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ABSTRACT

Biosensors, which convert biological responses into electrical signals, play a vital role in
addressing this demand. They offer high specificity and independence from physical parameters
such as pH and temperature, while also being environmentally friendly. The development of
biosensors, including enzyme sensors, immune sensors, microbial sensors, and ion channel sensors,
is a rapidly growing sector that is being actively promoted worldwide. The advantages of
fluorescence-based detection technologies include their high sensitivity, selectivity, and ease of
use. In addition, a range of fluorescent materials and sensing mechanisms can be employed in the
systematic development of these techniques, thereby showcasing the adaptability of these
approaches in detecting diverse targets with exceptional sensitivity and selectivity. Fluorescent

biosensors are crucial for drug and cancer research.

Photoinduced electron transfer (PET) and Forster Resonance Energy Transfer (FRET) processes
play crucial roles in the detection of target biomolecules, such as bio-analytes and ions. These
processes are utilized in various sensing platforms to achieve high sensitivity and selectivity in
target detection. By considering the interplay between aggregation-caused quenching (ACQ), PET,
and FRET processes, sensor design can be optimized to achieve robust and reliable detection of
target biomolecules and ions. Integrating these mechanisms in sensor development allows for the
creation of highly sensitive and selective platforms that are capable of overcoming challenges
associated with fluorescence quenching and aggregation, ultimately advancing the field of

bioanalytical and ion sensing.

Using NIR fluorescent and quenchers in FRET biosensors enhances sensitivity for in vitro and in
vivo imaging. Alignment of dye absorption and fluorescence emission wavelengths is key for
optimal sensitivity. Adjustments to the enzyme active site peptide sequence ensure the quenching
and fluorescent groups are within the Forster radius. Protein and peptide-based biosensors can be
easily produced using synthetic chemistry techniques followed by enzymatic labeling with
synthetic fluorophores. The assembly of near-infrared FRET biosensors requires the development
of NIR dyes, namely fluorescent and quenching groups, as well as the design of an enzyme
recognition site in proteases. The present thesis presents an insight into the design and synthesis

of far-red sensitive squaraine dyes with different wavelengths. In this study, we developed novel



squaraine-based far-red sensitive fluorescent peptide probes for chymotrypsin assays exploiting

the intramolecular interaction between identical fluorophores as the homo-FRET mechanism.
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1. Bio-Detection

The terms "bio-detection” and "bio-sensing™ broadly describe methods for identifying biological
materials either in vivo or in vitro. To put it simply, a bio-detection device, as defined by the
IUPAC, uses specialized biochemical interactions mediated by proteins produced by immune
systems, isolated enzymes, cells, or tissues to detect biological analytes, typically through the use

of electrochemical, thermal, and optical signals.

The two main parts of a bio-detection device are typically a transducer and a bio-recognition unit.
The bio-recognition unit aids in the biosensor's unique specificity of binding to a target analyte,
while the transducer converts the bioreceptor-analyte interactions into electrochemical, thermal,
magnetic, or optical signals. The analytes can be any of a wide variety of biological entities, such
as the genetic components of viruses or bacteria, antibodies made by the immune systems of
infected living organisms, peptides, or other biological elements. Analytes can also be simple
molecules like sugars [1] (such as glucose, fructose, etc.), pollutants [2] (such as heavy ions like

lead [3], mercury [4], and arsenic [5]) in water, or toxic substances found in food [6] and crops [7].

bacteria, cells, viruses, ions,
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Figure 1. The diagram illustrates the various phases of a typical biosensing process and the
distinct components of a biosensor platform.

2|Page



The enzyme-linked immunosorbent assay (ELISA) [8] is a commonly used biochemical detection
technique in clinical and industrial settings. It utilizes specific enzymatic reactions to produce a
physical change, such as a colorimetric change, in the traditional assay format when the target
analyte is present in the sample. However, in recent times, many unique characteristics of materials,
including fluorescence [9,10], surface plasmon resonances (SPR) [11-13], and dielectric cavity
resonances[14-16], are being utilized to convert and enhance detection signals. Label-free
detection techniques increasingly attract attention due to their simplicity, user-friendliness, and

frequently enhanced sensitivity.
1.1 Immunology-Based Biosensors

Immunological detection methods for protease employ the antigen-antibody reaction to accurately
measure the amount of a specific protease in complex samples obtained from living organisms.
These methods are effective because the antigen-antibody reaction is both specific and sensitive.
The Western blot and enzyme-linked immunosorbent assay (ELISA) techniques are commonly

employed to assess proteins, including proteases[17].

Western blotting, a technique developed by Burnette in 1981, combines the sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) method with antigen-antibody
interaction[18]. Sixteen Once electrophoresis is finished, a duplicate of the separated proteins can
be transferred onto an absorbent material like polyvinylidene fluoride (PVDF) or nitrocellulose
(Figure 2) [19]. Afterward, the primary antibody attaches to a particular band on the blot, and the
secondary antibody, which is linked to an enzyme like alkaline phosphatase or horse radish
peroxidase, attaches to the main antibody. Ultimately, the color of a particular band is created and

assessed to identify the target protease.

ELISA, which was reported by Engvall and Perlmann in 1971, is a technique in which the
specificity of antibodies is combined with the sensitivity of simple enzyme assays by using
antibodies or antigens coupled to an enzyme that can be readily assayed[20]. Although many
variants of ELISA test procedures have been developed to date, sandwich-ELISA is the most
common kind. In sandwich-ELISA, the amount of target protease (antigen) between two layers of
antibodies which consist of immobilized or labeled antibodies respectively is measured (Figure 3)
[8,21].
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Figure 2. lllustration depicting the process of western blotting and the subsequent detection

An antigen-specific antibody is immobilized on the well of the microplate. Antigen binds to
immobilized antibody when adding antigen. Next, an enzyme-labeled antibody is added, and
bound to the antigen-conjugated immobilized antibody. Finally, the chromogenic or fluorogenic

substrates for the detection of labeled enzymes are added, and the colored product is measured to

detect the target protease.

A

Western Blotting
and

Detection

| 1=l

technique.

YY

A

I Develop color

e

Add enzyme conjugate

C

l
i

L
'

|
—@>—9
—$

A. Immohilization of the antigen-specificantibody on the wall
B. Addition of the enzyme
C. Addition of the enzyme-labelled antibody
D. Introduction of the enzyme substrate and appearance of the colored product

Figure 3. lllustration depicting the step-by-step procedure of sandwich-ELISA.
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Immunological approaches are not suitable for detecting protease activity as they are designed to
measure the quantity of protease rather than its activity [22]. Measuring protease activity is
important because ailments states are directly linked to the level of protease activity, rather than

the amount of protease present.
1.2 Chromogenic-Based Biosensors

Chromogenic substrates used for protease assay consist of a substrate peptide and a dye. The
absorbance of these substrates at a certain wavelength is altered before and after an enzymatic
breakdown. Peptide-p-nitroanilide (pNA) is a frequently employed chromogenic substrate in the
measurement of protease activity [23]. When the peptide-pNA, which lacks color, is broken by a
protease, it releases p-nitroaniline, which is yellow in color. Therefore, the detection of protease
activity can be achieved by quantifying the absorbance of unbound p-nitroaniline at a wavelength
of 405 nm.

QL Protease
Q00 0Q; HN No, ) Q00 00 HzNNOz

Peptide-p-nitroanilide p-nitroaniline

Absorbance at 320 nm Absorbance at 405 nm

Figure 4. Schematic representation of the detection of protease activity using peptide-pNA.

Specific peptide-pNA can effectively detect several protease activities, including trypsin, subtilisin,
and chymotrypsin [24—-26]. Nevertheless, when it comes to protease assay, the fluorometric
method is more desirable than the colorimetric method due to its higher sensitivity. The use of
fluorescent probes and dyes allows for precise and highly sensitive detection of protease activities,
enabling the quantification of enzymatic reactions with exceptional accuracy. This higher
sensitivity is crucial for capturing subtle changes in protease activity, which may have significant

implications for understanding cellular processes and disease mechanisms.
1.3 Fluorescence-Based Biosensors

Optical biosensors, including fluorescent biosensors, have become indispensable tools in medical

diagnostics and biotechnology. These sensors utilize light to detect and quantify specific analytes,
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offering high sensitivity and real-time monitoring capabilities. Fluorescent biosensors, in
particular, rely on the emission of fluorescent signals in response to target molecules, providing a
highly sensitive and specific method for detecting biomarkers. The integration of optical
biosensors, especially fluorescent biosensors, into point-of-care testing devices has revolutionized
rapid diagnostic testing by enabling quick and accurate detection of various analytes. With their
ability to detect multiple targets simultaneously and their potential for miniaturization and
portability, optical biosensors, including fluorescent biosensors, hold great promise for advancing

personalized medicine and improving healthcare outcomes [27].

Among the various mechanisms utilized in fluorescent biosensors, two commonly used strategies
are Photoinduced Electron Transfer (PET) and Fluorescence Resonance Energy Transfer (FRET).
These mechanisms involve distinct molecular interactions that modulate the fluorescence signal,
making them versatile tools for biosensing applications. PET and FRET are considered two of the
best mechanisms for developing fluorescent biosensors due to their sensitivity, selectivity, and
versatility in detecting a wide range of analytes and molecular interactions. These mechanisms
offer unique advantages that can be tailored to specific biosensing applications, making them

valuable tools in biomedical research, diagnostics, and other fields.
1.3.1 Photoinduced Electron Transfer

Photoinduced Electron Transfer (PET) is a widely used mechanism in fluorescent biosensors due
to its ability to quench fluorescence through electron transfer processes. In PET-based biosensors,
the fluorophore undergoes a change in its electronic state upon interaction with an electron
acceptor molecule, leading to fluorescence quenching. This quenching phenomenon can be

harnessed for the sensitive detection of various analytes in biological samples.

For a fluorophore, fluorescence occurs when an electron that has been stimulated in the lowest
unoccupied molecular orbital (LUMO) returns to the highest occupied molecular orbital (HOMO)
by radiative decay (Figure 5a). When a receptor is conjugated to a spacer and its HOMO energy
level is positioned between the HOMO and LUMO energy levels of the fluorophore, PET
(photoinduced electron transfer) can occur upon excitation. This involves the transfer of an
electron from the HOMO of the receptor to the HOMO of the fluorophore, leading to the quenching

of fluorescence (Figure 5b). When a target is present, the receptor binds to it, causing the receptor's
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highest occupied molecular orbital (HOMO) energy level to decrease below that of the fluorophore.
As a result, the process of PET is suppressed and the fluorescence is restored (Figure 5c). To
generate a less efficient PET quenching process, one can increase the distance between the
fluorophore and the receptor. The efficiency of PET is dependent on the distance between the
HOMO energy levels of the fluorophore and receptor, following a proportional relationship of e
pd (where d represents the distance). This results in a more effective radiative decay process,

leading to enhanced fluorescence intensity (Figure 5d)[28].

(d
No PET } ‘
Free Receptor
receptor

Excited Excited Exc1ted Excited
fluorophore fluorophore ﬂuorophore Bound fluorophore

receptor
Figure 5. Mechanism of PET.

PET-based probes have successfully identified a range of targets, including ions, small molecules,
DNA, and proteins[29,30]. The probes for small active compounds, such as thiols, and enzymes
are often intended to exploit their respective reactive or catalytic activity. An alternative design
technique is employed for targets that do not demonstrate such activity, which relies on the
conformational change of the probe upon binding to the target. Qu, Kim, Bhuniya, and associates
have created a probe, a two-photon a-PeT-based instrument, to identify tyrosinase (TYR) activity
(Figure 6.). The probe employs BODIPY as the fluorophore and electron acceptor, while catechol
serves as the recognition group and electron donor[31]. When TYR is not present, the a-PeT
reaction that occurs between catechol and BODIPY causes the fluorescence to be suppressed.
Nevertheless, when TYR is present, the hydroxyl (-OH) groups of the catechol undergo oxidation
to form o-quinone, which hinders the a-PeT process. As a result, there is a significant 12.5-fold

increase in fluorescence at a wavelength of 450 nm. In addition, the probe has excellent stability
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across a variety of pH levels found in the body and may be used to detect the natural activity of

TYR utilizing single or two-photon cell imaging.

(@]
(@]
Tyrosinase Q -
a-PeT {:%\@
/ "N"é’N /
FFF
Fluorescence OFF Fluorescence ON

Figure 6. The response mechanism of the probe for TYR is due to a-PET mechanism [31].

Zhang and his colleagues have created six fluorescent probes using o-phenylenediamine (OPD)
with various leaving groups[32]. Their goal is to selectively detect glutathione (GSH). In this case,
the p-aminobenzene acted as the electron donor, while the OPD served as the electron acceptor.
Without any glutathione (GSH) present, the p-aminophenyl group suppresses the fluorescence of
OPD by an alpha-polarization electron transfer (a-PeT) mechanism (Figure 7.). Nevertheless,
when GSH is present, the probe experiences a distinct recognition reaction with GSH, preventing
the a-PeT process and causing the fluorescence to activate. The probe demonstrated remarkable
capability by selectively detecting GSH at a detection limit of 23 nM, even in the presence of

several amino acids.

Figure 7. Schematic illustration of probe fluorescence activation mechanism in the presence of
GSH [32].

Fan et al. have presented a theranostic prodrug that is activated by aminopeptidase N (APN) for

use in fluorescence-based cancer detection and tumor therapy[33]. Hexamethylenediamine
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connects the two groups in the probe, which uses an electron-donating melphalan analog as the
recognition group for APN and an electron-accepting NB as the fluorophore (Figure 8). The weak
fluorescence of the probe at 680 nm is first caused by an a-PeT interaction between the melphalan
and NB fluorophore. Upon activation by APN, the amide bond undergoes hydrolysis, hence
inhibiting the a-PeT process and allowing for an increase in fluorescence at 680 nm.
Simultaneously, the non-toxic prodrug undergoes conversion into the extremely toxic-free
melphalan, which can induce cell death. The fluorescence intensity of the probe shows a strong
linear connection with the concentration of APN within the range of 0-7 ng mL™. The detection

limit, computed to be 0.75 ng mL 2, is the lowest concentration of APN that can be reliably detected.

C |'.|

APN

NH

NH,

Figure 8. Schematic illustration of the response mechanism of the probe for APN. The probe is
activated by APN, resulting in enhanced fluorescence [33].

More specifically, computational tools will enhance our understanding of the comparative
electron density and energy disparities among various fluorophores and recognition groups. This
will enable the creation of PeT-based systems with enhanced performance that will apply to a
broader array of uses. We anticipate that in the future, it will be possible to precisely control the
PeT process, which will allow for the development of fluorescent prodrugs based on PeT that has
a better therapeutic impact and fewer side effects for cancer patients. This thesis work focuses on
synthesizing and characterizing novel squaraine dyes tailored for PET processes to enhance
fluorescence intensity. These fluorophores are then incorporated into the design of the squaraine
dye-based biosensor to demonstrate their application in fluorescence biosensing, particularly in

interactions with bovine serum albumin (BSA). The study aims to elucidate the PET mechanisms
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involved in enhancing fluorescence and its potential for sensitive and selective detection in

biological samples.
1.3.2. Forster Resonance Energy Transfer

Biosensors based on Forster resonance energy transfer (FRET) are being developed to specifically
detect biomolecules or alterations in the microenvironment. The transfer of energy from an excited
donor fluorophore molecule to a neighboring acceptor fluorophore molecule via FRET is a non-
radiative process. FRET biosensors are characterized by their exceptional sensitivity and
adaptability. They can detect a diverse array of biomolecules and environmental alterations,
making them suitable for various applications. These include the detection of protein-protein
interactions, monitoring pH fluctuations, and measuring enzyme activity, among others [34-36].
FRET is an essential technique in biosensors as it enables the precise and sensitive detection of
biomolecules without requiring direct labeling or alteration of the biomolecule. This enables the
identification of subtle alterations in the surroundings, such as the existence of a certain
biomolecule, without requiring the direct labeling or alteration of said biomolecule. FRET
biosensors exhibit a high degree of specificity, enabling them to selectively identify a particular
biomolecule or environmental alteration while remaining unaffected by the presence of other
molecules or changes. To accomplish this selectivity, the biosensor is designed with a strong
affinity for the target biomolecule, and the donor and acceptor molecules are engineered to be in
close proximity to each other. The sensitivity of FRET biosensors is remarkably high, typically in
the picomolar range. This enables them to detect extremely small quantities of biomolecules, a

crucial capability for early disease detection and identifying trace amounts of environmental toxins.

FRET operates on the fundamental concept of energy transfer from a donor molecule to an
acceptor molecule through dipole-dipole interaction and non-radiative energy transfer via time-
space. The transfer of energy takes place primarily when the molecules acting as donors and
acceptors are in close proximity, usually within a range of 1-10 nm, and when their electronic
energy levels are closely aligned. The donor fluorophore molecule is initially activated by
absorbing a photon of light with a sufficient frequency (E = hv) at a certain wavelength. When in
an excited state, the molecule can transmit a portion of its energy to the acceptor molecule,
provided that they are near each other. This energy transfer results in a reduction in the

fluorescence emission from the donor molecule and an increase in the fluorescence emission from
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the acceptor molecule. The efficiency of energy transfer relies on the interplay between the
distance separating the donor and acceptor molecules, their spectrum overlaps, and the relative
orientation of the molecules. Figure 9. depicts a Jablonski diagram illustrating the process of
Forster resonance energy transfer (FRET) in a donor-acceptor pair. The visual depiction illustrates
the transfer of energy and fluorescence processes in FRET. The diagram depicts the energy levels
and interchanges between them for a molecule that donates and receives energy. Upon absorption
of light, the donor molecule undergoes excitation to the first excited singlet state (S1). From this
point, it has two possible pathways to follow. It can either transition back to the ground state (So)
by emitting light spontaneously, resulting in fluorescence, or it can transfer its energy to the
acceptor molecule by FRET. Forster resonance energy transfer (FRET) involves the transfer of
energy from the donor molecule in its excited state (S1) to the acceptor molecule in its ground state
(So), which is then stimulated to its first excited singlet state (S1). Following the transfer, the donor
molecule reverts to its ground state (So) without producing any fluorescence. The acceptor
molecule undergoes fluorescence to transition back to the ground state (So). The Jablonski diagram
below elucidates the FRET efficiency, which primarily relies on the spectral overlap between the
donor and acceptor fluorophores, the distance between them, and the orientation of the fluorophore
molecules[37-40].
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Figure 9. The Jablonski diagram illustrates the energy transfer process between a donor and
acceptor pair in Forster resonance energy transfer (FRET).

