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PREFACE

Chapter 2 of this dissertation was reproduced in its entirety with kind permission from ACS
publications. This article was published in “ACS Appl. Mater. Interfaces, 2013, 5 (10), pp
4107—4112”. This was a Multi-author paper, the author of this dissertation was responsible
for the synthesis, characterization of all the reported compounds, and also for the written
description of the synthesis of the reported compounds. Jingtuo Zhang collected the
fluorescence data and Srinivas R. Sripathi collected the cell imaging data. Dr. Haiying Liu

was the corresponding author. He conducted data analysis and revised the manuscript.

Chapter 3 is the manuscript under the review for the “Journal of Materials Chemistry B”.
This was a Multi-author paper, the author of this dissertation was responsible for the
synthesis, characterization of all the reported compounds and also for the written
description of the synthesis of the reported compounds. Jianheng Bi collected the
fluorescence data and Dr. Jagadeesh Janjanam collected the cell imaging data. Dr. Haiying
Liu and Dr. Ashutosh Tiwari are the corresponding authors. Dr. Haiying Liu conducted

data analysis and revised the manuscript.

The material in the chapter 4 is based on the manuscript in preparation for ACS
publications. The dissertation author is responsible for all the data collection. Dr. Haiying
Liu will be the corresponding author. He will conduct data analysis and revision of the

manuscript.

Chapter 5 of this dissertation was reproduced in its entirety with kind permission from
ELSVIER publications. This article was published in “Biosensors and Bioelectronics,
Volume 46, 15 August 2013, Pages 183-189”". This was a Multi-author paper, the author
of this dissertation was responsible for the synthesis, characterization of all the reported
compounds and also for the written description of the synthesis of the reported compounds.
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Dr. Zhe Wang collected the electroanalyitcal data. Dr. Xiangqun Zeng was corresponding

author. She conducted data analysis and revised the manuscript.

The material in the chapter 6 is based on the manuscript in preparation for ACS
publications. The dissertation author is responsible for all the data collection. Dr. Haiying
Liu will be the corresponding author. He will conduct data analysis and revision of the

manuscript.
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ABSTRACT

“Seeing is believing” the proverb well suits for fluorescent imaging probes. Since we can
selectively and sensitively visualize small biomolecules, organelles such as lysosomes,
neutral molecules, metal ions, anions through cellular imaging. Fluorescent probes can help
shed light on the physiological and pathophysiological path ways. Since these
biomolecules are produced in low concentrations in the biochemical pathways, general
analytical techniques either fail to detect or are not sensitive enough to differentiate the
relative concentrations. During my Ph.D. study, I exploited synthetic organic techniques to
design and synthesize fluorescent probes with desirable properties such as high water
solubility, high sensitivity and with varying fluorescent quantum yields. I synthesized a
highly water soluble BOIDPY-based turn-on fluorescent probe for endogenous nitric
oxide. I also synthesized a series of cell membrane permeable near infrared (NIR) pH
activatable fluorescent probes for lysosomal pH sensing. Fluorescent dyes are molecular
tools for designing fluorescent bioimaging probes. This prompted me to design and
synthesize a hybrid fluorescent dye with a functionalizable chlorine atom and tested the

chlorine reactivity for fluorescent probe design.

Carbohydrate and protein interactions are key for many biological processes, such as viral
and bacterial infections, cell recognition and adhesion, and immune response. Among
several analytical techniques aimed to study these interactions, electrochemical biosensing
is more efficient due to its low cost, ease of operation, and possibility for miniaturization.
During my Ph.D., I synthesized mannose bearing aniline molecule which is successfully
tested as electrochemical bio sensor. A Ferrocene-mannose conjugate with an anchoring

group is synthesized, which can be used as a potential electrochemical biosensor.
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Chapter 1 : Introduction

This chapter includes an introduction to subsequent chapters (2, 3, 4, 5, and 6) in this
dissertation. This chapter covers the “Introduction to Fluorescent Probes”, which covers
chapters 2-4, “Introduction to Electrochemical probes”, which covers chapters 5&6. The
compound, figure, scheme, and equation numbers are assigned by chapter and are not

continued from one chapter to another.

