjugate and
(c) glass-surface modified with dye-peptide conjugate.

5.3. Conclusion

Carboxy functionalized unsymmetrical squaraine dye has been successfully synthesized from
their quaternary indolium salts. The substrate specific to elastase were easily synthesized using
liquid phase peptide technique. The NIR sensitive dye SQ 1 was conjugated on either end of
the peptide substrate using NHS ester as the linker and was confirmed by ESI mass spectrum.
The fluorescence of the peptide conjugate was self-quenched owing to the assembled
fluorophores on the substrate. Fluorescence recovery was observed on hydrolysis of the peptide
conjugate by elastase which enabled the release of fluorophores. Efficient quenched
fluorescence of SQ 1 PC (> 50 % in 30 seconds) was observed on hydrolysis of the peptide-

dye conjugate by elastase enzyme. Therefore, NIR sensitive self-quenching substrate under
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investigation offers the potential application for the detection of diseases related to proteases

by efficient and fast detection of their activities.
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5.5. Appendix

Figure 1. TOF Mass of 3-methyl-N-ethyl-35,6-benzoquinoline iodide.
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Figure 2. TOF Mass of Semi Squaraine.
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Figure 4. HPLC of BOC-Ala-OH.
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Figure 5. HPLC of BOC-Ala-OBzl.
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Figure 11. HPLC of Fmoc-Lys(Boc)-OBzl.

Figure 12. HPLC of H-Lys(Boc)-OBzl.

Figure 13. HPLC of BOC-B-Ala-Ala-Pro-Ala-Lys(Boc)-OBzI.
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Figure 14. HPLC of H-B-Ala-Ala-Pro-Ala-Lys(Boc)-OBzl.
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Future Prospect

In the future prospect, I would like to continue on the similar lines to develop NIR region FRET
system for the protein based chip to detect diseases associated with proteases activity. Though
methods based on immunoassay comprised of specific binding of proteases with antibody were
commercialized and able to estimate quantitatively. They are not appropriate for the detection
of diseases associated with proteases. Therefore much attention has been drawn towards the
optical based fluorescence detection with suitable peptide substrates. There is much attention
and scope to overcome the challenges such as detection of multiple analytes, high throughput
sensing and to reduce signal to noise ratio by employing NIR fluorophores where they lack
auto-fluorescence from biological samples should be considered for developing an efficient
and flexible point of care testing devices by utilizing fluorescent peptide substrates labelled
with NIR fluorophores due to their enhanced sensitivity and biocompatibility with high
throughput mapping. Thinking on above prospects to overcome the challenges, utilization of
fluorophores which emit in NIR wavelength region are in demand to attain greater sensitivity,

owing to their reduced auto-fluorescence and deep tissue penetration ability.

In present thesis work was focused on design and synthesis of peptide substrates labeled
with fluorescent moieties which are capable of self-quenching and re-appearance of
fluorescence after enzyme hydrolysis. This was successfully demonstrated by developing
peptide substrate marked with similar fluorophores on either end of the peptide at a foster radius
which leads to self-quenching. My future prospect is to design NIR region FRET based system
for protein chip as mentioned above. In order to achieve this at first, evaluation of amino acid
sequences which are selective to specific target enzyme should be modelled. Secondly, to
design a wavelength tunable NIR dyes with selective aromatic or heterocyclic system to
encompass from visible to IR region. Finally to incorporate the evaluated amino acid sequence
along with fluorochromes to develop a model for the NIR-FRET system to detect NIR
fluorescence due to enzyme specificity and diseases associated with protease activity through

imaging technique.
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