Spectral overlap in FRET refers to the degree of overlap between the emission spectrum of a donor

molecule and the absorption spectrum of an acceptor molecule. Increased spectral overlapping

11| Page



results in a higher transfer of energy from the donor to the acceptor. The spectral overlap is
determined by the wavelengths of light emitted by the donor and absorbed by the acceptor, as well
as the distance between the molecules. Efficient Forster resonance energy transfer (FRET)
necessitates a significant level of spectral overlap, which can be accomplished by carefully
choosing donor and acceptor molecules that possess complementary emission and absorption
spectra. Figure 10. displays the spectrum of the emission of the donor fluorophore overlapping
with the absorption of the acceptor fluorophore. The overlap integral J(A) for energy transfer is

represented by equation (1).

[ Fp(2) e 2* dA
I,” Fp(2) dA

J) = (1)

The symbol J(A) represents the spectral overlap integral between the emission spectrum of the
donor and the absorption spectrum of the acceptor, measured in units of M-t cm™ nm*. The symbol
e represents the extinction coefficient of the acceptor, measured in units of M-t cm. Fp represents

the fluorescence intensity of the donor within the wavelength range from A to A + dA [41].

J()

DONOR ACCEPTOR
FLUORESCENCE ABSORPTION

WAVELENGTH (%)

Figure 10. Overlap integral between the fluorescence of the donor and the absorption of the

acceptor.

The Forster radius (Ro) is a critical parameter in FRET, denoting the maximum separation between
a donor and acceptor molecule for efficient energy transfer. It signifies the distance at which the

transfer efficiency is half its maximum value, relying on spectral overlap between donor emission
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and acceptor absorption spectra, along with their transition dipole moments. The following relation

can be used to estimate the value of the Ro from the overlap integral value.
Ro=0.211[k?n* @p](1)]V/¢ @

Where @p is the donor's quantum efficiency, n is the medium's refractive index, and k2 (= 2/3) is

the orientational factor.

Goswami et al. successfully developed a probe, that consists of a donor based on quinoline—
benzothiazole and an acceptor based on rhodamine[41]. They then demonstrated how this probe
can be used for sensing Cd?* ions, as depicted in Figure 11. When excited at 360 nm, compound
2 exhibited a robust emission at 470 nm, which was attributed to the emission of the quinoline—
benzothiazole fluorophore. Nevertheless, there was no emission peak observed at approximately
585 nm, indicating that the rhodamine component was primarily in its spirolactam form, as
proposed by the authors. With the introduction of Cd?* a distinct absorption peak emerged at 565
nm. It was interpreted as a sign that the spirolactam of the rhodamine part underwent ring opening,
enabling FRET from the quinoline—benzothiazole to the rhodamine part, resulting in a shift in
emission to 585 nm. There was a clear correlation between the emission intensity ratio (Isss/l470)

and the concentration of Cd?* (ranging from 0 to 9.5 uM).

Aex =360 nm

=360 nm \ Q
/

= @c@?
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Figure 11. A FRET probe was used for the ratiometric detection of Cd?*- It is based on the
combination of quinoline-benzothiazole and rhodamine as energy donor and acceptor [41].

One advantage of FRET -based small-molecule probes is that they can be designed and prepared

more easily compared to their green fluorescent protein (GFP) counterparts. This is especially
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beneficial for creating systems that can function as fluorescent substrates for enzymes. Schultz et
al. developed a FRET-based probe that is targeted to the cell membrane to track the activity of
matrix metalloproteinase 12 (MMP-12) [42]. The probe (Figure 12) was developed by attaching
a coumarin343/TAMRA FRET pair to a short peptide that is sensitive to MMP-12. This probe
demonstrated a strong preference for MMP-12 compared to other matrix metalloproteases. When
excited at 450 nm, the emission of 27 is observed at 575 nm, which corresponds to the acceptor
(TAMRA) due to FRET. The probe exhibits an emission at a wavelength of 575 nm when it is
excited at 450 nm. This emission is attributed to the acceptor molecule (TAMRA) due to FRET.
Upon exposure to MMP-12 in a laboratory setting, a novel emission at a wavelength of 490 nm
was detected, and there was a 4.5-fold enhancement in the ratio of the intensity at 490 nm to that
at 575 nm. The activity of MMP-12 in RAW264.7 macrophages can be observed via real-time

ratiometric imaging.

FRET off
------- Xmreal

Aem =490 nm

Aex =450 nm

Figure 12. The structure of the probe utilized in the detection of MMP-12. The cleavage occurs
between glycine and leucine [42].

Typically, the performance of FRET-based biosensors that utilize visible fluorescent molecules is
affected by the auto-fluorescence found in clinical samples such as blood, serum, or other body
fluids. This results in a low signal-to-noise (SN) ratio and makes it difficult to achieve high
sensitivity. Using a FRET biosensor that utilizes near-infrared (NIR) fluorescent and quencher
molecules, it is possible to detect the resulting fluorescence signals from the body at a distance of
several 10 cm from a detector outside the body, with a high signal-to-noise ratio (high sensitivity).
This indicates that it is highly suitable for in vivo pathological imaging. For optimal sensitivity of

the biosensor using NIR-FRET, the wavelengths of the dye absorption and fluorescence emission
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must align perfectly. To ensure the optimal functioning of the enzyme, it is important to carefully
modify the peptide sequence of the active site. This will ensure that the quenching group and the
fluorescent group are positioned within the appropriate range, known as the Forster radius. Using
a biosensor that utilizes a near-infrared (NIR) probe offers several benefits. One of the main
advantages is its high sensitivity, which is not easily affected by the auto-fluorescence of water or
biomolecules. Additionally, NIR rays have excellent tissue penetrability, making them ideal for
this application. By manipulating the peptide sequence, one can precisely regulate the absorption
wavelength for the enzyme by altering the fluorescent and quenching groups in different
wavelength ranges. In the development of a NIR-FRET biosensor, it is necessary to develop NIR
dyes (fluorescent group and quenching group) and design an enzyme recognition site. This thesis
provides valuable insights into the synthesis and characterization of NIR dyes with different
wavelengths. Furthermore, efforts have been made to evaluate the unique amino acid sequences
associated with specific enzymes and incorporate them into a prototype near-infrared (NIR) probe
to demonstrate their effectiveness in fluorescence biosensing. In my thesis, I have synthesized a
squaraine-based probe for detecting chymotrypsin using a homo-FRET mechanism. This
innovative approach allows for the precise detection and monitoring of chymotrypsin activity,
showcasing the potential of utilizing enzyme-specific amino acid sequences in developing
advanced biosensing technologies. By integrating these sequences into NIR probes, we can
enhance the sensitivity and specificity of enzyme detection, opening up new possibilities for

applications in various fields such as biomedical research and diagnostics.
1.4 Fluorophores Used for Biosensors

To ensure the specificity of fluorescent probes for molecular targets in complex environments, a
systematic and scientifically guided approach is essential. The initial step in this process involves
selecting an appropriate reporter or fluorophore, which plays a critical role in the overall
biosensing system. Fluorophores are categorized based on their sensing properties and emission
wavelengths, with various classes available for designing biosensors. Several fluorophores
(Figure 13.) can serve as the foundation for the biosensor design technique. The majority of these

dyes have emissions in the visible range of the spectrum.
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Figure 13. Structures of various fluorophores.

Near-infrared (NIR) dyes are often preferred over visible dyes in biosensing applications due to
several key advantages that they offer. While there are numerous visible dyes available for
molecular detection, but there are many limitations upon usage of visible dyes in bioimaging and
biosensing applications. NIR dyes provide unique benefits that make them particularly well-suited
for certain types of biosensing systems. One of the main reasons why NIR dyes are favored over
visible dyes is their ability to penetrate deeper into biological tissues. The longer wavelengths of
NIR light can pass through tissues more effectively than visible light, allowing for non-invasive
imaging and detection of molecular targets within living organisms. This deeper tissue penetration
is crucial for applications such as in vivo imaging, where visible dyes may be limited by their
inability to reach target molecules located deep within the body[43] (Figure 14). Additionally,
NIR dyes exhibit reduced background autofluorescence compared to visible dyes, leading to
improved signal-to-noise ratios in biosensing applications. This lower background interference
enhances the sensitivity and specificity of molecular detection, enabling researchers to accurately
identify and quantify target molecules in complex biological environments. Furthermore, NIR dyes
offer enhanced photostability and resistance to photobleaching, making them more durable and
reliable for long-term imaging and sensing applications[44]. This increased stability ensures
consistent performance over extended periods, which is essential for maintaining the accuracy and

reliability of biosensing systems.
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Figure 14. Issues with visible fluorophores(left). The NIR-I1 and NIR-I1 spectral regions exhibit

high optical transparency in biological tissues and fluids (right).
1.4.1 Squaraine Dyes

The squaraine dye is named after its core component, known as "squaric acid,” which was initially
introduced by Schmidt in 1980. The primary structure of squaraine dyes is composed of a core
electron-deficient four-membered ring, flanked by electron-donating groups on both sides.
Essentially, it is a type of dye called polymethine Donor-IT-Acceptor (D-A-D) dye that achieves
stability by resonance. The presence of a zwitterionic structure contributes to a significant dipole
moment of the dye. Squaraine dyes are classified as far-red sensitizers because of their exceptional
physio-chemical characteristics, including excellent photoconductivity, strong absorption in the
range of 600 to 750 nm, and a high molar absorption coefficient [45]. In addition, squaraine dye
often demonstrates a minimal stokes shift of 15-20 nm, indicating its high degree of structural
rigidity.

Squaraine dyes can be classified into two distinct categories: symmetrical and unsymmetrical. The
symmetrical squaraine dyes consist of donor units that are the same on both sides, whereas the
unsymmetrical dyes consist of two separate donor groups. Usually, the donor units are attached to
the first and third positions of the squaraine unit because they have more desired optical
characteristics that cause a shift towards the red end of the spectrum, compared to the 1,2
regioisomer [46]. The fundamental process of synthesizing an unsymmetrical squaraine dye
involves first forming the semi-squaraine and then condensing the second donor unit with the semi-

squaraine to produce the unsymmetrical squaraine dye. Before the second condensation, the
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squaric acid must be changed with a hydroxyl group. This modification enhances the reactivity of
semi-squaraine during the condensation reaction. Acid or base hydrolysis might be used to perform

this procedure.

HO OH OBu OH EDG OH EDG o
BuOH -BuOH EDG —
_ _ _ H,0
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Figure 15. Synthetic strategy employed in the synthesis of squaraine dye.

The squaraine dyes have a higher tendency to aggregate because of their rigid and planar structure.
They display both H aggregation and J aggregation. The planar structure of squaraine dye often
leads to the occurrence of H aggregation. When aggregates form, they cause a shift towards shorter
wavelengths, resulting in a blue shift in the lower wavelength region. The overlapping of squaraine
dye molecules leads to the formation of J aggregate. The J aggregate absorbs at a higher

wavelength compared to the monomer, resulting in a bathochromic shift[47].

H-aggregate J-aggregate

Figure 16. Formation of H aggregate and J aggregates in squaraine monomer dye.

The application of squaraine dyes for protein sensing and labeling is mostly investigated using
model proteins such as bovine serum albumin (BSA), human serum albumin (HSA), ovalbumin,
and avidin. Suzuki and Yokoyama employed a straightforward approach by utilizing simple
squaraine dye as a sensor for BSA protein [48]. When BSA is added, squaraine forms noncovalent
interactions with proteins, causing a noticeable change in color from orange to deep purple.

Squaraine exhibited a reliable concentration response to different proteins, making it a more
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favorable option compared to other protein detection materials currently on the market. The author
additionally found that the squaraine-BSA complex exhibited excellent stability towards various
nonprotein compounds. Oswald et al. synthesized squaraine dyes with succinimide groups and
covalently bonded them to serum albumin using succinidyl esters. Chemical binding enhanced the
fluorescence quantum yield of the final complexes from 0.15 to 0.6-0.7, allowing for fluorescence
measurement in whole blood with a detection minimum of twice that of cyanine chromophores[49].
Klymchenko and colleagues recently developed a dye using a squaraine dimer [50]. This dye does
not emit light in water due to the aggregation of squaraine molecules, but it emits strongly in the

far-red region when used in organic solvents, as depicted in Figure 17.
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Figure 17. The image displays the structures of squaraine dimers (colored red) linked to Lys8-
CBT (colored green) at the top. The bottom left shows the mechanism of action of polarity
sensors based on dimers. The bottom right shows in vitro imaging of the probe in GFP—OTR
cells. The introduction of a competing CBT leads to a considerable reduction in fluorescence
emitted by the probe. Adapted with permission from [50]. Copyright 2015 American Chemical
Society.

Carbetocin, a ligand of the oxytocin G protein-coupled receptor, was used for grafting. An intense
receptor-specific signal was detected when this probe was bound to the specific serum and
membrane. In the context of biosensing applications, particularly for in vivo and in vitro molecular
detection, the choice of squaraine dyes with specific characteristics is crucial to ensure optimal
performance. An essential criterion for squaraine dyes used in biosensing is their requirement to
have little aggregation and exceptional water solubility. The aggregation of dye molecules can

result in self-quenching, causing a decrease in fluorescence intensity and changes in spectral
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characteristics. These effects can have a major impact on the sensitivity and accuracy of biosensing
tests. Minimizing aggregation is crucial in maintaining the integrity of squaraine dyes, which are
renowned for their robust absorption and emission properties, to optimize their detection
capabilities. In addition, it is crucial to have high water solubility to maintain the stability and
ability to be absorbed by biological systems of squaraine dyes. One of the squaraine dyes designed
and synthesized for this investigation is a distinct amine-functionalized squaraine dye, while the
other is flanked with fluorescein isothiocyanate (FITC). Another squaraine dye contains a
benzo[e]indole group with a long alkyl chain. These dyes exhibit absorption and emission
properties in the range of 650 to 674 nm, making them suitable for fluorescence-based applications.
For the specific application of sensing protein in phosphate buffer solution (PBS), this squaraine
dye was utilized to investigate its interaction with bovine serum albumin (BSA), a commonly used
model protein. The dye's ability to bind to BSA and induce fluorescence changes upon protein
binding was studied to evaluate its potential as a fluorescent probe for protein detection.
Furthermore, this squaraine dye was also incorporated into a FRET-based probe for the detection
of chymotrypsin activity using a homo-FRET mechanism. In this setup, the dye serves as the donor
fluorophore, while the enzyme-substrate or cleavage site acts as the acceptor fluorophore. Upon
enzymatic hydrolysis by chymotrypsin, the proximity-induced FRET effect leads to a fluorescence
enhancement signal, indicating enzyme activity. By combining the unique spectral properties of
the squaraine dye with the specificity of chymotrypsin recognition and cleavage, this FRET -based
probe offers a sensitive and selective method for detecting enzyme activity. The long alkyl chain
and benzo[e]indole group in the squaraine dye contribute to its stability, solubility, and interaction

with biomolecules, enhancing its performance as a fluorescent probe in biological systems.
1.5 The Aim and Motivation of this Research

Fluorescent biosensors, particularly those utilizing near-infrared (NIR) technology, have emerged
as promising tools in advanced biomedical applications due to their unique advantages, including
enhanced tissue penetration, reduced background interference from biological autofluorescence,
and multiplexing capabilities that allow for simultaneous detection of multiple analytes. Recent
developments have focused on expanding NIR biosensors into the NIR-I and NIR-II window,
which further improves imaging depth and sensitivity. Novel fluorophores, including new NIR

fluorescent proteins, organic dyes, and inorganic nanoparticles, are being developed to enhance
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sensor design and functionality. However, challenges remain, such as limitations in single analyte
detection, sensitivity to interfering agents, the need for prior analyte processing, and throughput
constraints. Ongoing research aims to create sensitive high-throughput detection methods
compatible with advanced imaging processes, positioning NIR fluorescent biosensors as vital tools

for medical diagnostics, environmental monitoring, and biological research.

Fluorescence detection is known for its high sensitivity compared to other detection methods, and
when combined with microarray technology, high-throughput detection capabilities can be
achieved. By leveraging the advantages of fluorescence-based sensing and incorporating them into
biosensor development, the aim is to enhance the sensitivity, specificity, and throughput of enzyme
detection. This approach holds promise for advancing the field of biosensing and enabling the
development of more efficient and reliable diagnostic tools for various applications in healthcare,

environmental monitoring, food analysis, and beyond.

The focus of the current thesis is on fluorescence-based sensing through the design and
development of novel sensitive fluorescent probes for the detection of target enzymes.
Fluorescence detection offers higher sensitivity compared to optical detection methods, and when
combined with microarray technology, high-throughput detection capabilities can be achieved.
NIR dyes have been preferred due to their features such as the potential for in-vitro/in-vivo bio-
imaging, good tissue penetration depth, reduced noise from biological auto-fluorescence, direct
use in biological fluids, and the ability for multi-color and multi-target detection. Attempts have
been undertaken to create and produce near-infrared fluorescent dye molecules that can be adjusted
in terms of wavelength to develop biological probes. Before employing FRET, these dyes were
examined for their interactions with BSA, a versatile protein model, to evaluate their
biocompatibility. The research also encompasses the investigation of the PET process and dual
emission in a new substance, exhibiting emissions in both the visible and near-infrared (NIR)
ranges. Inaddition, a quencher and fluorophore based on squaraine dye was synthesized. The SQ-
122 PC probe was developed using solid-phase peptide synthesis to detect chymotrypsin activity.
It utilizes homo-FRET to achieve high sensitivity and selectivity. The objective of this research
endeavor is to enhance the field of biosensing by employing fluorescence-based sensing
techniques and creating novel fluorescent probes for the detection of enzymes. These probes will

have enhanced sensitivity, specificity, and the potential for use in high-throughput applications.
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CHAPTER 2 : INSTRUMENTATION AND
CHARACTERIZATION
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2.1 Fluorescence Spectroscopy

Fluorescence spectroscopy is an electromagnetic spectroscopy technique used to analyze the
fluorescence emitted by a material. Typically, an ultraviolet laser beam is employed to stimulate
electrons and induce them to release light. Molecules possess various energy levels, which can be
described in different states. Fluorescence primarily focuses on vibrational and electronic states[1].
When a species absorbs a photon, it becomes excited and moves from its ground state to one of
the various vibrational states in higher energy levels. The molecule gradually loses its energy as it
interacts with other molecules, eventually reaching its lowest state of excited energy level. The
visualization of this process can be represented using a Jablonski diagram, as depicted in Figure
1(a). The molecule then transitions to one of the various vibrational levels of the ground electronic
states by releasing a photon. The emitted photon will have varying energies and frequencies. By
carefully examining the various frequencies of emitted light and their corresponding intensities,
one can accurately ascertain the distinct vibrational levels of the structure. For emission

measurement, the excitation wavelength remains constant while the detection wavelength is

altered.
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Figure 1. (a) Jablonski diagram (b) Working principle of a fluorescence spectrometer
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Fluorescence spectroscopy involves the transmission of excitation light from a source through a
monochromator or filter to the sample, where it is absorbed and causes molecules to fluorescence.
A second monochromator or filter then filters the emitted fluorescent light before it reaches a
detector at a right angle to the incident light beam (Figure 1. (b)). Excitation can come from a
variety of light sources, including xenon arc lamps, mercury-vapor lamps, lasers, and LED lights.
Monochromators are essential for transmitting light at specific wavelengths with precise control.
Detectors in fluorescence spectroscopy can be single-channeled, capable of measuring the
intensity of one wavelength, or multi-channeled, which can detect the intensities of multiple

wavelengths.