1.1 Fluorescence Spectroscopy

Photoluminescence is the emission of light from excited electronic states of the molecule
created by absorption of light. Based on the nature of the excited state, photoluminescence
is divided into fluorescence and phosphorescence. Fluorescence is the photoluminescence
from the singlet electronic excited state. This is where electrons are in ground state and
excited state are in opposite spin. Phosphorescence is also photoluminescence, but from
triplet electronic excited state where electrons in ground and excited states are in the same
spin. The fluorescence lifetime, the time between excitation and emission is in the order of
nanoseconds. This differs for the phosphorescence lifetime, which is typically in

milliseconds to seconds.

The phenomena of fluorescence was first observed, by Sir John Frederick William
Herschel in 1845. In his experiment, emission of blue light was observed when quinine
sulfate solution was exposed to a shorter wavelength UV light from the sun. Soon after
that, in 1852, Sir George Gabriel Stokes named this phenomenon as fluorescence in the
honor of the fluorescent mineral fluorspar. Stokes also discovered that emission occurs at
longer wavelengths than absorption, which bears his name ‘Stokes Shift’. Molecular
processes involved in single fluorescent event were illustrated by Alexander Jablonski,
which is famously called Jbalonski diagram (figure 1.1).These diagrams are starting point

for understanding the phenomenon of fluorescence.
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Figure 1.1 Jablonski diagram explaining the phenomena of photoluminescence

Molecules that exhibit fluorescence are called fluorophores or fluorescent molecules.
Important characteristics to describe the fluophore include: absorption maxima, emission
maxima, molar extinction coefficient (€), quantum yield (®), and lifetime (t). Absorption
and emission maxima are the maximum absorption and emission wavelengths of the
fluorophore respectively. The molar extinction coefficient is the ability of the molecule’s
light absorption, which governs the fluorescence property of a molecule. Quantum yield, a
measure for the emission efficiency of the fluorophore, is the ratio of number of photons
emitted through fluorescence to the number of photons absorbed. High quantum yield is a
desirable property for all fluorescence spectroscopy applications. Brightness of the
fluorescent molecule, which depends on the extinction coefficient and quantum yield, is
also an important criteria for fluorescent imaging applications. Fluorescent lifetime is the
average time a molecule spends in its excited state before it reaches ground state through
photon emission. This is another optical property that can also be considered for practical

applications.
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1.2 Small molecule fluorophores for labelling biomolecules

Fluorescent labelling, in contrast to the absorbance-based dye or radioactive labelling, is
one of the most informative and sensitive bioanalytical techniques for studying the
biomolecules. Although some of the biomolecules like aromatic amino acids, NADH,
Flavins are intrinsic fluorophores, using organic fluorescent dyes for labelling provides
better sensitivity and visualization. Moreover the availability of fluorophores in wide a
range of wavelengths and notable advancement in fluorescence instrumentation makes this
area more promising. Fluorescent dyes can be attached either by covalent or noncovalent
linkages, and/or using antibodies to biomolecules. The biomolecules that are visualized
mainly are amino acids, peptides, proteins, and DNA. Fine tuning of fluorescent dyes for
water solubility, photo stability, high quantum yields, extended conjugation, and
incorporation of the variety of reactive functional groups based on the analyte is achieved

by organic synthetic techniques.

For labelling from near ultraviolet to 500 nm wavelength range, the fluorescent dyes used
are oxobenzopyrans, benzooxdiazoles, dansyl chloride, naphthalene, and 2,3-
dicarboxyaldehyde!. From the 500 nm to near-infrared region Fluorescein, Rhodamine,
BODIPY, suqgarines and cyanines are the majorly used fluorescent dye classes for bio
labelling. Dansyl chloride is the first fluorescent molecule used to label the proteins®. For
labelling biomolecules in the emission range up to 500 nm, fluorophore derivatives based
on coumarins, oligothiophenes, phanquinones, and benzooxadiazoles are reported® 2.