In the present thesis, fluorescence spectroscopy is employed to evaluate the quantum yield of far-
red sensitive symmetrical and unsymmetrical squaraine dyes. Fluorescence spectroscopy is
commonly employed to analyze the binding interactions between dyes and BSA, serving as a
protein model. Moreover, it is also used for measuring the fluorescence signal due to the FRET
mechanism in our designed probe. In this current thesis, the JASCO FP-6600 model fluorescence

spectrophotometer is utilized, as depicted in Figure 2.

Figure 2. The fluorescence spectrophotometer used during my work.
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2.2 Electronic Absorption Spectroscopy

Electronic absorption spectroscopy is named as such because it quantifies the transition of an
electron from a lower energy atomic orbital to a higher energy atomic orbital upon absorbing a
photon. The radiation absorption, often in the UV-vis and Near Infrared range, is quantified by
wavelength. The molecule becomes energized when it absorbs a photon with the same energy as
its band gap. The efficiency of a molecule in absorbing radiation is measured by its molar
extinction coefficient. The molar absorption coefficient of a substance can be determined by
measuring its absorbance. The molar absorption coefficient is a quantitative metric that describes
the degree to which a chemical species absorbs light at a specific wavelength. The absorbance is

calculated using the following equation:
A =loglo/I (@D
Where lo represents the incident light intensity and | represent the transmitted light intensity.

A=¢gcl (2)

OR g= Alcl

In this context, the variables A, €, c, and I represent the absorbance, molar extinction coefficient,
concentration, and length of the cell, respectively. Figure 3. illustrates the working mechanism of
the UV Spectrophotometer. When light strikes the sample, it can either be reflected, transmitted,
or absorbed. Absorbance is the difference between the intensity of incident light (lo) and the
intensity of transmitted light (I). The light that is taken in can be described using either
transmittance or absorbance. The sample is illuminated with light, and the intensity of the light
that passes through is measured. This measurement is used to plot the absorbance of the sample as

a function of the wavelength of the light.
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Figure 3. The working mechanism of a UV-Vis spectrophotometer

The detection of a compound is based on the presence of an absorbance band at a specific
wavelength. This is because the absorption peak is unique to a specific compound and is therefore
used to determine the substance's composition. The use of absorbance studies for material
characterization is extensively researched. The spectrophotometer used during the present
investigation is the JASCO V-570, as depicted in Figure 4.

Figure 4. The UV-visible spectrometer employed in this study
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2.3 Nuclear Magnetic Resonance Spectroscopy (NMR)

Each nucleus possesses a certain quantity of charge and a spin of 1/2, resulting in a distinct
magnetic moment. When the nuclei are subjected to an external magnetic field, the degenerate
energy is divided into several energy levels (AE = hv), a phenomenon referred to as the Zeeman
Effect[2]. The energy transfer occurs at a specific frequency, and when the spin relaxes, it emits
the same frequency, which is used to obtain the NMR spectrum. Some significant NMR -active
nuclei include those with an odd spin, such as H, 13C, N, °F, and 3!P. Nevertheless, the most
commonly utilized is 'H. Nuclear Magnetic Resonance (NMR) is a crucial technique for
determining the molecular structure, identifying functional groups, and determining the precise
positions of atoms inside the molecule. Typically, tetramethyl silane (TMS) is used as the reference
in NMR data collection since it contains protons that are all identical. The chemical shift (&) of the
nuclei is quantified in parts per million (ppm) relative to the zero value of the reference[3]. The
samples are dissolved in deuterated solvents such as CDCI3, d-6 DMSO, and D;0 to prevent

interference from the solvent signals.

2.3.1'H-NMR

Nuclear magnetic resonance (NMR) is a technique used to investigate the 1H nuclei in a molecule
to quantify the number of hydrogen atoms present, as well as to some extent, identify the functional
groups. The chemical shift (8) values for H-NMR range from -4 to 14 ppm. The expected outcome
is a single peak for a single proton. However, the peak experiences splitting as a result of its
chemical surroundings, caused by spin-spin coupling. First-order coupling in NMR spectroscopy
occurs when the coupling constant (J) remains consistent for all protons involved [4]. This yields
a predictable pattern of peaks, where the number of peaks formed equals (n+1), with 'n'
representing the number of neighboring protons. For instance, when 'n' is zero, the peak appears
asa singlet (s). With 'n" as one, it forms a doublet (d), and for 'n" equal to two, a triplet (t) emerges,
and so forth. Conversely, non-first-order coupling arises when the J value varies among the protons.
Consequently, the resultant signal manifests as a multiplet. Here, non-equivalent protons mutually

influence one another’s splitting, leading to the formation of doublet of doublet
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(dd) peaks. This distinction is pivotal in NMR analysis, offering insights into the structural and

chemical environment of molecules under study[5].
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Figure 5. The presence of a magnetic field causes the atomic nucleus to undergo spin splitting,

resulting in the formation of peaks in the NMR analysis

2.3.2 3C-NMR

In the realm of nuclear magnetic resonance (NMR) spectroscopy, *C-NMR serves as the carbon
counterpart to the well-established proton NMR (H-NMR). Unlike 'H-NMR, 3C-NMR selectively
detects carbon atoms containing the '3C isotope, which possesses a non-zero spin, while not
detecting the more abundant 1>C with a net zero spin. However, due to its lower natural abundance
constituting merely 1.1% and inherent lower sensitivity compared to H-NMR, 2*C-NMR demands
larger sample sizes, typically around 15 mg dissolved in the requisite solvent, and a substantial
number of scans. The chemical shift (§) values in 3 C-NMR spectra typically range from 20 to 220
parts per million (ppm). Notably, in contrast to H-NMR, *C-NMR lacks peak splitting arising

from neighboring carbon atoms, owing to the scarcity of the *3C isotope,
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thereby enabling each peak to correspond to a distinct carbon atom. These nuances underline the
importance of *C-NMR in elucidating the structural and chemical composition of organic

molecules in scientific research and analysis.

NMR samples were prepared by dissolving 15 mg of the sample in the appropriate deuterated
solvent in sealed tubes. We then recorded NMR spectra using a JEOL JNM-A500 Nuclear
Magnetic Resonance Spectrometer, which operated at frequencies of 500 MHz for *H NMR and
125 MHz for B C-NMR, respectively. It is worth noting that in rare instances, small peaks may
emerge at the shoulders of 'H NMR spectra. These peaks, known as carbon satellites, occur when
IH protons are coupled with *3C nuclei rather than proton-proton coupling. However, we typically
disregard these carbon satellites for analytical purposes, ensuring accurate interpretation of the
NMR data.
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Figure 5. The NMR spectroscopy scheme and its necessary components

2.4 Mass Spectrometer

Mass spectroscopy is a crucial analytical technique that determines the mass of a specific

compound. Initially, the sample undergoes ionization through bombardment, leading to the
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formation of ionized species. Subsequently, these ions migrate within the spectrometer according
to the principles of mass-to-charge ratio, with lighter species exhibiting faster movement compared
to their heavier counterparts. During their migration, the ions experience deflection, influenced by
magnetic or electric fields. Ultimately, a detector within the spectrometer captures the ions based
on their mass-to-charge ratio. The resulting spectra manifest as sharp peaks, providing insights
into the mass distribution of the analyzed compound. Various methodologies exist for measuring
sample mass, including matrix-assisted laser desorption/ionization (MALDI) for small molecules
and fast atom bombardment (FAB) mass spectrometry for complex molecules. These techniques,
integral to scientific inquiry, facilitate precise and comprehensive analysis of molecular structures

and compositions.

2.4.1 Matrix-Assisted Laser Desorption lonization Time of Flight (MALDI-TOF Mass)

TOF-Mass, an alternative soft ionization technique distinct from ESI-mass spectrometry, exhibits
the notable feature of generating significantly fewer multiply-charged ions. This method is
particularly well-suited for the analysis of delicate biomolecules, including peptides, proteins,
sugars, and DNA, as well as large organic molecules like polymers and macromolecules[6]. These
biomolecules are prone to fragmentation when subjected to conventional ionization methods.
Figure 6. illustrates the schematic working principle of TOF-Mass, showcasing its ability to
accurately analyze molecular structures while minimizing fragmentation. This technique holds
great promise for advancing research across various fields by enabling the comprehensive analysis

of complex molecular compositions with enhanced sensitivity and precision.
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Figure 6. The principle involved in time-of-flight (TOF) mass spectrometry

36| Page



In the analysis of compounds using TOF-mass spectrometry, the samples were combined with a
matrix compound. This matrix comprises crystallized molecules of three commonly utilized types,
including 3,5-dimethoxy-4-hydroxycinnamic acid, a-cyano-4-hydroxycinnamic acid (a-CHCA),
and 2,5-dihydroxybenzoic acid (DHB) (Figure 7.) [7]. A solution of the matrix is prepared by
dissolving it in a mixture of purified water and organic solvents such as acetonitrile or ethanol.
Subsequently, the matrix solution is mixed with the analyte sample, and the resulting solution is
then deposited onto a MALDI plate. Upon deposition, the solvent evaporates, leaving behind the
recrystallized matrix. The co-crystallization of the matrix and analyte is pivotal, as it significantly
influences the quality of the obtained mass spectrum. However, certain molecules possessing a 7 -
conjugated system, such as naphthalene, can also serve as electron acceptors and be utilized as the
matrix. Thisapproach is particularly relevant when studying molecules with t-conjugated systems.
As the dyes synthesized in the present thesis exhibit a -conjugated system, MALDI-TOF mass

spectrometry is employed to analyze some of these dye molecules.
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Figure 7. Molecular structure of the matrix

The current thesis uses the Bruker Microflex-KI time-of-flight (TOF) mass spectrometer, as
illustrated in Figure 8. This apparatus utilizes ultraviolet (UV) lasers, specifically nitrogen lasers
and ND: YAG lasers. During the operation, the laser beam focuses on the matrix crystals located
within the dried-droplet location. When the laser energy is absorbed, the matrix goes through
desorption and ionization. The resulting heated cloud consists of both neutral and ionized matrix
molecules, Nano-droplets, as well as molecules that have gained or lost a proton. The ions detected

after ionization may consist of molecules with additional or missing ions, such as [M+H]* for the

37| Page



addition of a proton, [M+Na]* for the addition of a sodium ion, and [M-H]* for the removal of a
proton. The specific ionization results are contingent upon various elements, such as the
composition of the matrix, the intensity of the laser, and the applied voltage. The Time-of-Flight
(TOF) measurement is highly compatible with this ionization technique due to the pulsed laser's
operation in distinct shots. In addition, the TOF instrument has an ion mirror that employs an
electric field to reflect ions, resulting in a twofold increase in the ion flight path and improved
resolution. This complete configuration allows for accurate and detailed mass analysis while

studying molecular compositions.

2.4.2 Electrospray lonization (ESI-Mass)

The method of electrospray ionization (ESI) is utilized, in which a high voltage is given to the
sample to create an aerosol, resulting in the formation of ions. ESI stands out from other
atmospheric pressure ionization methods due to its highly efficient production of ions with
multiple charges. ESI is acknowledged as a gentle ionization technique since it causes minimum
fragmentation, resulting in constant observation of molecular ion peaks[8]. The groundbreaking
research on electrospray ionization (ESI) was reported by Masamichi Yamashita and John Fenn in
1984. Figure 10. illustrates the schematic depiction of the operational principle of ESI-mass
spectrometry. This approach is highly useful in scientific study as it enables the accurate

determination of molecule compositions while minimizing sample deterioration.

In the ionization process, the analyte of interest is dissolved in a liquid and then dispersed into fine
aerosol through electrospray [9]. lon formation occurs as solvent evaporation takes place, with
commonly used organic solvents such as methanol and acetonitrile facilitating this process. The
aerosol is introduced into the initial vacuum stage of the spectrophotometer via a capillary, where

it encounters a potential difference of approximately 3000V. Additionally, heating is
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Figure 10. Working principle of ESI-Mass

applied to aid in further solvent evaporation. In the context of this thesis, methanol serves as the

solvent of choice for analyzing the mass of dyes.

2.5 Fluorescence Microscopy

The fluorescence microscope is a fundamental tool in contemporary biological research, providing
unparalleled resolution and sensitivity for observing specimens that have been labeled with
fluorescent markers [10,11]. This microscope utilizes the principle of fluorescence and is powered
by an excitation light source, usually a high-intensity lamp or laser that emits light across a wide
range of wavelengths, from ultraviolet (UV) to visible light[12]. Excitation wavelengths
commonly vary from 300 to 700 nanometers (nm), which aligns with the absorption spectra of
different fluorophores [13]. The objective lens carefully collects the emitted fluorescent light and
filters it to remove any remaining excitation light, ensuring accurate detection of the fluorescent
signal [14] (Figure 11). This allows for the production of high-resolution fluorescence images,

which are caught by sophisticated camera systems or photodetectors.

An important advantage of the fluorescence microscope is its capacity to selectively observe
particular molecules or cellular structures inside complex biological materials [15]. This ability is
enabled by fluorescent markers, such as fluorescent dyes or genetically engineered fluorescent
proteins, which can be accurately directed to specific molecules or cellular compartments of

interest. Furthermore, fluorescence microscopy allows for the direct and immediate monitoring of
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dynamic events occurring within living cells. This is made possible by the ability to constantly

stimulate and capture images of fluorophores over some time [11].

Advancements in technology have led to the development of specialized imaging techniques
including confocal microscopy, multiphoton microscopy, and super-resolution microscopy. These
techniques provide improved spatial resolution and imaging depth compared to traditional
fluorescence microscopy. These advanced approaches show potential for understanding intricate

biological events with exceptional levels of precision.

To summarize, the fluorescence microscope is a very effective instrument that has significantly
transformed our comprehension of cellular organization and operation, leading to progress in

biomedical investigation and enhancing our understanding of health and illness.
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Figure 11. The basic setup of a fluorescence microscope

Different methods for fluorescence microscopy have been developed to enhance image contrast
and spatial resolution. The three primary categories of fluorescence microscopy are widefield

microscopy, confocal microscopy, and total internal reflection fluorescence microscopy.
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2.5.1 Widefield microscopy

Wide-field (WF) Fluorescence Microscopy is a commonly used fluorescence microscope in the
field of cell biology. With this microscope, a beam of light is used to illuminate the entire specimen
simultaneously, causing the fluorophore to become excited. All the fluorescence emitted by
specimens can be viewed at the same time, enabling easy and quick imaging. When observing a
specimen with multiple probabilities, it is possible to view all the fluorescence simultaneously.
Thanks to the ability to view all parts of the specimen simultaneously, it enables a rapid selection

of fluorescent cells for imaging.

2.5.2 Confocal microscopy

WF microscope is limited by thin specimens. Imaging is hampered by an increase in out-of-focus
light as specimen thickness increases. Confocal microscopy can remove out-of-focus light from
pictures and provide high-resolution viewing of thick specimens. A confocal microscope may
achieve a maximum resolution of around 200 nm. The primary distinction between confocal
microscopy and other methods in the illumination and detection area. When it comes to
immunofluorescence, the confocal microscope is a very useful tool for reducing background glare
[16].

2.5.3 Total Internal Refraction Microscopy

Total Internal Refraction Microscopy (TIRFM) relies on the activation of fluorophores through
the evanescent wave or field generated by the internally refracted laser beam. Total internal
refraction (TIRF) isan optical phenomenon where light reflects instead of refracting when it moves
from a medium with a high refractive index to one with a low refractive index. This reflection
occurs when the incident angle exceeds the critical angle. This phenomenon is governed by Snell's
Law. When it comesto TIRF, the reflected light transforms an electromagnetic field at the interface.
This then leads to the formation of an evanescent field through the media of low refractive index,
with its amplitude decaying exponentially. Thus, the evanescent field's penetration depth is limited

to approximately 100 nm. In a typical experimental setup, the fluorophores near the interface can
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be excited by the evanescent field when they have the capacity for electronic transition with or

close to the wavelength of the laser beam.

The Nikon Eclipse Ti2 is a highly advanced and versatile fluorescence microscope that is widely
used in various biological studies. With its cutting-edge modular design, the Nikon Eclipse Ti2
provides unparalleled flexibility and adaptability to suit a diverse array of applications. With
cutting-edge imaging capabilities, such as motorized stage movement, autofocus, and high-speed
camera systems, the Ti2 allows for accurate and efficient data acquisition. In addition, its ability
to work with different fluorescence imaging techniques, like confocal microscopy and total
internal reflection fluorescence (TIRF) microscopy, makes it even more valuable for a wide range

of research applications.

In the course of my current thesis, | have employed the Nikon Eclipse Ti2 fluorescence microscope
to investigate the dynamic fluorescence changes that arise during the enzymatic hydrolysis of a
probe utilizing Forster Resonance Energy Transfer (FRET). The Nikon Eclipse Ti2 has emerged
as an indispensable asset in this endeavor, facilitating high-resolution fluorescence imaging of the
probe and its interactions with the enzyme. Moreover, the versatility and advanced features of the
Nikon Eclipse Ti2 have proven instrumental in conducting intricate fluorescence experiments,
underscoring its significance as a sophisticated tool in contemporary biological research. The
findings obtained through the utilization of the Nikon Eclipse Ti2 fluorescence microscope
contribute to our understanding of enzymatic processes and highlight its pivotal role in advancing

knowledge in the field of molecular biology.

Figure 11. Fluorescence microscopy (Nikon Eclipse Ti2) used in my study
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2.6 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a widely used electrochemical technique that enables the study of the
reduction and oxidation processes of molecular species. CV is also extremely useful for studying
electron transfer-initiated chemical reactions, including catalysis[17]. The working electrode's
potential varies over time in cyclic voltammetry. The term “cyclic" refers to the way it slopes down
in the opposite direction to return to the initial potential after reaching the peak potential. The scan
rate represented by V/s, is the rate at which voltage changes with time. Working, reference, and
counter electrodes must be dipped in the analyte solution including a supporting electrolyte to set

up a cyclic voltammetry apparatus.

Working electrode: The working electrode serves as the site where the analyte undergoes oxidation
or reduction processes. Typically comprised of inert metals such as platinum, gold, and silver, or
materials like glassy carbon, this electrode interface plays a crucial role in facilitating

electrochemical reactions during experimentation.

Reference electrode: Reference electrode maintains a relatively stable potential, making it a
reference point for assessing the potentials of other working and counter electrodes. Commonly
utilized reference electrodes include the Ag/AgCI/KCI electrode, standard Calomel electrode
(Hg/HgCI/KCI), and Standard Hydrogen Electrode (SHE), among others.

Counter electrode: The counter electrode plays a crucial function in either supplying or accepting
electrons to ensure the continuity of the circuit, depending on the electrochemical reaction
occurring at the working electrode. Essentially, it assures that if oxidation happens at the working
electrode, its corresponding opposite reaction occurs at the counter electrode, and vice versa. To
avoid a bottleneck in electron kinetics at the counter electrode, it is common for its surface area to
be larger than that of the working electrode. The counter electrode is typically made of platinum,

gold, or silver.

Supporting electrolyte: The supporting electrolyte typically consists of an ionic salt with elevated
conductivity, introduced into the electrolytic solution alongside the analyte. Its principal role is to
augment the conductivity of the analyte and to mitigate the occurrence of the so-called IR drop,
which could potentially shift peaks. This aspect is particularly critical as it directly influences the
determination of the HOMO-LUMO level in our study.
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To carry out cyclic voltammetry on the analyte (particularly, dyes in this research), it was dissolved
in dimethyl formamide (DMF) with tetra butyl ammonium hexafluorophosphate (0.1M) as the
supporting electrolyte. The CV measurements were performed using a scan rate of 10mV/s. A high
concentration of the supporting electrolyte was used since the dye being studied had lesser
conductivity. The initial peak apparent on the CV curve corresponds to the first oxidation state of
the molecule, which can be used to estimate the energy level of the Highest Occupied Molecular
Orbital (HOMO). In contrast, the corresponding peak of the material indicates the energy level of
the Lowest Unoccupied Molecular Orbital (LUMO). Before performing the cyclic voltammetry

analysis on the dyes, the device was calibrated using ferrocene as the reference standard.

Figure 12. The CV measuring apparatus is arranged beside the electrochemical cell
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2.7. High-Performance Liquid Chromatography (HPLC)

High Performance Liquid Chromatography (HPLC), is a sophisticated analytical equipment used
to separate dissolved chemicals in a solution[18]. The system consists of a pressurized sample
input, a column containing a stationary phase, a pump for dispersing solvents as the mobile phase,
and a detector [19]. The specimen is introduced and then traverses the column. The operational
mechanism of HPLC involves introducing analytes into the mobile phase flow and carrying them
onto the column that contains the stationary phase. The analytes that do not interact with the
stationary phase pass through the column and are the first to elute from it. The analytes that exhibit
strong interactions with the stationary phase are retained on the column and are not observed
further. The analytes that lie within the range between these two extremes are the ones that remain
in the column for a certain period. Each analyte has a distinct duration of time. Therefore, after the
column, the various constituents of the analyte sample can be isolated and identified. The

operational principle of HPLC is illustrated in Figure 13.
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Figure 13. Schematic working principle of HPLC

The separation of componentsin a liquid mixture isachieved by utilizing their varying interactions
with the stationary phase, leading to distinct flow rates for each component[20]. The mobile phase

facilitates the mobility of various components of the mixture. The interactions
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between the sample and column are determined by the adsorbent material of the column. The
components in a mixture can be separated based on their adsorption properties using different types
of columns. Alumina or silica columns are used for separation based on differences in adsorption
[21], while solid columns functionalized with sulfonic acid are used for ion exchange separation
[22]. Size-exclusion separation is achieved using columns made of porous silica or polymeric

particles.

The High-Performance Liquid Chromatography (HPLC) utilized in this present thesis is depicted
in Figure 14. The synthesized squaraine dyes, dye peptide conjugates and dye intermediates in this
thesis were evaluated using high-performance liquid chromatography (HITACHI) with a
chromolith analytical column (RP — 18e, ¢ 4.6 mm x 100 mm) and Xterra MS C8-5um column
(4.6 x 150 mm; made by Waters), Integrator D — 5700, UV-Vis detector L — 7420, and pump L -
7100.

Figure 14. HPLC used during our study

46| Page



2.8 Incubator

An incubator within laboratory settings serves as a meticulously controlled habitat tailored to foster
the proliferation of microbiological or cellular cultures. Its primary function revolves around the
maintenance of optimal environmental parameters including temperature, humidity, and often CO>
and oxygen concentrations. Analogous to a protective enclosure crafted from stainless steel, it
shields its inhabitants from external disruptions, guaranteeing an environment conducive to their
growth and reproductive processes. Enzyme Kkinetics, protein folding, and other biological
operations often demand specific temperatures for maximum performance. Incubators facilitate
the execution of these reactions with specific parameters, guaranteeing consistent results and

precision.

In my current thesis, the EYELA SLI1-400 incubator is used for enzymatic hydrolysis of the probe
SQ-122 PC.

Figure 15. Incubator used in our work
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2.9 Gaussian Structure Optimization

It has been determined that the electron, an atomic particle, exhibits a dual nature, meaning it
displays characteristics of both a particle and a wave. The particle character of an object is
substantiated by its mass and charge, yet it also demonstrates a diffraction pattern akin to that of a
wave. Wave functions can explain the characteristics of electrons. Schrodinger was the first to
document these wave functions and their associated equations, which are referred to as
"Schrodinger's wave equation for a particle in 1D". This equation characterizes the variations in

wave function concerning time and spatial position caused by quantum phenomena.

Gaussian is a popular computational chemistry software package that is widely used for
performing density functional theory (DFT) calculations. DFT is a quantum mechanical modeling
method used to study the electronic structure of molecules and solids. DFT is a quantum
mechanical approach that aims to directly compute the electron density, eliminating the need to
first determine the wave function. This sets it apart from the semi-empirical and ab initio
techniques. In the context of Density Functional Theory (DFT), the task of determining the wave
function of a system is substituted with the analogous task of determining the electron density. The
computation was performed using the G09 software package, with the structure being inputted
using the Gauss view software. Subsequently, the input program was utilized for quantum
computation employing TDDFT. The calculation was performed utilizing LSDA (Linear Spin
Density Approximation) and the 6311G basis set. The computation was performed in the singlet
state, employing default spin and without considering solvation effects. The calculation utilized
1000 MB of CPU memory.

48| Page



3. References

10.

Romani, A.; Clementi, C.; Miliani, C.; Favaro, G. Fluorescence Spectroscopy: A Powerful
Technique for the Noninvasive Characterization of Artwork. Acc. Chem. Res. 2010, 43,
837-846, doi:10.1021/ar900291y.

Pyykko, P. Theory of NMR Parameters. From Ramsey to Relativity, 1953 to 1983. In
Calculation of NMR and EPR Parameters; 2004; pp. 7-19 ISBN 9783527601677.

Diehl, B. Chapter 1 - Principles in NMR Spectroscopy. In; Holzgrabe, U., Wawer, 1.,
Diehl, B.B.T.-N.M.R.S. in P.A., Eds.; Elsevier. Amsterdam, 2008; pp. 1-41 ISBN 978-0-
444-53173-5.

Wong, K.C. Review of NMR Spectroscopy: Basic Principles, Concepts and Applications
in Chemistry. J. Chem. Educ. 2014, 91, 1103-1104, doi:10.1021/ed500324w.

Zia, K.; Siddiqui, T.; Ali, S.; Farooq, I.; Zafar, M.S.; Khurshid, Z. Nuclear Magnetic
Resonance Spectroscopy for Medical and Dental Applications: A Comprehensive
Review. Eur. J. Dent. 2019, 13, 124-128, doi:10.1055/5-0039-1688654.

Singhal, N.; Kumar, M.; Kanaujia, P.K.; Virdi, J.S. MALDI-TOF Mass Spectrometry: An
Emerging Technology for Microbial Identification and Diagnosis. Front. Microbiol. 2015,
6.

Leopold, J.; Popkova, Y.; Engel, K.M.; Schiller, J. Recent Developments of Useful
MALDI Matrices for the Mass Spectrometric Characterization of Lipids. Biomolecules
2018, 8, doi:10.3390/biom8040173.

Ho, C.S.; Lam, C.W.K.; Chan, M.H.M.; Cheung, R.C.K.; Law, L.K.; Lit, L.C.W.; Ng,
K.F.; Suen, M.\W.M.; Tai, H.L. Electrospray lonisation Mass Spectrometry: Principles and
Clinical Applications. Clin. Biochem. Rev. 2003, 24, 3-12.

Prabhu, G.R.D.; Williams, E.R.; Wilm, M.; Urban, P.L. Mass Spectrometry Using
Electrospray lonization. Nat. Rev. Methods Prim. 2023, 3, 23, doi:10.1038/543586-023-
00203-4.

Schermelleh, L.; Heintzmann, R.; Leonhardt, H. A Guide to Super-Resolution

49| Page



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Fluorescence Microscopy. J. Cell Biol. 2010, 190, 165-175, doi:10.1083/jcb.201002018.

Hell, S.W. Far-Field Optical Nanoscopy. Science (80-.). 2007, 316, 1153-1158,
doi:10.1126/science.1137395.

Fluorescence Microscopy. In Molecular Fluorescence; 2012; pp. 327-348 ISBN
9783527650002.

Xu, C.; Webb, W.W. Measurement of Two-Photon Excitation Cross Sections of
Molecular Fluorophores with Data from 690 to 1050 Nm. J. Opt. Soc. Am. B 1996, 13,
481-491, doi:10.1364/JOSAB.13.000481.

Lippincott-Schwartz, J.; Patterson, G.H. Development and Use of Fluorescent Protein
Markers in Living Cells. Science 2003, 300, 87-91, doi:10.1126/science.1082520.

Shaner, N.C.; Steinbach, P.A.; Tsien, R.Y. A Guide to Choosing Fluorescent Proteins.
Nat. Methods 2005, 2, 905-909, doi:10.1038/nmeth819.

Amos, W.B.; White, J.G.; Fordham, M. Use of Confocal Imaging in the Study of
Biological Structures. Appl. Opt. 1987, 26, 32393243, do0i:10.1364/A0.26.003239.

Elgrishi, N.; Rountree, K.J.; McCarthy, B.D.; Rountree, E.S.; Eisenhart, T.T.; Dempsey,
J.L. A Practical Beginner’s Guide to Cyclic Voltammetry. J. Chem. Educ. 2018, 95, 197—
206, doi:10.1021/acs.jchemed.7b00361.

Erni, F.; Frei, R.W. Two-Dimensional Column Liquid Chromatographic Technique for
Resolution of Complex Mixtures. J. Chromatogr. A 1978, 149, 561-569,
doi:https://doi.org/10.1016/S0021-9673(00)81011-0.

Zapata, M.; Rodriguez, F.; Garrido, J. Separation of Chlorophylls and Carotenoids from
Marine Phytoplankton: A New HPLC Method Using a Reversed Phase C8 Column and
Pyridine-Containing Mobile Phases. Mar. Ecol. Prog. Ser. 2000, 195, 29-45,
d0i:10.3354/meps195029.

Rodrigues, A.E.; Zuping, L.; Loureiro, J.M. Residence Time Distribution of Inert and
Linearly Adsorbed Species in a Fixed Bed Containing “Large-Pore” Supports:
Applications in Separation Engineering. Chem. Eng. Sci. 1991, 46, 2765-2773,

50| Page



doi:https://doi.org/10.1016/0009-2509(91)85145-N.

21.  Heinemann, G.; Kohler, J.; Schomburg, G. New Polymer Coated Anion-Exchange HPLC-
Phases: Immobilization of Poly (2-Hydroxy, 3N-Ethylenediamino) Butadiene on Silica
and Alumina. Chromatographia 1987, 23, 435-441, doi:10.1007/BF02311821.

22.  Viklund, C.; Svec, F.; Fréchet, J.M.; Irgum, K. Fast lon-Exchange HPLC of Proteins
Using Porous Poly(Glycidyl Methacrylate-Co-Ethylene Dimethacrylate) Monoliths
Grafted with Poly(2-Acrylamido-2-Methyl-1-Propanesulfonic Acid). Biotechnol. Prog.
1997, 13, 597-600, doi:10.1021/bp9700667.

51| Page



CHAPTER 3 : Design and Synthesis of
Novel Squaraine Dye with Highly
Enhanced Far-Red Fluorescence and
its Interaction with a Model Protein
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Abstract: Fluorescent probes have multiple applications that utilize photoinduced electron
transfer (PET) to mitigate fluorescence. A novel symmetrical squaraine (SQ) dye, modified with
an amine group, and a conjugate of fluorescein isothiocyanate (FITC) with SQ, are designed and
synthesized. Subsequently, the compounds' structures and photophysical properties are analyzed
and characterized. The symmetrical SQ dye exhibits complete fluorescence suppression in polar
solvents, which is caused by the main pathway of photoinduced electron transfer (PET) leading to
quenching. However, when the FITC-SQ-FITC dye combination is used, it decreases the
aggregation of both SQ and FITC components. This leads to a remarkable 47-fold increase in the
intensity of far-red fluorescence at 674 nm. The notable enhancement in the intensity of far-red
fluorescence can be ascribed to the synergistic impact of mitigating aggregation-induced
quenching (ACQ) and photoinduced electron transfer (PET). The newly developed FITC-SQ-
FITC dye conjugate eliminates the far-red fluorescence in phosphate buffer saline (PBS) because
of strong dye aggregation, as confirmed by spectral absorption studies. When in PBS, it forms a
significant interaction with bovine serum albumin (BSA) (Ka = 1.1 x 10* M), which is utilized as
a model protein. This interaction disrupts the aggregation of the dye by BSA and leads to an
increase in far-red fluorescence associated with SQ. The increase in fluorescence is directly
proportional to the concentration of BSA. The fluorescence at 674 nm increased significantly by a
factor of 117 when the concentration of BSA was increased by 25 times. This indicates that the
proposed FITC-SQ-FITC is a highly effective probe for studying dye-protein interactions in the

far-red range.

3.1 Introduction

Electronic excitation energy transfer (EET) is a commonly employed mechanism for labeling
biological molecules [1]. Molecular cascading using a range of dyes as donor (D) and acceptor (A)
has become increasingly popular in EET operations. The successful exploitation of spectral
overlap in energy transfer systems has allowed for an artificial increase in the Stokes shift. This is
achieved through through space energy transfer [2]. Two different pathways for EET, namely
fluorescence resonance energy transfer (FRET) and through bond energy transfer (TBET), have

been extensively studied. The distance between the donor and acceptor fluorophore moieties and
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the extent of the overlap between their absorption and emission spectra are crucial factor in
determining FRET efficiency [3]. Various phenomena, including intermolecular charge transfer
(ICT), photoinduced electron transfer (PET), FRET, and TBET, have been extensively utilized in
the creation and advancement of innovative chemical and biological sensing molecular probes[4-
8]. A wide range of small-molecule fluorophores with different core structures, including BODIPY,
fluorescein, rhodamine, cyanine, naphthalimide, and coumarin, have been extensively utilized in
the development of PET -based fluorescent probes. The pyrrole ring with an abundance of electrons
has been found to effectively suppress the fluorescence of the designed fluorescence component.
This is achieved through an enhanced process known as PET, which reduces the background
fluorescence and improves the signal-to-noise ratio. This method proves to be more effective
compared to the traditional single-atom electron donors like oxygen [5][6], nitrogen, and selenium,
([7118]) [9]. The mechanism behind PET-based fluorescent probes has been explained using
frontier orbital theory [10—13]. The use of fluorescent sensors based on the photoinduced electron
transfer (PET) approach has generated significant interest due to their wide range of potential
applications [14]. However, the majority of these PET systems function efficiently in the UV-
visible range, whereas just a small number of them operate in the near-infrared (NIR) range. A
careful examination of the Weller equation [15] reveals that it is challenging to identify a PET
system when the energy difference between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) is extremely tiny, as is the case with near-

infrared (NIR) fluorescent dyes.

Fluorescent dyes that are sensitive to far-red/near-infrared (NIR) light have a multitude of
applications in the fields of biomedical research, nanotechnology, and material science. Because
of their greatly reduced auto-fluorescence in biological fluids and ability to penetrate deep tissue,
these NIR fluorescent probes are extremely appealing for non-invasive in vivo imaging [16].
Fluorescent labels and probes used in biological and pharmaceutical research have sparked
significant interest. One particular group of sensitizing dyes, known as squaraine, has caught the
attention of researchers. These dyes offer the advantage of adjustable absorption and emission
properties, ranging from visible to near-infrared wavelengths. Additionally, they possess high

molar absorptivity and moderate quantum yields, making them valuable tools in various
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applications [17]. Squaraine dyes offer the advantage of being able to alter their absorption and
emission properties across a wide range of wavelengths, including the visible and infrared regions.
This makes them highly suitable for applications in fluorescence imaging. Squaraine dyes possess
unique chemical and physical properties that make them highly versatile in various applications.
These include serving as NIR fluorescent probes, environmental sensors[18], molecular sensors
[19], bioimaging tools, and biochemical labeling agents [20]. Indolenine-based squaraines are
known for their superior photostability compared to similar compounds like cyanines and other
aromatic squaraines [21]. This makes them highly sought after for the development of fluorescent
labels and probes. A FRET system has been developed using two naphthalimide donors and a
squaraine acceptor. This system functions as a FRET turn-off, which is caused by the

decomposition of the acceptor chromophore due to the presence of the analyte [22].

This study focuses on the synthesis of a symmetrical squaraine dye with two fluorescein
isothiocyanate donors and squaraine as an acceptor. The resulting dye emits fluorescence in the
far-red wavelength region. This dye exhibited a highly effective energy transfer of 94.69%,
resulting in emission in the far-red region. In contrast, the Squaraine dye with an amine-
functionalized group did not exhibit any fluorescence in the far-red region. However, when it came
to the FITC-flanked squaraine dye, the fluorescence emission in the far-red region increased by a
staggering 47 times compared to the regular squaraine dye. The significant enhancement in the
fluorescence emission of the new squaraine dye has been elucidated by considering the phenomena

of aggregation caused by quenching (ACQ) and PET.