13-14

Naphthalene based fluorophores are also used for bimolecular labelling in the emission

range below 500 nm. In the wavelength range 500-700 nm, where problems of auto

15-20 rhodamine

fluorescence from biomolecules are minimal, fluorescent dyes fluorescein
2125 and BODIPY?%? are the good choices for bimolecular labelling. In contrast to the
other fluorescent dyes, above listed dyes have high molar extinction coefficients, high

quantum yield, and ease of synthesis of water soluble derivatives. That attract the

31-33 34-38 a

researchers to use these as labelling dyes. Squaraines and cynine derivatives re
used as fluorescent labelling dyes in the near infrared (NIR) region. These NIR dyes are

mainly used in DNA sequencing and gene sequencing applications.
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1.3 Small molecule fluorescent probes

In order to understand key recognition events at the molecular level in chemistry, cellular
biology, and environmental sciences, it requires highly sensitive transduction (signaling)
mechanisms®®. Among several analytical techniques, fluorescence spectroscopy can
transduce these events with sensitivity down to a single molecule level with a fast response
time through easily operable and inexpensive instrumentation. Fluorescent probes are the
molecules that undergo changes in photophyiscal properties of the fluorophores such as
emission intensity, life-time, excitation, emission, and quantum yield with concominant
environmental changes around the fluorophore through a binding event. The main
components of the probes are receptor, where selective analyte binding takes place, and
fluorophore where detectable spectroscopic changes occur. The performance of the
fluorescent probe depends on the selectivity of the receptor to a particular analyte in a
complex system and corresponding modulation of spectral properties of the fluorophore to

that event.

40-41

Tsien et al. synthesized the first fluorescent probes for calcium ion using 1, 2-bis(o-

aminophenoxy)ethane-N,N,-N',N'-tetraacetic acid (BAPTA) as a receptor, a calcium ion
chelator, in 1980. Since then, this flexible design strategy captivated the attention of
researchers, which led to explosive progress in the development of fluorescent sensors for
various targets. Yet there is enormous demand for highly sensitive fluorescent sensors for
a variety of targets. In contrast to the conventional analytical methods, synthetic organic
techniques provide the tools for flexible synthesis of fluorophore and receptor of the

fluorescent probe for a target analyte. So far, fluorescent probes are prepared for a variety

42-46 47-49 50-53

of anlytes that include metal cations™ ™", anions™’ ™, reactive oxygen species> >, reactive

54-56 57-59

nitrogen species>*>°, reactive sulphur species®’°, and amino acids®*-!. Fluorescent probes

62-64 65-69

for toxic metals and pH moniotirng are also synthesized. The flip side in this probe
design is that extensive trial and error experimentation is needed. This should be replaced

with rational design strategies that use computer simulation techniques.
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1.4 Design principles based on different fluorescent modulation mechanisms

In addition to the receptor binding interaction, the way of attachment of receptor and
fluorophore, which are important components of the fluorescent probe system, is an
important requirement for designing the fluorescent probe. Three main strategies’® for the
design of fluorescent probes include 1) integration of the receptor into the m-electronic
system of the fluorophore, i.e, both are in the same plane 2) linking the fluorophore and
receptor with an approximately 90° dihedral angle where the m-electron conjugation
between them is very low 3) fluophore and receptor are covalently linked through a spacer

where there is no m-electron conjugation between them (figure 1.2).