3.2 Experimental

3.2.1 Materials and Methods

All the chemicals, solvents, and reagents used for synthesis and photophysical characterization are
of high quality and are utilized as they are received without any modifications. The synthesized
symmetrical squaraine dyes and dye intermediates were examined using MALDI-TOF/FAB-mass
spectroscopy in positive ion monitoring mode and nuclear magnetic resonance spectroscopy
(NMR 500 MHz for *H NMR) to determine their structure. The solution's electronic absorption
spectra were measured using a JASCO V-530 UV/VIS spectrophotometer, which is capable of
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detecting UV, visible, and near-infrared light. Simultaneously, the fluorescence emission spectrum
was captured using a JASCO FP-6600 spectrophotometer, which is a fluorescence emission
spectrometer. A three-electrode electrochemical cell was utilized to conduct cyclic voltammetry
(CV) to determine the energy level of dyes. The cell consisted of a Pt foil serving as the counter
electrode, a Pt wire as the working electrode, and a saturated calomel electrode (SCE) as the

reference electrode.

3.2.2 Synthesis of SQ, FITC-SQ-FITC and Dye Intermediates

The FITC-flanked symmetrical SQ dye (FITC-SQ-FITC) and the amine-functionalized SQ dye

utilized in this study were produced according to Scheme 1.
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Scheme 1. Synthesis of the target far-red dye probes.

3.2.2.1 Synthesis of Compound 1

2,3,3-trimethyl-3H-indol-5-amine (2gm, 11.478mmol, 1 eq.) was added in a solution of Na,COs
(6.082g, 57.39mmol, 5eq) in 20 ml water and 1,4-dioxane (20 mL) and the reaction was cooled to
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0 °C. Fmoc-OSu (1.1eq, 12.221mmol) was added to the mixture and stirred overnight from 0°C to
room temperature. The resulting mixture was washed with Et.O (40 mL). The aqueous layer was
neutralized with citric acid monohydrate and the desired product was extracted with EtOAc (4 x
25 mL). The combined organic layers were washed with brine, dried over Na»SO., filtered, and
concentrated in vacuo. The mass of the compound was 5.197 g giving 58.60% vyield. HPLC
analysis of the product suggests that the compound was 99% pure. High Resolution-ESI-TOF
mass (measured 397.19160 [M + H] *; 396.18378 calculated).

3.2.2.2 Synthesis of Compound 2

In a round bottom flask, one equivalent of (9H-fluoren-9-yl)methyl (2,3,3-trimethyl-3H-indol-5-
yl)carbamate (compound 1 )(1eq, 12.62mmol, 5g) and 1-lodobutane (3 eq, 36.86mmol, 4.3 ml)
were dissolved in dehydrated acetonitrile and the reaction was refluxed for overnight to give the
corresponding alkyl-3H-indolium iodide. After completion of the reaction as monitored by TLC,
the solvent was evaporated and the crude product was washed with ample diethyl ether. The crude
product (6.12g) was purified by silica gel column chromatography (Methanol: Chloroform). The
pure compound after column chromatography weighed 5.3 g and the yield was 21.8%. High
Resolution-ESI-TOF mass (measured 453.25420 [M]*;453.25365 calculated).

3.2.2.3 Synthesis of Compound 3

The dye (Fmoc-SQ-Fmoc) was synthesized using two equivalents of 5-((((9H-fluoren-9-
yl)methoxy)carbonyl)amino)-1-butyl-2,3,3-trimethyl-3H-indol-1-ium (compound 2)
(2.20916mmol, 1.0361g) and squaric acid(1l eq, 1.0458 mmol, 125mg) in 1-butanol: toluene
mixture (1:1, v/v). The reaction mixture was subjected to reflux overnight using a Dean—A stark
trap. Once the reaction was completed, the mixture was cooled, the solvent was removed by
evaporation, and the product was purified using silica gel column chromatography. Chloroform:
methanol (9:1) was used as the eluting solvent. The weight of the product was 800 mg. The
physical and spectroscopic data of symmetrical Fmoc-SQ-Fmoc dye are as follows; Yield 56 %
and HPLC purity 99 %. High Resolution-ESI-TOF mass (measured 982.46693 [M] *; 982.46694

calculated).
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3.2.2.4 Synthesis of SQ

Compound 3 (0.7633mmol, 795mg) was taken in a round bottom flask and 20% piperidine in DMF
was added to the flask. The reaction mixture was stirred at room temperature for 3 hours. The
reaction was monitored using TLC and the solvent was evaporated and the product was purified
by alumina oxide column chromatography using chloroform: methanol as the eluting solvent. The
weight of the product was 300 mg and the yield was 73%. High Resolution-ESI-TOF mass
(measured 538.33078 [M] *; 538.33078 calculated). *H NMR (DMSO-d6): § 0.89 -0.92 (t, 6H),
1.31-1.39 (m, 2H), 1.59 (s, 12H), 1.60-1.67 (m, 4H), 5.10 (s, 1H), 5.63(s, 4H), 6.52-6.53(d, 2H),
6.68(d, 2H), 6.95-6.97(d, 2H), 8.26 (s, 2H).

3.2.2.5 Synthesis of FITC-SQ-FITC Dye

Diisopropylethylamine (DIPEA, 69.6 ul, 0.4 mmol, 2 eq) was added to a solution of SQ (100 mg,
0.2mmol, 1eq), and FITC (155.752mg, mmol, 2eq) in dimethylformamide (DMF, 5 ml) in room
temperature. The mixture was stirred overnight. The complete conversion was determined using
liquid-chromatography—mass spectrometry. After evaporating the solvent under reduced pressure
and purifying the residue through silica gel chromatography with chloroform: methanol as the
eluting solvent, the resulting product FITC-SQ-FITC, was obtained in 55 % yield. High
Resolution-ESI-TOF mass (measured 1357.32 [M+K] *; 1357.51631 calculated). 'H NMR
(MeOH-d3): 5 0.84 - 0.88 (t,6H), 5 0.90 - 0.94 (t,6H), 5 1.31-1.39 (m,2H), 5 1.67 (s, 12H), 5 5.83
(s,1H), 4 5.87 (s,1H), 6 6.45-6.53 (m,12H), 7.11-7.16 (m,12H), 7.30-7.31 (d,1H), 7.34-7.35 (d,1H),
7.36-7.37(d,1H), 7.50-7.51 (d,1H), 7.67-7.68 (d,1H), 7.96 (d,1H).

3.3 Results and Discussion

3.3.1 Analysis of the Electronic Absorption and Fluorescence Emission Spectra

The absorption spectra depicted in Figure 1. reveal distinct absorption peaks of FITC-SQ-FITC,
indicating the coexistence of FITC and SQ components within the designed probe. In methanol,
these peaks manifest at absorption maxima (Amax) Of 486 and 656 nm, respectively. The absorption
band observed at Amax 0f 656 nm, accompanied by a vibronic shoulder at 610 nm, corresponds to

the SQ dye, while the second band at Amax 486 nm corresponds to FITC. Specifically, the SQ
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constituent of the probe exhibits a Amax at 670 nm with a vibronic shoulder at 625 nm, yielding an
absorbance ratio of the vibronic shoulder to the prominent peak estimated at 0.5. This ratio,
indicative of aggregate formation, tends to be more pronounced in the solid state due to enhanced
intermolecular interactions. A higher ratio signifies a greater degree of dye aggregation.
Examination of the absorption spectrum of FITC-SQ-FITC reveals an absorbance ratio for the
vibronic shoulder to the main monomeric dye absorption peak estimated at 0.28, suggesting a
lower extent of dye aggregation. This diminished aggregation is attributed to the steric hindrance

imposed by two terminal and bulky FITC moieties, which impede dye aggregation.
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Figure 1. UV-visible—near-infrared (NIR) electronic absorption spectra of fluorescein
isothiocyanate (FITC), FITC— SQ—FITC, and SQ in 10um methanol solution.

Considering the absorption maxima of FITC and SQ, which appear at 480 nm and 650 nm
respectively, efforts were made to measure the emission spectra of the newly designed FITC-SQ-
FITC. This was achieved by exciting the sample at 450 nm and 610 nm, which are below the
respective Amax values of FITC and SQ, as depicted in Figure 2. Additionally, the optical
parameters derived from both absorption and emission spectra are summarized in Table 1. Upon
excitation at 450 nm, a single emission band was observed with a peak at 520 nm, corresponding
to the emission of FITC. It is noteworthy that FITC alone exhibited a broad and intense emission

centered at 512 nm. In contrast, when excited at 610 nm, which corresponds to the absorption
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wavelength of SQ, no fluorescence was observed from SQ alone, indicating complete quenching.
However, under the same conditions, FITC-SQ-FITC demonstrated enhanced fluorescence with
emission peaks at 670 nm, which was 47 times higher compared to the emission from SQ when

excited at 610 nm.
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Figure 2. a) The spectra were measured for FITC and FITC-SQ—FITC in MeOH (10uM), with
an excitation wavelength of 450 nm. b) The spectra were measured for FITC-SQ-FITC and SQ
in MeOH (10uM), with an excitation wavelength of 610 nm.

Table 1. The optical properties of SQ, FITC-SQ-FITC, and FITC in methanol were determined

through analysis of absorption and spectrum emission studies.

Compound Aabs B (nm) dem [P1 (nm) AFl (nm) ®F [l
SQ 674 - - 0
FITC-SQ-FITC 656, 486 674,520 20, 34 0.07,0.32

FITC 482 512 30 0.92

UV/Vis absorption maximum, [b] Fluorescence emission maximum, [c] Stokes shift, calculated as the
difference between emission and absorption maxima, [d] The energy transfer efficiency, [e] Fluorescence
quantum yield (determined using Rhodamine 6G as reference).
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3.3.2 Photoinduced electron transfer (PET) and aggregation caused quenching

(ACQ)

The complete fluorescence quenching observed in the amine-substituted symmetrical squaraine
dye (SQ) suggests its potential as an effective far-red fluorescence quencher, thereby offering
opportunities for designing efficient Forster Resonance Energy Transfer (FRET) systems for the
development of far-red-sensitive biological probes. Among various mechanistic pathways,
aggregation-caused quenching (ACQ) and intramolecular photoinduced electron transfer (PET)
have been widely utilized to elucidate the fluorescence quenching mechanisms in m-conjugated

organic dyes.

The highly planar molecular structure of amine-functionalized symmetrical squaraine dye (SQ),
attributed to its extended m-conjugation, predisposes it to aggregate formation, as schematically
depicted in Figure 3. Previous studies by Kim et al. have highlighted the formation of blue-shifted
H-aggregates in squaraine dyes, which have been associated with compromised electron injection
compared to their monomeric counterparts [23,24]. Strategies involving the use of derivatives of
bulky chenodeoxycholic acid have been employed to mitigate such aggregate formation, leading

to improved electron injection and enhanced photoconversion efficiency [25,26].

Conversely, the SQ dye comprises an electron-rich amine group substituted in the indole ring and
an electron-deficient central squaraic acid core, offering the potential for efficient intramolecular
photoinduced electron transfer (PET), as depicted in Figure 3. Studies utilizing cyanine dye
fluorophores have demonstrated that the presence of electron donors with free electron
characteristics, such as -OH or -NHz groups, in combination with electron-deficient moieties
results in strong fluorescence quenching due to PET. Conversely, the substitution of these free
donor groups leads to the suppression of PET, resulting in significantly enhanced fluorescence
[27,28].
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Figure 2. The diagram illustrates the process of fluorescence quenching in SQ dye, which occurs

through the formation of aggregates on the left and by photoinduced electron transfer pathways.

To determine the primary cause of fluorescence quenching in amine-functionalized symmetrical
SQ dye, we first measured and analyzed the absorption and emission spectra of the dye in various
solvents such as methanol, chloroform, dimethyl sulfoxide (DMSO), and phosphate buffer saline
(PBS) (Figure 3). The absorption spectra of a dilute concentration of standard squaraine dyes in a
non-polar solvent, where the dyes exist as individual molecules, show a prominent and sharp peak
in the near-infrared (NIR) wavelength range. Additionally, a minor vibronic shoulder is observed
at a shorter wavelength in the blue-shifted region. Squaraine dyes with polar groups or dissolved
in polar solvents exhibit a phenomenon called blue-shifted H-aggregate formation, which is the
most prevalent, as well as red-shifted J-aggregate formation [29]. The formation of H-aggregates
results in alterations in the absorption spectrum characteristics, including spectral broadening, a
modest blue-shift in the primary absorption peak, a prominent blue-shifted vibronic shoulder, and,
in extreme circumstances, an extra distinct peak in the lower wavelength area [30,31]. An
examination of the absorption spectra of SQ dye depicted in Figure 3(a) indicates that the dye is
present in a monomeric state or exhibits minimal aggregation in chloroform. In polar solvents, it
exhibits  distinct  H-aggregation,  with  the order of  aggregation  being
PBS>>methanol>DMSO>>chloroform. The lower wavelength region of PBS exhibited a

significant absorption, which can be explained by the presence of blue-shifted H-aggregates and
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the widening of the absorption peak. However, the emission spectra showed a faint fluorescence
in chloroform and a total suppression of fluorescence in the other three solvents, while having
differing aggregation properties (Figure 3(b)). This confirms that the aggregation of dye
molecules in the case of SQ dye has a very minor effect on fluorescence through aggregation-
caused quenching (ACQ), while photoinduced electron transfer (PET) is the main mechanism
responsible for the significant reduction in fluorescence intensity.
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Figure 3. (a) The normalized electronic absorption and (b) fluorescence emission spectra of the

SQ-dye in various polar and non-polar solvents (10uM).

Overall, the incorporation of amine-substituted symmetrical squaraine dyes offers a promising
avenue for the development of efficient FRET-based far-red-sensitive biological probes,
leveraging mechanisms such as ACQ and PET to achieve optimal fluorescence quenching and

enhanced sensitivity.

There is an immense demand for fluorescence and quenching moieties that are efficient and have
significant overlap in their absorption and emission spectra. This is important when developing a
highly effective FRET system. The incorporation of the ability to emit light in the far-red
wavelength range makes this FRET system very well-suited for effective fluorescence biosensing
and bio-imaging applications. Studies have shown that the synthesized SQ dye can effectively act
as a quencher of far-red fluorescence by utilizing dominating PET. Hence, the FITC-SQ-FITC far-
red fluorescence probe was synthesized through the reaction between FITC and the amine group

of the squaraine dye. The existence of spectral absorption characteristics of both FITC and SQ-
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dye confirms the presence of both substances, as depicted in Figure 2. The absorption spectra of
the FITC-SQ-FITC conjugate showed a more prominent absorption peak around 480 nm, which
is associated with FITC, compared to FITC alone. On the other hand, the vibronic shoulder at 610
nm, which is associated with SQ, was less pronounced in the conjugate compared to the non-
conjugated SQ dye. This suggests that the aggregation of dye molecules in the conjugate was
hindered in comparison to the individual FITC and SQ components. The prevention of dye
aggregation in the FITC-SQ-FITC conjugate was additionally confirmed through a theoretical
molecular orbital calculation using Gaussian16. The calculation revealed that the optimal structure
of the conjugate is non-planar, which hinders the formation of face-to-face H-aggregates, similar

to SQ. This information is illustrated in Figure 4.

The process of conjugating FITC with a free amine group of the SQ dye results in the deactivation
of PET, as illustrated in Figure 4. This leads to the emergence of far-red fluorescence caused by
the SQ dye. Hence, the combined impact of inhibited ACQ (aggregation-caused quenching) and
PET (photoinduced electron transfer) in the FITC-SQ-FITC conjugate results in a significant
enhancement in far-red fluorescence (>47 times), as depicted in Figure 2. Consequently, this

compound serves as an appropriate probe for far-red fluorescence.
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Figure 4. Optimized structure (a) FITC side view (b) FITC face view (c) SQ side view (d) SQ
face view (e) FITC-SQ-FITC side view and (f) FITC-SQ-FITC face view as calculated using
Gaussian G16 program.

3.3.3 Energy band diagram

The final compounds, including FITC, SQ, and FITC-SQ-FITC, were subjected to cyclic
voltammetry (CV) measurements. The experiments were conducted at a scan rate of 10 mV/s,
using 0.1 M tetrabutylammonium perchlorate as a supporting electrolyte. The HOMO energy was
determined by calculating the 1st oxidation potential of the cyclic voltammogram, as depicted in

Figure 5.
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Figure 5. Cyclic voltammograms of FITC, SQ, and FITC-SQ-FITC in DMF with 0.5 M
BusNPFs were used as the supporting electrode, and Ag/Ag* was used as the reference
electrode. Scan rates are 10 mV/s. Ferrocene was used as an internal reference.

To construct the energy band diagram depicted in Figure 7, the Energy of the lowest unoccupied
molecular orbital (LUMO) was determined by utilizing the equation LUMO = HOMO + Eq. Here,
Eg represents the optical band gap, which was estimated using the equation Eg = 1240 / Aonset. The
honset Was determined by analyzing the optical absorption edge of the absorption spectra, as

depicted in Figure 1.

Upon excitation by a suitable light wavelength, the electron from the highest occupied molecular
orbital (HOMO) is moved to the lowest unoccupied molecular orbital (LUMO) of the SQ. The
receptor is located next to the SQ, and the energy level of the receptor's highest occupied molecular
orbital (HOMO) is between the lowest unoccupied molecular orbital (LUMO) and HOMO levels
of the SQ. As a result, the electron moves from the HOMO of the receptor to the HOMO of the
SQ, preventing the electron in the LUMO of the SQ from going back to the HOMO. This leads to
the occurrence of the photoinduced electron transfer (PET) effect, which suppresses the emitted
fluorescence from the fluorophore. When the receptor binds to FITC, the HOMO energy of the
receptor decreases and becomes lower than the HOMO energy level of the SQ. Consequently, the

PET process gets blocked, resulting in a resurgence of fluorescence (Figure 6).
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Figure 6. Frontier orbital theory to explain the photoinduced electron transfer (PET)
phenomena process in SQ and FITC-SQ-FITC.

Table 2. summarizes the energy associated with the LUMO and Eg, in addition to the HOMO.
The energy band diagram demonstrates a notable reduction in the HOMO energy level of the
FITC-SQ-FITC conjugate in comparison to that of the SQ dye alone, providing additional evidence
of the existence of the FITC unit. Simultaneously, it was observed that the Eg value for the

conjugate was somewhat lower at 1.89 eV, in comparison to its SQ-dye counterpart with a value
of 1.84 eV.