____ o]

Ve

Fluorophore

Fluorophore ﬁ

. J/

Figure 1.2. Different ways of connecting the fluorophore and receptor

Based on these design strategies, three different electronic mechanism based probes that

controls the photophysical properties of the fluorophores, are reported in literature.
1.4.1 Photo induced electron transfer (PET) based probes

In the PET based probes, fluorescence quenching occurs when the fluorophore and receptor
are linked, orthogonally or through a spacer, with an available lone pair or strong electron
withdrawing group on the receptor. The regaining of fluorescence occurs when analyte

18



binds to the receptor results in inhibiting the electron transfer to or from the excited
fluorophore’!. It can be better explained using the frontier orbitals energies of the
fluorophore and receptor. In general, a fluorophore fluoresce, when a photoexcited electron
jumps to HOMO (highest occupied molecular orbital) from the LUMO (lowest unoccupied
molecular orbital) with a subsequent photon emission. In PET based probes, Fluorescence
is deactivated, if the energy of the lone pair orbital or the empty orbital of the receptor lies
in between those of frontier orbitals of the fluorophore. This deactivation happens through
blocking the deexcitation of the photoexcited electron and subsequent transfer of either
receptor’s lone pair electron to the hole of the fluorophore’s HOMO or the fluorophore’s
excited electron to the receptor’s empty LUMO orbital (figure 1.3). Based on the presence
of available filled orbital or strong electron withdrawing group on the receptor, PET probes
are divided into two types. Nagano et al. well studied and rationalize the two PET based

mechanisms’? 7.

,
»

Fluorophore }

d c
w Analyte
PET N

Figure 1.3. General principle of photoinduced electron transfer (PET) fluorescence

mechanism
1.4.1.1 Acceptor-excited photoinduced electron transfer (a-PET) based probes

In these fluorescent modulation probes, Fluorescence is quenched when the lone pair
electron transferred from the donor receptor to the HOMO of the acceptor fluorophore.
This happens only if the HOMO energy of the receptor is in between those of the
fluorophore frontier orbitals. In other words, oxidation potential of the receptor can be fine-
tuned using electron donating groups to quench the fluorescence of the fluorophore. After

19



a complexation or reaction with analyte through the lone pair bonding interaction, HOMO
energy levels of the receptor is lowered concomitant fluorescence enhancement occurs
(figure 1.4). This is a good design strategy for the “off-on” fluorescent probes synthesis.

Several a-PET based fluorescent probes are reported in literature for variety of analytes’*
82

hv sy hvFlu

Fluorophore
®
e Analyte
PET
e—

LUMO

LUMO

LUMO 417 LUMO 417
/\% HOMO i
HOMO 417

HOMO
| A vowo
Excited Free Receptor Excited

Fluorophore Fluorophore Bound Receptor

Figure 1.4. General principle, frontier orbitals energy diagram of acceptor-excited

photoinduced electron transfer (a-PET) fluorescent probes
1.4.1.2 Donor-excited photoinduced electron transfer (d-PET) based probes

In these probes, fluorescence is quenched when the excited electron from the donor

fluorophore is transferred to the empty LUMO orbital of the receptor. This is due to the

energy of the empty LUMO of the receptor is in between those of fluorophore frontier
20



orbitals (figure 1.5). In other words, fluorescence is controlled by altering the reduction
potential of the receptor using different electron withdrawing groups. After the
complexation with analyte, LUMO of the receptor is high enough to regain the
fluorescence (figure 1.5). The feasibility of electron transfer from excited fluorophore to
the receptor can be calculated using Rehm-Weller equation:

AGer = Epox — Ereq — AEO,O — Wy

AG,r - Change in free energy, E,x - Oxidation potential of fluorophore

Ereq - Reduction potential of receptor, AE,, - Singlet excited state energy,

wp, - work term for the charge separation state.

Equation 1.1 Rehm-Weller equation

Though only few d-PET based probes are reported in literature, this is can be a potential

designing route for the development fluorescent probes for biomolecules®® 72 8384,
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Figure 1.5. General principle, frontier orbitals energy diagram of donor-excited

photoinduced electron transfer (d-PET) fluorescent probes
1.4.2 Intramolecular charge transfer (ICT) based probes