Table 2. Physical parameters for FITC, SQ, and FITC-SQ-FITC were deduced from

electrochemical and photophysical investigations.

Compounds HOMO (eV) LUMO (eV) Eq (eV)
FITC -5.99 -3.42 2.56
SQ -4.77 -2.92 1.84
FITC-SQ-FITC -5.81 -3.92 1.89

The modest non-planarity in the m-conjugated molecular framework of the SQ-dye in the

conjugation can be explained to the presence of the bulky FITC unit. The confirmation was
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obtained through theoretical quantum chemical calculations conducted using the Gaussian G16

program. These calculations focused on the optimization of the structure, as depicted in Figure 4.
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Figure 7. Energy band diagram for FITC, SQ, and FITC-SQ-FITC.

3.3.4 Interaction of FITC-SQ-FITC dye with BSA

The squaraine dye interaction with model proteins, including bovine serum albumin (BSA), human
serum albumin (HSA), avidin, and ovalbumin, aids in understanding how the dye facilitates protein
sensing. The study investigates the interactions between dyes and proteins using phosphate-
buffered saline (PBS) as a buffer. This topic is of great interest in understanding ligand binding
mechanisms and protein folding processes in imaging and sensing applications [31]. When
studying the relationship between dyes and protein molecules, it becomes clear that noncovalent
labeling of biomolecules is more effective than covalent labeling. Research has shown that BSA
forms noncovalent interactions with proteins, leading to noticeable alterations in the color of the
solution. As a result, using noncovalent labeling techniques avoids the need for purification
procedures and reduces chemical interactions between biomolecules and dyes. This improves the
usefulness of optical imaging approaches [32]. The BSA protein is composed of three distinct
domains, namely I, 11, and I11. Each domain is further divided into two subdomains, labeled A and
B. These subdomains are interconnected by a total of 17 disulfide links. BSA has three inherent

fluorophores, namely tryptophan, tyrosine, and phenylalanine, which exhibit great sensitivity to
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their surrounding microenvironment. Tryptophan has the greatest impact on the fluorescence of
BSA compared to the other two fluorophores. BSA has two tryptophan residues, specifically Trp-
212 and Trp-134[33,34]. Trp-134 is situated in the hydrophilic region on the protein's surface,
while Trp-212 is positioned in the non-polar region within the protein. Trp-212 has a greater impact
on the fluorescence intensity compared to Trp-134 [35,36]. Figure 4 depicts the locations where

BSA binds and the possible interactions it has with the dye.

s &47(37

Figure 8. BSA structure with various binding sites. [33]

Phosphate-buffered saline (PBS), often used in imaging applications to study protein folding and
ligand binding mechanisms, has been widely used as the preferred buffer to investigate the
interactions between dyes and proteins. Efforts have been made to understand the interactions
between the newly designed FITC-SQ-FITC as a far-red dye and protein molecules. A lot of focus
has been given to the noncovalent labeling of biomolecules. Welder et al. used absorption detection
techniques to investigate the noncovalent labeling of Bovine Serum Albumin (BSA) and Human
Serum Albumin (HSA) with NIR squarylium dyes [37]. BSA, a globular protein commonly used
as a model protein, is a valuable tool for studying dye-protein interactions. For this study, we have
used the FITC-SQ-FITC dye to investigate its interactions with BSA, which serves as a
representative model protein. The BSA content varied from 0 to 50 pM, though the dye
concentration remained constant at 10 uM. Figure 9. provides a comprehensive depiction of the

BSA interaction of FITC-SQ-FITC, along with the relevant techniques.
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Figure 10. The electronic absorption spectra of FITC-SQ-FITC in 0.1 M PBS were measured at
various concentrations of BSA while keeping the dye concentration fixed at 10 uM.
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Figure 11. illustrates the fluorescence spectra of FITC-SQ-FITC dye at different BSA
concentrations. It is interesting to note that in PBS, the fluorescence is completely quenched in the
far-red wavelength region from 620 nm to 720 nm. This is in contrast to what was observed in
methanol, as discussed earlier (Figure 2). Despite the existing PET-off state in FITC-SQ-FITC, as
mentioned earlier, the fluorescence quenching remains intact in PBS, possibly because of
enhanced ACQ. It is clear from the wide range of spectral features, including a vibronic shoulder

at 610 nm, that exceeds the absorption peak of the monomeric dye at 660 nm.
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Figure 11. The fluorescence emission spectra of FITC-SQ-FITC dye were measured at different
doses of BSA while keeping the dye concentration fixed at 10 uM.

When the amount of BSA is increased, there is only a little shift in the absorbance ratio between
the vibronic shoulder and the major monomeric peak, as seen in Figure 9. The presence of a bulky
group is responsible for the kinetics of the interaction between the dye BSA, which in turn impacts

aggregation-induced emission (AIE)[38].

Simultaneously, there was a noticeable rise in the emission intensity of the squaraine sub-

chromophore as the concentration of BSA increased. This indicates a complex interaction between
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this molecular segment and the protein. This interaction resulted in a significant increase in
fluorescence emission, increasing it by a remarkable factor of 117. This enhancement involves a
significant change in the fluorescence characteristics of the dye caused by the presence of BSA.
This highlights the potential importance of this interaction in biological sensing and imaging
applications. The size of the BSA molecule is crucial in this occurrence as it efficiently suppresses
the tendency of the FITC-SQ-FITC dye to aggregate. The prevention of aggregation is essential as
it recovers the fluorescence that was before suppressed. Furthermore, the fluorescence that has
been recovered becomes stronger in direct proportion to the rising concentration of BSA. This
suggests that there is a relationship between the dye and the protein that depends on the
concentration. The complex intermolecular interaction highlights the delicate equilibrium between
protein binding and dye fluorescence, providing an essential understanding of the fundamental
mechanisms that control their relationship. BSA is a protein with numerous roles. It has two active
sites: site-1, which is hydrophobic, and site-11, which involves a combination of hydrophobic,
hydrogen bonding, and electrostatic interactions. The molecular structure of FITC-SQ-FITC,
which has a carboxylic acid group in the FITC component and a thioamide linkage in the SQ
segment, indicates a specific affinity for site Il of the BSA molecule. This molecular analysis
enhances comprehension of the specificity and strength of the dye-protein interaction, facilitating
the development of purpose-built fluorescent probes for precise protein labeling and imaging. In
addition, the calculation of the apparent binding constant (Ks) using a precise mathematical
framework highlights the quantitative aspect of the interaction between the dye and protein. The
Ka value, calculated to be 1.1 x 10* M by plotting the fluorescence change against the inverse of
BSA concentration, indicates a robust and favorable binding affinity between the symmetrical
FITC-SQ-FITC dye and BSA. The apparent binding constant (Ka) was estimated using an equation
by plotting (F. — Fo) / (Fx — Fo) as a function of the inverse of BSA concentration, as depicted in
Figure 12. This quantitative evaluation provides more evidence for the potential usefulness of the
developed dye probe in accurately and effectively identifying proteins without forming chemical

bonds, thereby making it easier to see them in the far-red part of the light spectrum.

72| Page



12

10 ]

(F,‘F" )f(FYAF”)
=3

’ ¥+ ——
0 0.2 0.4 0.6 0.8 1

1/[BSA]

Figure 12. The plot shows the ratio of (F~—Fo) / (Fx—Fo) as a function of [BSA] 1, with a
constant dye concentration of 10 x 1076 M.

The relationship between BSA concentration and the fluorescence intensity of symmetrical
squaraine dye (FITC-SQ-FITC) is illustrated in Figure 13. In this study the results demonstrate a
linear correlation between fluorescence intensity and BSA concentration, indicating an increase in
fluorescence intensity with increasing BSA concentration up to 50 uM, after which saturation is
reached. However, further addition of BSA leads to non-linear changes in emission intensity, with
a less pronounced effect on fluorescence intensity beyond the saturation point at 50 uM. This
behavior is attributed to non-covalent interactions between the dyes and proteins, resulting in the
formation of BSA-dye conjugates. It is widely acknowledged that drugs or probes interact uniquely
with proteins in a concentration-dependent manner. The key criterion for utilizing these dyes as
probes is their ability to interact with proteins without disrupting their structure, as protein structure
is crucial for maintaining function and activity. The location of the dye within the protein may
induce conformational changes, highlighting the importance of using an optimized dye
concentration (10 uM) to study the synergistic effects of dye-BSA interactions while minimizing

potential structural alterations to the protein.
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Figure 13. The relationship between the intensity of fluorescence emission and the concentration
of Bovine Serum Albumin (BSA) for FITC-SQ-FITC.

3.4 Conclusion

This study involved the successful synthesis of amine-functionalized symmetrical squaraine (SQ)
dye and a FITC-SQ-FITC dye conjugate. The structures and photophysical characteristics of these
compounds were thoroughly investigated. The SQ dye, which has symmetrical properties,
displayed total fluorescence quenching. This quenching is primarily triggered by photoinduced
electron transfer (PET), which serves as the primary mechanism for the quenching. The addition
of FITC on both ends of the SQ dye in the FITC-SQ-FITC dye conjugation resulted in decreased
aggregation of both SQ and FITC components. This additionally caused an enormous 47-fold
increase in far-red fluorescence emission at 674 nm in a solution of methanol. The increased far-
red fluorescence is due to the combined influence of inhibiting aggregation-caused quenching

(ACQ) and photoinduced electron transfer (PET) processes.

The newly designed FITC-SQ-FITC dye conjugate exhibited total suppression of far-red
fluorescence in phosphate-buffered saline (PBS) as a result of intense dye aggregation, as verified
by spectral absorption experiments. However, when bovine serum albumin (BSA) was present as

a model protein, the conjugate exhibited a strong interaction with BSA, characterized by an
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association constant of 1.1 x 10* M. This interaction disrupted the aggregation of the dye and
resulted in an elevation of far-red fluorescence associated with the SQ component as the
concentration of BSA increased. A remarkable enhancement of fluorescence at 674 nm by a factor
of 117 was found when the concentration of BSA increased by a factor of 25. This demonstrates
the great potential of the FITC-SQ-FITC compound as a highly effective probe for investigating

interactions between dyes and proteins in the far-red range.

In summary, the SQ dye and FITC-SQ-FITC combination created in this study show great potential
as effective far-red quenching and fluorescent moieties. These findings open up possibilities for
creating innovative far-red-sensitive Forster resonance energy transfer (FRET) or PET systems,
which can be used in fluorescence biosensing applications. These findings enhance the progress
of fluorescent probes used in the investigation of protein interactions and show potential for the

development of effective biosensing platforms.
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3.6 Appendix

Charge number:1 Tolerance:5.00[mDa) Unsaturation Number:~1.5 .. 64.0 (Fraction:Both)
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Figure 1. TOF mass of compound 1

Charge number:1 Tolerance:5.00[mDa] Unsaturation Number:=1.5 .. 64.0 (Fraction:Both)
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Figure 2. TOF mass of compound 2
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Figure 4. TOF mass of SQ
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Acq. Data Name: kato-20230113FITC-SQ-FITC-1-SHEKHAR Experiment Date: 2023,/01/13 15:15:50
Creation Parameters: Average(MS Time:0.02.2.44) lonization Mode: ESI+
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Figure 5. TOF mass of FITC-SQ-FITC
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CHAPTER 4 : Design and Synthesis of

Novel Squaraine-Based Fluorescent
Probe for Far-Red Detection of

Chymotrypsin Enzyme
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Abstract: Chymotrypsin is a prevalent serine protease that plays a significant role in various
physiological processes, including digestion, hemostasis, apoptosis, signal transduction,
reproduction, and the immunological response. To meet the urgent requirement for fast and
affordable detection methods, we provide an innovative approach that utilizes far-red technologies
and homo-Forster resonance energy transfer (FRET). The SQ-122 PC probe showcases a unique
molecular structure comprising a squaraine dye (SQ), a peptide linker, and SQ moieties produced
via solid-phase peptide synthesis. Our probe has shown an impressive quenching efficiency of
93.75% in a specifically designed solvent system consisting of H,O: DMSO (7:3). Additionally,
the probe has absorption and emission properties that fall within the far-red range of the
electromagnetic spectrum. It is worth noting that the probe has an exceptionally low detection limit
of 0.130 nM, which is unprecedented. Additionally, our approach provides unmatched specificity
for chymotrypsin, guaranteeing reliable and precise detection of the enzyme. This groundbreaking
research highlights the vast capabilities of far-red-based homo-FRET systems in facilitating
accurate and targeted identification of chymotrypsin enzyme activity. Our research findings
signify a significant improvement in enzyme sensing, which has the potential to revolutionize
disease detection and dairy quality control by combining cutting-edge technology with biological

diagnostics.

4.1 Introduction

Proteases are vital enzymes in the body that have been the subject of research for developing
efficient and sensitive assays that can be utilized in health diagnosis, treatment, and biological
studies. Proteases cleave the amide bond at particular points on the polypeptide chain, which is
important for regulating several physiological processes [1,2]. The processes encompassed in this
list are cell proliferation, DNA replication, apoptosis, differentiation, immunological responses,
and hemostasis (coagulation). Chymotrypsin (CHT) is a serine protease that is often present in the
digestive tract of mammals [3]. Chymotrypsin hydrolyzes polypeptide substrate by breaking the
peptide bond on the carboxyl side of aromatic amino acids [4]. Chymotrypsin has a crucial function
in controlling the breakdown, cell death, and controlled cell death of proteins obtained from food

[5-7]. When the body is exposed to an excessive amount of chymotrypsin, it
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triggers the production of histamine, which can lead to allergic reactions [8]. Chymotrypsin
demonstrates anti-inflammatory properties in the realms of pathology and medicine. It is effective
in reducing post-operative problems after cataract surgery [9]. Chymotrypsin is commonly used
as a prototypical protease because it is cost-effective, readily available, and has the potential to be
a biomarker. To accurately identify chymotrypsin with great sensitivity, it is crucial to create an

efficient fluorescent probe.

Despite the rapid advancement of protease test methods, effective development and
commercialization of immunoassays that utilize antibodies for selective binding to target proteases
have been achieved. These immunoassays are efficient in accurately measuring the amounts of
protease [10]. However, they are not well-suited for mapping protease activity and establishing its
correlation with ailments phases, as their main emphasis is on quantifying protease content. To
address this difficulty, many methods have been extensively employed, such as the utilization of
appropriate peptide substrates, optical detection (absorbance/fluorescence), and the monitoring of
fluorescence changes using Forster resonance energy transfer (FRET) [10,11]. The interaction
between proteases and fluorogenic substrates leads to the specific cleavage of peptide bonds,
resulting in a change in the fluorescence spectra of the enzymes. This forms the basis for detecting
protease activity. Several highly efficient FRET reporters utilizing tiny compounds have been
discovered to date [11-13]. Although these probes have demonstrated a high level of sensitivity
in protease bioassays, most of them rely on a quencher-acceptor and fluorophore-donor system
known as hetero-FRET. Creating a new enzyme probe presents a challenge in designing a donor -
acceptor pair with optimal spectrum properties. The widespread usage of fluorescent labels is
mainly limited to the visible or low wavelength spectrum [14-16], which might potentially harm
tissues. Additionally, these fluorophores emit light at shorter wavelengths, which can disrupt the
natural fluorescence of cells. By incorporating far-red and near-infrared (NIR) fluorophores,
sensitivity is increased by reducing interference from biological autofluorescence. Additionally,
this enables more effective bioimaging with improved depth penetration [17]. Fluorescent peptide-
based probes are commonly used in optical imaging, and there are ongoing attempts to investigate
the near-infrared imaging range of the spectrum [18]. Cyanine dyes have a longer emission

wavelength,
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which makes them better suited for application in tissues. Nevertheless, their main disadvantage
resides in their fast photobleaching rate [19,20]. Within this particular framework, the NIR
squaraine dye demonstrates exceptional physical and chemical attributes, such as very intense
absorption bands, a high molar absorption coefficient, elevated quantum yield, excellent
photostability, and favorable photoconductivity [21-23]. Simultaneously, the ability of squaraine
dyes with a donor-acceptor-donor Zwitterionic molecular framework to absorb and emit light may
be adjusted within the visible to near-infrared wavelength range by carefully choosing appropriate
donor groups with different levels of m-conjugation [24]. Recently, there has been an increasing
trend in using the indole heterocycle as a donor component in squaraine dyes. This phenomenon
has resulted in a wide range of applications in various fields [25,26]. Saikiran et al. developed a
novel sensor that can detect human neutrophil elastase by utilizing a squaraine dye-based
aggregation-caused quenching mechanism. This sensor allows for real-time monitoring of enzyme
activity by fluorescence [27]. This design enables the continuous monitoring of enzyme activity

by measuring fluorescence variations, providing a fast and cost-efficient approach to detection.

To detect chymotrypsin in the far-red region, we have designed and synthesized a novel probe SQ-
122 PC. This probe is a combination of a dye and a peptide, and it operates via the homo-Forster
resonance energy transfer (homo-FRET) mechanism. The probe's design includes the integration
of two far-red-sensitive squaraine dye molecules, each with a suitable peptide sequence at its ends
to enable homo-FRET. When cleaved by chymotrypsin, the homo-FRET is deactivated, resulting
in an enormous rise in fluorescence signal in the far-red region (Scheme 1). We have developed a
detection method with exceptional sensitivity that can accurately identify chymotrypsin activity
even at exceedingly low concentrations. In addition, the probe shows remarkable selectivity, with

low interference from other proteases usually found in complicated biological materials.
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Scheme 1. lllustrates the detection of chymotrypsin using a fluorescence switch-off/on

mechanism caused by homo-FRET.

4.2 Materials and Methods

4.2.1 Reagents and Instruments

All the chemicals, solvents, and reagents utilized for synthesis and photophysical characterization
are of analytical or spectroscopic quality and are employed without any modifications. All Fmoc-
protected amino acids, Rink amide MBHA resin, piperidine, O-(1H-benzotriazol-1- yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU), 1-hydrolxy-1Hbenzotriazole hydrate
(HOBLt-H20), N,N-diisopropylethylamine (DIEA), 2,2,2-trifluoroacetic acid (TFA), and 4 M
HCI/Dioxane were acquired from Watanabe Chemical Industries, Ltd. a-chymotrypsin, a-trypsin,
elastase pancreatic, peroxidase, bovine serum albumin, and papain were acquired from Sigma-
Aldrich Co. LLC. These substances were sourced from bovine pancreas and horseradish. All
solvents and other reagents were purchased from Wako Pure Chemical Industries, Ltd. The
acquisition of deionized water was accomplished by the utilization of a Milli-Q Plus system, which
was produced by Millipore. The synthesized unsymmetrical squaraine dye and dye intermediates

underwent analysis using TOF/FAB-mass spectroscopy in
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positive ion monitoring mode and nuclear magnetic resonance spectroscopy (NMR 500 MHz for
1 H NMR) to determine their structures. The electronic absorption spectra in the solution were
obtained using a UV-visible-NIR spectrophotometer (JASCO V-530 UV/VIS spectrophotometer).
The fluorescence emission spectra were recorded using a JASCO FP-6600 spectrophotometer,
which is a fluorescence emission spectrometer. The experiment involved the use of an Xterra MS
C8-5um column (4.6 x 150 mm), manufactured by Walters, in combination with a Hitachi L-7100
instrument, to conduct analytical high-performance liquid chromatography (HPLC). The mobile
phases consisted of solvent A, which was 0.1% trifluoroacetic acid (TFA) in H2O, and solvent B,
which was 0.1% TFA in acetonitrile. A linear gradient of solvent B in solvent A was utilized,
ranging from 0% to 50% over a period of 15 minutes. The rate of flow was 1.0 ml per minute. The
detection method utilized absorbance measurements at wavelengths of 220 nm and 662 nm. The
incubation process of the samples was carried out using the EYELA SLI-400 incubator.
Fluorescence microscopy (ECLIPSE Ts2-FL, Nikon) was used to obtain images of the probe SQ-

122 PC with and without enzymes. The wavelength used for excitation was 580 nm.

4.2.2 SQ-122 Dye and Dye Intermediates Synthesis
4.2.2.1 Synthesis of 2,3,3-trimethyl-3H-indole-5-carboxylic acid (2)

The synthesis of 2,3,3-trimethyl-3H-indole-5-carboxylic acid was carried out using the technique
described by Pandey et al. [29]. TOF-mass: C12H13NO- (calculated m/z = 203.0946 and measured
m/z = 204.1028 [M+H]").

4.2.2.2 Synthesis of 1-butyl-5-carboxy-2,3,3-trimethyl-3H-indolium (3)

2,3,3-trimethyl-3H-indole-5-carboxylic acid (1 equivalent) and 1-iodobutane (3 equivalents) were
dissolved in acetonitrile and the reaction was heated to reflux for 36 hours at 90°C. The reaction
was seen using thin-layer chromatography (TLC) with a chloroform: methanol (9:1) solvent
solution. After the reaction was finished, the solvent was removed by evaporation using reduced

pressure, and the result was obtained by adding a sufficient amount of ether, causing it
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to precipitate. The solid was subjected to filtration and subsequent drying, resulting in a yield of
81%. TOF-mass (measured 260.17 [M]*; calculated 260.16451).

\ o,
. /
_~ _NHNH, ™,/ VL HOOC. -~ X
Jl “‘J’ o . HOOC._ -~ V7 F | | — ~0 O
- - Y AT /
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1 3 4
NaOH / EtOH
Reflux 20 min
L o
\ R
HOOC. _~ " oy
| N—/
N
g |
. e | A
CgHy7l U /L_ \ |
— — - 'L ‘[' _ Benzene : Butanol (1:1)
A Acetonitrile ~ N Reflux 12 h
Reflux, 120 h
6 7 (.
\
0 -
¢ v COOH

Scheme 2. Scheme for synthesis for unsymmetrical squaraine dye SQ-122.

4.2.2.3 Synthesis of semi squaraine ester (4)

1-Butyl-5-carboxy-2,3,3-trimethyl-3H-indolium (5 g; 19 mmol), diethoxy squarate (3.4 g; 20
mmol), and trimethylamine (2 ml) were dissolved in ethanol in a round bottom flask equipped with
a condenser. Subsequently, the combination underwent reflux for a duration of 1 hour. The
advancement of the reaction was observed through the use of thin-layer chromatography (TLC).
After the reaction completed as shown by thin-layer chromatography (TLC), the solvent was
evaporated using reduced pressure. The crude substance was subsequently refined using silica gel
column chromatography, resulting in a yield of 60%. TOF-Mass (measured 384.81 [M+H]" and
406.16 [M+Na]*; calculated 383.18327 [M+H]").
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4.2.2.4 Synthesis of 1,1,2-trimethyl-3-octyl-1H-benzo[e]indol-3-ium (7)

Inaround-bottomed flask equipped with a condenser, 5 g (equivalent to 1 mole) of 1,1,2-trimethyl-
1H-benzo[e]indole (6) and 17.2 g (equivalent to 3 moles) of 1-iodoctane were dissolved in 50 ml
of acetonitrile. The reaction mixture underwent reflux for a duration of 120 hours. The reaction
was monitored using thin-layer chromatography (TLC) using an eluting solvent mixture of Hexane
and Ethyl acetate in a 1:1 ratio. Once the reaction was finished, as confirmed by thin-layer
chromatography (TLC), the solvent was removed by evaporation using a vacuum. The product
was precipitated using hexane, and the resulting solid was filtered and dried under a vacuum. TOF-
Mass (322.25 measured [M+H]*; calculated 322.25293 [M+H]")

4.2.2.5 Synthesis of Unsymmetrical Squaraine Dye (SQ122)

A round bottom flask was used to dissolve 1 g (2.6 mmol) of semi-squaraine ester in 30 ml of
ethanol. 0.6 cc of a 40% NaOH solution was added to the reaction mixture, which was then heated
to 100°C and refluxed for 30 minutes. The progress of the reaction was observed using thin-layer
chromatography (TLC). After the reaction was completed, the mixture was cooled and 1.2 ml of
hydrochloric acid with a concentration of 20% was added. After being cooled, the solvent was
removed by evaporation using decreased pressure. To the resulting residue, 1,1,2-trimethyl-3-
octyl-1H-benzo[e]indol-3-ium (676.72 mg; 2.1 mmol) and a mixture of benzene and butanol in a
1:1 ratio were added. The combination was thereafter subjected to reflux at a temperature of 1100C
for a duration of 12 hours. The progress of the reaction was observed using thin-layer
chromatography (TLC) and high-performance liquid chromatography (HPLC). Following the
reaction, the solvent was evaporated and the crude product was purified using silica gel column
chromatography, resulting in a yield of 60%. TOF-Mass (measured 659.39 [M+H]*; 658.37706

calculated). 'H NMR (500 MHz, CDCl3): & /ppm = 8.22 (d, 1H, CHarom); 8.12 (d, 1H,CHarom);

8.0 (s,1H, CHarom); 7.9(t,1H, CHarom); 7.61 (t,1H,CHarom); 7.48 (t,1H,CHarom); 7.35 (d,1H,CHarom);
616 (S,lH,CHmethine); 603 (S,lH, CHmethine); 421 (t,ZH,N'CHmethylene); 397 (t,ZH,N'CHmethylene);
296 (S,GH,CHmethyl), 289 (S,6H, CHmethyI) ; 190'177 (m, 4H,CHmethy|ene) ; 151'125 (m,lZH,

CHmetherne); 10 (t, 3H, CHmethyI); 086 (t, 3H, CHmethyI) and 13C NMR (500 MHZ, CDCI3) . 6 /ppm

=181.52,176.20, 173.99, 170.22, 167.85, 147.19,
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141.99, 139.15, 135.39, 131.16, 129.88, 129.74, 128.53, 127.54, 124.87, 124.01, 123.80, 122.72,
110.35,108.21, 87.80, 87.35, 51.83, 48.32, 44.28, 43.43, 31.71, 29.31, 29.13, 29.01, 27.60, 27.31,
27.01, 26.58, 22.59, 20.38, 14.06 and 13.89 confirms the identity of the synthesized product.

4.2.3 Synthesis of Peptide Sequence by Solid Phase Peptide Synthesis

Fmoc-Lys (Boc)OH was bound onto Rink Amide MBHA resin with a substitution rate of 0.41
mmol/g of resin. The loading process was carried out using Fmoc/piperidine methods on a scale
of 0.432 mmol. HBTU and HOBT .H>O were utilized as activating agents. Afterwards, Fmoc-§3-
Ala-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, Fmoc-Ala-OH, and Fmoc-p-Ala-OH were attached. A
small quantity of the resin-bound peptide was treated with a mixture of TFA, Triisopropylsilane,
and H-O at a ratio of 95:2.5:2.5. The peptide was then detached from the resin in the cleavage
cocktail. The peptide was precipitated using ether in an ice bath. The crude peptide was purified
using High Performance Liquid Chromatography (HPLC). The substrate that had been purified
underwent analysis using high-resolution mass spectrometry (HR-MS) with electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS). The measured TOF mass is 799.42
[M+H]*, while the computed mass is 798.40646.

Fmoc-Lys(Boc)OH

20% Piperidine HBTU/HOBT.H,0

. . . DIEA/DMF
Fmoc-Rink Amide MBHA Resin —PMF_____ HzN_O —_— Fmoc-Lys(Boc)—O
(i) 20% Piperidine
DMF
(i) 20% Piperidine ..
DMF (ii) Fmoc-BAla-OH
HBTU/HOBT.H,0
(ii) Fmoc-Ala-OH DIEA/DMF
HBTU/HOBT.H,0
DIEA/DMF
Fmoc-Ala-BAla-Lys(Boo)——() Fmoc-BAla-Lys(Boc) Q
(i) 20% Piperidine
DMF
(i) 20% Piperidine
(ii) Fmoc-Phe-OH DMF

HBTU/HOBT.H,0

(ii) Fmoc-Ala-OH
DIEA/DMF

HBTU/HOBT.H,0
DIEA/DMF

Fmoc-Phe-Ala-[}Ala-Lys(Boc)—O _— Fmoc-Ala-Phe-Ala-ﬁAla-Lys(Boc)—O

(i) 20% Piperidine
DMF

(ii) Fmoc-pAla-OH
HBTU/HOBT.H,0
DIEA/DMF

Fmoc-BAla-Ala-Phe-Ala-BAla-Lys(Boc)—()

Scheme 3. Scheme for the synthesis of peptide sequence Fmoc-fA4la-Ala-Phe-fAla-Lys (Boc)-

Resin.

94| Page



4.2.4 Synthesis of Dye Peptide Conjugate (SQ-122 PC)

Solid-phase peptide synthesis was used to synthesize the fluorescent probe SQ-122 PC, as
indicated in Scheme 2. The synthesis of the resin-supported peptide (Fmoc-BAla-Ala-Phe-pAla-
Lys (Boc)-Resin) began with the Fmoc group being deprotected by 20% piperidine treatment, and
the Boc group being removed by subjecting it to HCI/Dioxane (2M) for 10 minutes. After
deprotection, the elongated peptide was coupled with SQ-122 using HOBt/HBTU as a coupling
reagent at a molar ratio of 2.2:1. After that, a cleavage cocktail of TFA/Triisopropylsilane/H20 in
a ratio of 95: 2.5: 2.5 was used to separate the resin-supported peptide from the resin. Following
cleavage, the dye-peptide conjugate was precipitated using ether in an ice bath and then purified
further employing silica gel column chromatography utilizing a solvent system composed of
methanol: chloroform (9:1). A good yield of the dye-peptide conjugate was obtained using this
purification method. A characteristic dark reddish colour was observed by the resultant compound,
signifying the conjugate successful synthesis. Time of Flight (TOF)-Mass spectrometry analysis
was used to verify the successful synthesis, which showed 1858.10 [M+H*] and 1880.07 [M+Na*]
(calculated 1857.07137) as measured values. This analytical validation demonstrates the efficacy
of the synthetic approach used in the conjugation process and validates the accurate synthesis of

the dye-peptide conjugate.

20% Piperidine

Fmoc-pAla-Ala-Phe-Ala-pAla-Lys(Boc) Q DMF NH;-pAla-Ala-Phe-Ala-pAla-Lys(Boc)——(_) —I

HCl/Dioxane(2N)

10 min
$Q122

HBTU/HOBT.H,0

SQ122-BAla-Ala-Phe-Ala-BAla-Lys(SQ122) ) -« “'Ei“l:““ NH,-pAla-Ala-Phe-Ala-pAla-Lys(NH;)———_)

95:2.5:2.5

p (h‘f & CONHiAla-Ala-Phe-Ala-BAla—Lij—CONH @ I,vHO/
O@ N S — =L \N O
-
H\ CHT specific peptide {H O

Scheme 2. The scheme for synthesizing the dye-peptide conjugate SQ122-PC.

| TFA/Triisopropylsilane/H,0

95| Page



4.2.3 Spectroscopic Measurements

A highly purified solution of SQ-122 PC (100 uM) in DMSO was prepared and subsequently
diluted with H,O (pH 7.2, 30% DMSO) for use. The a-chymotrypsin bovine pancreatic stock
solution had a concentration of 100uM in PBS (pH 7.2, 0.1 M) and was utilized after being diluted.
Similarly, the concentration of the stock solution for other enzymes was 100uM in PBS (pH 7.2,
0.1M). The fluorescence response of SQ-122 PC (at a concentration of 5 uM) to CHT was assessed
in an aqueous solution (pH 7.2, including 30% DMSO) using the following procedure. The
reaction mixture, consisting of a probe and an enzyme, was incubated at a temperature of 37°C.
The total volume of the mixture was 3 ml. The fluorescence response at a wavelength of 669 nm
was measured using excitation and emission slit widths of 10 nm. Measurements were taken after
5 minutes and then every 10 minutes for a total duration of 60 minutes. The chymotrypsin
concentration in the cuvette ranged from 0.025nM to 25nM, with increments of 0.025nM. The
volume of the reaction mixture was modified to get a final concentration of the probe at 5 uM. To
compare variations in fluorescence intensity, a baseline intensity called Fo was determined by
measuring the fluorescence of SQ-122 PC at a concentration of 5 uM in a solution of H.O (30%
DMSO) at a wavelength of 669 nm. The standard measurement was used as a reference to evaluate
the fluorescence response of SQ-122 PC to chymotrypsin under specific conditions. This
measurement provided a quantitative basis for examining the interaction between the enzyme and

the probe.

4.2.4 Evaluation of the Detection Limit in Chymotrypsin Assays

The probe (SQ-122 PC) was diluted to a concentration of SuM in H2O using 30% DMSO. The
concentrations of chymotrypsin varied from 0.025 nM to 0.5 nM. The fluorescence recovery of
each substrate was evaluated after 60 minutes by incubation at a temperature of 37 degrees Celsius,
using the emission maxima of 669 nm. The detection limit for chymotrypsin was found with the

following formula [29]:

LOD =3.3 (SD)/S
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SD represents the standard deviation of the sample, whereas S specifies the slope derived from the

linear portion of the calibration curve fitting.

4.2.5 Fluorescence Quenching Efficiency

The calculation of fluorescence quenching efficiency was performed using the following formula
[30]:
Fluorescence quenching efficiency (%) = [1 — (Fp¢/Fgye)] x 100

Fpc represents the emission intensity of SQ-122 PC, while Faqye is the emission intensity of the SQ-
122 dye at the same concentration in H20 (30%).

4.3 Results and Discussion

Two squaraine dye molecules are firmly attached to both ends of the peptide terminals in the
recently proposed peptide-dye conjugation. Squaraine dye was chosen as the model dye due to its
far-red fluorescence emission and its good interactions with commonly used model proteins, such
as human serum albumin and bovine serum albumin [28,31-33]. The behavior of the squaraine
dye in aqueous settings is mostly determined by its chain length, which affects aggregation
formation. In particular, shorter chain lengths are more likely to produce J-aggregates as well as
H-aggregates. On the other hand, longer alkyl chain substitutions like octyl and dodecyl have been
shown to oppose this aggregation by causing steric hindrance [34]. Consequently, a benzo[e]indole
squaraine dye (SQ-122) has been synthesized, as depicted in Figure 1(a), with an octyl chain
substituting the benzo indole ring N-terminal. Chymotrypsin, a serine protease from the super-
family, is known to disrupt peptide bonds on the C-terminal side of amide linkages that have
aromatic side chains, such as tyrosine (Tyr), phenylalanine (Phe), tryptophan (Trp), and others.
We synthesized a specific tripeptide Ala-Phe-Ala and incorporated -Alanine (B-Ala) as a spacer
to facilitate the access of the chymotrypsin enzyme to the selected probe. Conversely, the

attachment of the terminal squaraine dye to the side chain necessitated the incorporation of lysine
(Lys).
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Figure 1. Chemical structure of unsymmetrical squaraine dye (SQ-122) (a), chymotrypsin
enzyme specific peptide (b) dye-peptide conjugate probe (SQ-122 PC) (c)

4.3.1 Photophysical Characterization of Dye and the Probe

The electronic absorption spectra of SQ-122 in dimethyl sulfoxide (DMSO) solution show a
vibrionic shoulder at 620 nm and a distinct electronic absorption peak with an absorption
maximum (Aaps) at 667 nm. On the other hand, the emission spectra of SQ-122 has a fluorescence
emission peak at 682 nm, which leads to a relatively small difference in wavelength (Stokes
shift) of 15 nm. The low Stokes shift seen in SQ-type molecules suggests that the structural
arrangements of the dye ground and excited states are highly similar [35]. Table 1. presents the
molar extinction coefficients (g), Stoke shifts (A), absorption maxima (Aabs), €Mission maxima
(Aem), and molar extinction coefficients (¢) of SQ-122 standalone dye and SQ-122 PC ata
concentration of 5 uM in DMSO and H»0 (with 30% DMSO). This data provides a clear

explanation of the optical characteristics of SQ-122, emphasizing the dye consistent chemical
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structure in many states and showecasing its potential for use in fluorescence-based detection and

imaging methods.

Table 1. The photophysical characteristics of SQ-122 and SQ-122 PC in DMSO H,0 (30%

DMSO).
DMSO H20 (30% DMSO)
Aabs hem A € Aabs Aem A €
(dm3 mol cm'l) (dm3 mol cm'l)
SQ-122 667 nm 682nm 15nm 1.85x10° 659 nm 669 nm 10 0.62x10°
SQ-122 PC 667 nm 682nm 15nm 1.95x10° 662 nm 669 nm 7 0.68x10°

For Forster resonance energy transfer (FRET) to occur, there must be a significant overlap between
the excitation spectra of the acceptor and the emission spectrum of the donor. In the context of
homo-FRET, energy transfer takes place between two identical fluorophores, as long as there is
an overlap between their excitation and emission spectra [36]. Figure 2 (a) clearly shows that the
excitation (absorption spectrum) and emission spectrum of the SQ-122 fluorophore overlap due to
the extremely small stokes shift. Thus, SQ-122 can be recognized as an appropriate fluorophore
for the development of the homo-FRET probe. In addition, homo-FRET refers to the transfer of
energy between identical fluorophores, without affecting the spectral properties of the fluorophore
and the probe [37].
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Figure 2. (a) Spectra of normalized absorbance and normalized fluorescence intensity of SQ-
122 in DMSO at a concentration of SuM. (b) The fluorescence emission spectra of SQ-122 (5uM)
and the probe, SQ-122 PC (5uM), were measured in H,O with 30% DMSO as a co-solvent. The
instrumental configuration for the excitation and emission involved setting the slit width at 10
nm for both.

The absorption spectra displayed in Figure 3(a) reveal that both SQ-122 and the probe SQ-122 PC
exhibit an absorption peak at the absorption maximum (Amax) 0f 669 nm in DMSO. This indicates
that the addition of peptides does not modify the fundamental spectral characteristics of the dye
molecule. However, when the SQ-122 PC is in a medium containing H20 (30% DMSO), its
absorption spectra (shown in Figure 3(b)) display a distinct peak at 616 nm and a displaced peak
at 662 nm, indicating the presence of dye aggregation. The aggregation tendencies observed in
squaraine dyes, which result in either blue-shifted H-aggregates or red-shifted J-aggregates, are
controlled by their flat molecular structure and ambient variables [38]. The quantum vyield of the

dye was measured to be 0.16%.
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Figure 3. Electronic absorption spectra of SQ-122 and SQ-122 PC were measured in two
different solvents: (a) SuM solution of DMSO and (b) SuM solution of H20 (30% DMSO).

Remarkably, when both SQ-122 PC and pure dye SQ-122 are present in a solution with the same
concentration (5 uM) and solvent (H20, 30% DMSO), the fluorescence intensity of SQ-122 PC is
noticeably reduced compared to that of the pure dye SQ-122. Based on the finding, it can be
concluded that fluorescence quenching occurs when SQ-122 is connected to the investigated
peptide (SQ 122- PC), as depicted in Figure 2(b). The observed quenching effect indicates the
presence of Forster Resonance Energy Transfer (FRET) within the probe labeled with the same
dye, which can be attributed to the small difference in energy levels (Stokes shift) of the system.
In these cases, there is often a phenomenon called FRET -mediated quenching, which occurs due
to a significant overlap between the absorption and emission spectra of the dye. This aligns with
the empirical observations found in this study. The fluorescence quenching efficiency in H20 (30%
DMSO) was determined to be 93.75% based on the peak fluorescence intensities of the dye alone
(SQ-122) and the dye-peptide conjugate (SQ-122 PC).

4.3.2 Enzymatic Hydrolysis of SQ-122 PC with Chymotrypsin

Figure 2(b) demonstrates that the SQ-122 PC probe exhibits a diminished fluorescence as a result

of the homo-FRET quenching phenomenon. After incubation with chymotrypsin, a significant rise
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in fluorescence at 669 nm is detected. Various doses of chymotrypsin, ranging from 0 to 25 nM,
were mixed with 5 uM of SQ-122 PC in H>0 (30% DMSO). The mixture was

then incubated for 60 minutes. The inclusion of the chymotrypsin enzyme resulted in a significant
restoration of the quenched fluorescence of the dye, as depicted in Figure 4(a). The significant
increase in the fluorescent signal can be attributed to the enzymatic breakdown of the SQ-122 PC,
which causes the separation of FRET pairs and thus leads to an increase in fluorescence intensity.
When the enzyme acts on the peptide, it breaks it down, which interrupts the transmission of energy
between two squaraine dyes. This interruption causes a detectable change in the intensity of
fluorescence. An increase in the intensity of fluorescence can be seen at the specific wavelength
where the fluorophore emits light, which is directly linked to the amount of activity of the enzyme.
The fluorescence signal increased by a factor of eight when 25 nM of chymotrypsin was added,
compared to when the enzyme was absent. Additionally, the fluorescence signal increased by a
factor of three when 5 nM of chymotrypsin was added, as shown in Figure 3(b). In addition, the
inclusion of 0.5 nM of chymotrypsin results in a doubling of the fluorescent signal within 60
minutes, as depicted in Figure 5. The symbol Fo represents the initial fluorescence intensity when
the enzyme is not present, while F represents the fluorescence intensity at a specified time point

after the enzyme is added.
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Figure 4. (a) Concentration-dependent fluorescence spectra of SQ-122 PC (5uM) in H>O
(30%DMSO0) at 37°C for 60 min with the addition of 0 to 25 nM of chymotrypsin. (b) Time-
dependent fluorescence spectra of SQ-122 PC (5uM) in H>0 (30%DMSO) at 37°C for 60 min
with the addition of 5 nM of chymotrypsin. (c) Plot of difference in fluorescence intensity (F-Fo)
vs time. (d) Plot of difference in fluorescence intensity (F-Fo) vs concentration of enzyme.
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Figure 5. Time-dependent fluorescence spectra of SQ-122 PC, probe towards chymotrypsin. The
concentration of chymotrypsin is 0.5nM.
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4.3.3 Fluorescence Microscopy Images

Our study investigated the fluorescence characteristics of SQ-122 PC under various conditions
using fluorescence microscopy [39,40], with a specific focus on the effect of chymotrypsin. We
conducted a comparison of fluorescence images acquired for SQ-122 PC under two different
conditions, as shown in Figure 6. (a)(b). Under condition (a), the fluorescence intensity of SQ-122
PC is insignificant when there is no enzyme present. Nevertheless, following pre-incubation with
chymotrypsin (condition b), we observed a substantial augmentation in fluorescence emission.
This increase in the fluorescence signal indicates the presence of FRET off, which signifies a

modification in the energy transfer dynamics within the dye-peptide combination.

OQOW Q‘ﬁé
| . |

Figure 6. Fluorescence microscopy images were taken of (a) SQ-722 PC (5uM) in H>0 (30%
DMSO) and (b) SQ-122 PC (5uM) in H>0 (30% DMSO) that had been pre-incubated with 25
nM of chymotrypsin at 37°C for 60 min.

«**Q

4.3.4 Validation of the Peptide Cleavage by Chymotrypsin

A comprehensive investigation was undertaken to investigate the effects of chymotrypsin (CHT)
on the enzymatic hydrolysis of the SQ-122 PC probe and its subsequent impact on emission
spectral features. This work utilized high-performance liquid chromatography (HPLC) and high-
resolution mass spectrometry (HRMS). Figure 7 illustrates the HPLC peaks observed for SQ-122

PC both before and after pre-incubation with CHT in a solution containing 30% DMSO in water,
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at 30 minutes and 60 minutes. The m/z 1858.08 peak represents the [M+H]* ion of SQ-122 PC,
indicating its molecular ion. The presence of a single peak indicates the probe's exceptional purity.
On the other hand, the HRMS spectrum obtained by analyzing the reaction mixture of probe SQ-
122 PC with CHT shows a significant peak at m/z=948.52 [M+H]* and 929.54 [M+H]* (Figure
10). This indicates that the substrate underwent hydrolysis, resulting in the emergence of two
asymmetrical fragments formed by fragmenting the Phe-Ala peptide bond. The HPLC
chromatogram revealed the presence of the SQ-122 PC and its subsequent reaction products with
retention time of 26.26 min, 22.19 min, and 19.51 min, respectively. The appearance of additional
peaks at 22.19 min/22.16 min and 19.51 min/19.48 min (shown in Figure 7(b)(c)) indicates the
creation of two asymmetrical fragments, SQ122 - BAla-Ala-Phe and Ala- BAla-Lys-SQ122, as a
result of chymotrypsin's enzymatic activity. The thorough examination using High-Performance
Liquid Chromatography (HPLC) and High-Resolution Mass Spectrometry (HRMS) not only
verifies the effectiveness of the probe in identifying substrates but also offers essential information
on the exact locations where the probe is cleaved and the resulting fragments that are produced
when it interacts with the target enzyme. These discoveries not only improve our understanding of
how enzymes work but also provide a basis for creating advanced techniques to detect enzymes

and customized molecular tools for various analytical and diagnostic purposes [41].
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Figure 7. HPLC chromatogram that confirms the enzymatic cleavage of SQ-122 PC with
chymotrypsin. (a) SQ-122 PC (10uM) in H20 with 30% DMSO (0 min). (b) SQ-122 PC and
chymotrypsin (10 nM) in H20 (30% DMSO) incubated at 37°C for 30 min. (c) SQ-122 PC and
chymotrypsin (10 nM) in H20 (30% DMSO) incubated at 37°C for 60 min. The mobile phase was
acetonitrile/water, and the flow rate was 1.0 mL/min.

4.3.5 Enzyme Selectivity of the Probe SQ-122 PC

The selectivity studies of chymotrypsin in the presence of different enzymes involve investigating
the enzyme's ability to selectively recognize and cleave specific substrates in the presence of other
enzymes. Chymotrypsin, papain, elastase pancreatic, peroxidase from horseradish, trypsin, and
BSA (each enzyme at an amount of 25 nM) were introduced into a solution of the probe in H20
(with 30% DMSO) at a concentration of 5uM. The mixture was then kept at an ambient
temperature of 37°C for a duration of 60 minutes. Figure 8 demonstrates that the emission intensity

at 669 nm showed little fluctuations in the presence of possible competing enzymes. Nevertheless,
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a notable surge in emission intensity was detected after the introduction of chymotrypsin.
Nevertheless, there was a notable rise in emission intensity after the use of chymotrypsin. This
significant alteration highlights the probe's remarkable selectivity for chymotrypsin, demonstrating
its capacity to specifically interact with and react to the presence of this specific enzyme among

other competing enzymes.
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Figure 8. Fluorescence response (F/Fo) of the probe towards various possible species
(chymotrypsin, papain, pancreatic elastase, peroxidase from horseradish, trypsin, and BSA) at a
concentration of 25 nM.

4.3.6 Sensitivity of the SQ-122 PC Probe for Chymotrypsin

To assess the responsiveness of SQ-122 PC, various doses of chymotrypsin (0, 0.025 nM, 0.05
nM, 0.1 nM, 0.25 nM, and 0.5 nM) were added to SQ-122 PC solutions (5 uM) in H20 (30%
DMSO) at a temperature of 37°C for a duration of 60 minutes. Afterward, the fluorescent emission
at a wavelength of 669 nm was measured. Figure 7(b) depicts a linear graph that shows the
variation in fluorescence intensities of each sample concerning their respective enzyme
concentrations. The equation for linear regression isy = 42.15081x + 24.8361, with an R-squared
value of 0.91098. The analysis demonstrated an impressive limit of detection (LOD) of 130 pM
for chymotrypsin, showcasing the assay outstanding sensitivity. Compared to probes used in
previous studies, the SQ-122 PC probe stands out as a remarkably efficient and effective tool for
detecting chymotrypsin.
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Figure 9. (a) The difference in fluorescence intensity with time with the addition of 0, 0.025,
0.05, 0.1,0.25, and 0.5 nM of chymotrypsin in 5uM of probe in H0 (30%DMSO) incubated at
37°C for 60 min. (b) Linear correction curve of difference in fluorescence intensity at 669 nm

against chymotrypsin concentration.

Table 2. provides a comprehensive evaluation of the performance of SQ-122 PC in detecting
chymotrypsin, concerning other techniques reported in the literature. Our results show that our
method has comparable or even better limits of detection (LOD) compared to existing approaches.
Additionally, our method has the advantage of being able to detect in the far-red spectral region,

which sets it apart from conventional techniques.

Table 2. Comparison of SQ-122 PC with previously reported work for CHT detection.

Methods Probe hex/Aem(NM) Far-red LOD Reference
Turn-on fluorescence Probe 450/515 No 50 ng/ml [42]
e N B b oum
Turn-on fluorescence CyB 670/695 Yes 0.5nM [44]
Turn-on fluorescence ~ PPESOs; 440/520 No 6 pM [45]

Turn-on fluorescence  SQ-122 PC 662/669 Yes 0.13nM This work
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4.4 Conclusions

In conclusion, we have successfully and effectively synthesized a novel far-red fluorescent probe
based on squaraine dye that exhibits very high sensitivity in the far-red wavelength range for the
specific detection of chymotrypsin activity. The activation of Forster resonance energy transfer
(FRET) in the probe resulted in a reduction of fluorescence intensity. Nevertheless, when the probe
was exposed to the enzyme, there was a significant increase in fluorescence emission in the far-
red region as a result of FRET-off. The probe exhibited exceptional sensitivity, with an
impressively low detection limit of 0.130 nM. Additionally, it demonstrated excellent selectivity
for chymotrypsin even in the presence of other competitive enzymes. The research's implications
go beyond its immediate conclusions, offering a flexible foundation for creating far-red probes
that are specifically designed to detect particular enzyme activities. This would improve the

capabilities of biochemical analysis and diagnostic techniques.
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4.6 Appendix
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Figure 1. TOF-mass of 2,3,3-trimethyl-3H-indole-5-carboxylic acid (2).
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Figure 2. TOF-mass of 1-butyl-5-carboxy-2,3,3-trimethyl-3H-indolium (3).
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Figure 9. 13 C NMR of SQ-122.
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Figure 10. HPLC of the probe SQ-122 PC.
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CHAPTER 5: CONCLUSION & PROSPECTS
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5.1 General Conclusion

Fluorescence-based methods are extremely sensitive and adaptable analytical tools that may be
modified to detect different targets utilizing a variety of fluorescent materials and mechanisms.
These materials can be used either separately or jointly to develop very sensitive detection systems.
These systems are based on mechanisms that include the transfer of charge (such as photoinduced
electron transfer) or the transmission of energy (such as fluorescence resonance energy transfer).
Frequently, the objects being detected are biologically significant substances, such as ions, small
molecules, proteins, and DNA. Developing fluorescence-based detection systems that are
specifically designed for these targets allows for the precise monitoring of crucial physiological
processes, and disease states, and the understanding of the pharmacodynamics and
pharmacokinetics of different drugs in therapeutic drug monitoring practices. These areas have
been gaining more attention over time. Chapter 1 contains an extensive review of the current
techniques used in POCT devices. After Chapter 1, we outline the current obstacles in this field,

which also serve as the goals of this thesis.

In Chapter 3, the study of successfully synthesized amine-functionalized symmetrical squaraine
(SQ) dye and FITC-SQ-FITC dye conjugate. These compounds were studied for their structures
and photophysical properties. Symmetrical SQ dye quenched fluorescence completely. This
quenching is caused by photoinduced electron transfer (PET). Linking FITC to both ends of the
SQ dye in the FITC-SQ-FITC dye conjugation reduced SQ and FITC aggregation. This also
increased far-red fluorescence emission at 674 nm in methanol by 47-fold. Inhibiting aggregation-
caused quenching (ACQ) and photoinduced electron transfer (PET) increases far-red
fluorescence. Spectral absorption examinations showed that severe dye aggregation in the newly
proposed FITC-SQ-FITC dye conjugation completely suppressed far-red fluorescence in
phosphate-buffered saline (PBS). As a model protein, bovine serum albumin (BSA) interacted
strongly with the conjugate, having an association constant of 1.1 x 10* M. This interaction
disturbed dye aggregation and increased SQ component far-red fluorescence as BSA concentration
rise. When BSA content was increased by 25, fluorescence at 674 nm rose by 117. This shows that

the FITC-SQ-FITC triad is a powerful far-red probe for dye-protein interactions.
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In Chapter 4, a novel FRET-based far-red fluorescent probe based on squaraine dye that exhibits
very high sensitivity in the far-red wavelength range for the specific detection of chymotrypsin
activity was synthesized. The probe consists of squaraine dye (SQ-122) conjugated with
chymotrypsin-specific peptide (Ala-Phe-Ala) and B-Ala as a spacer to facilitate the access of the
chymotrypsin enzyme. To link the terminal squaraine dye to the side chain, it was essential to
include lysine (Lys) in the structure. The intensity of fluorescence was reduced upon activation of
Forster resonance energy transfer (FRET) in the probe. However, when the probe came into
interaction with the enzyme, there was a notable rise in fluorescence emission in the far-red area
due to FRET-off. The probe demonstrated remarkable sensitivity, achieving an incredibly low
detection limit of 0.130 nM. Furthermore, it exhibited exceptional specificity for chymotrypsin,
even when other competing enzymes were present. The impact of the research extends beyond its
immediate conclusions, providing a versatile basis for developing far-red probes that are
specifically tailored to detect certain enzyme activity. Implementing this would enhance the

proficiency of biochemical analysis and diagnostic techniques.

5.2 Future Prospects

In the future, I plan to further develop a near-infrared region Forster resonance energy transfer
(NIR FRET) system for protein-based chips. This system will be used to identify disorders that are
linked to the activity of proteases. Commercialized immunoassay approaches, which involve the
specific binding of proteases with antibodies, have been developed and can provide quantitative
estimates. They are unsuitable for detecting disorders linked to proteases. Consequently, there has
been significant focus on the use of optical-based fluorescence detection with appropriate peptide
substrates. There is significant focus and opportunity to address challenges such as detecting
multiple analytes, increasing sensing capacity, and reducing signal-to-noise ratio. This can be
achieved by using near-infrared (NIR) fluorophores that do not have auto-fluorescence from
biological samples. To develop efficient and adaptable point-of-care testing devices, it is important
to utilize fluorescent peptide substrates labeled with NIR fluorophores due to their high sensitivity
and compatibility with high throughput mapping. To address the limitations mentioned above,
there isa growing need for the use of fluorophores that emit in the near-infrared (NIR) wavelength

range. These fluorophores offer increased sensitivity due to their lower levels of auto-fluorescence
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and ability to penetrate deep into tissues.

Although there have been advancements in the development of high-performance NIR fluorescent
dyes, increasing their water solubility is still difficult due to their massive and flat hydrophobic -
conjugate structures. This limited water solubility often leads to aggregation in aqueous
environments, resulting in fluorescence quenching that hampers their use for in vivo applications,
particularly in enzyme detection and imaging. To address this issue, a squaraine fluorophore and
quencher dyes conjugated with an oligo (ethylene glycol) moiety can exhibit good water solubility
in aqueous medium. My future goal is to design water-soluble NIR squaraine fluorophore and
quencher dye and incorporate it into a peptide selective to a specific target enzyme. This approach
used to synthesize the probe may yield valuable insights when developing alternative water-
soluble squaraine-based fluorophores that could be employed as effective NIR bio probes in

challenging physiological circumstances.

Figure 1. Design strategy for water-soluble NIR squaraine probes for enhanced enzyme

detection.
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