In these probes, both electron donating (D) and electron acceptor groups (A) are present in
the Fluorophore and receptor integrated through the n-conjugated system. Thus the donor-
n conjugated bridge- acceptor (D-m-A) system is generated with a predominant intra
molecular charge transfer from donor to acceptor at the excited state. Complexation or
bonding of analyte either to the donor (D) or to the acceptor (A) disrupts this charge transfer
in D-n-A conjugated system’!. This disruption effects the electron donating or electron
accepting tendency which alters the photophysical properties of the fluorophore. In other

words if analyte binding causes reduction in electron donating tendencies , a blue shift in

the absorption and emission spectrum of the fluorophore occurs (figure 1.6), whereas if

analyte binding causes enhancement of electron acceptor tendencies, a red shift in the
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absorption and emission spectrum of the flurophore occurs (figure 1.7). To date, most

fluorescent probes reported in literature for different anlytes are ICT based probes®>*° only.
C Analyte
D = Donor
A= Acceptor @ pi-system D
. LUMO
@ pi-system D ,,//
LuMO______ -~
,,,,, HOMO
HOMO — =" Blue shift

Figure 1.6. Analyte binding to donor induced fluorescent blue shift in intramolecular

charge trnasfer (ICT) fluorescent probes
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Figure 1.7. Analyte binding to acceptor induced fluorescent red shift in intramolecular

charge transfer (ICT) fluorescent probes

1.4.3 Spirocyclization based probes

Among the fluorescent molecules, xanthone derivatives particularly rhodamines and
fluoresceins have superior photophysical properties such as high extinction coefficients,
superior quantum yields, and high photostability. In addition to that, these molecules are
able to form intramolecular spirocyclic ring structures which deconjugates these
fluorophores. Derivatives of spirolactum/spirolactone rings of these molecules are non-
fluorescent, but the open ring derivatives are highly fluorescent (figure 1.8). This ring
opening generally takes place in an acidic medium through the activation of carbonyl group
in the spirolactum/spirolactone ring. This peculiar modulation of photophysical properties
with micro environmental changes around the fluorophore leads to the development of a
rational design strategy for a new turn-on fluorescent probes. In other words, analyte
specific non-fluorescent spirolactum/spirolactone derivateives are developed, which are
fluorescent after binding with the analyte. Czarnik et al. developed first spirocyclic based
Cu™? fluorescent probe’!. After that large numner of spirocyclic turn-on fluorescent probes
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are reported for variety of analytes that include metal ions’>*°, anions’®, reactive oxygen

species®>>*?7  thiols®® , and for pH changes® etc.

Rhodamine B

Spirolacton Ring-opening form
Non-Fluorescent Fluorescent

Spirolactam Ring-opening form
Non-Fluorescent Fluorescent

Fluorescein

Spirolacton Ring-opening form
Non-Fluorescent Fluorescent

Figure 1.8. Ring-opening fluorescence turn-on mechanism in xanthene derivatives
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1.5 Small Fluorescent molcules as bioimaging probes

Fluorescent bioimaging, in contrast to the other expensive bioimaging techniques that
includes magnetic resonance imaging, positron emission topography, and ultrasound, is

highly sensitive and target specific!®

. Moreover, it is a less-invasive, and has a higher
target to background ratio with sub cellular resolution than the conventional imaging
techniques. Unlike other imaging techniques, this optical imaging technique enables the
visualization of very low concentration small biomolecules such as anions, cations, amino
acids, small neutral molecules in live cells, through target binding fluorescent modulation
not through the accumulation in cells. The proverb “seeing is believing” is well suited for
fluorescent bioimaging probes which is an indispensable tool that enables the visualization
of physiological or pathophysiological changes in cells. For fluorescent bioimaging probes,
synthetic chemical strategies are helpful to meet the general requirements of the probes
which include longer wave lengths, brightness, non-toxic, cell membrane permeability,
stability over physiological pH range, water solubility and photostability. A variety of
small molecule fluorophores such as fluorescein, BODIPY, rhodamine and cyanine with
wavelength range from blue to a near infrared region are available to synthesize tailor made
imaging probes using target specific receptors. Several fluorescent bioimaging probes for
very low concentration small molecule cellular analytes such as cations, anions, reactive

oxygen species, and reactive nitrogen species are reported in literature.
1.5.1 Nitric oxide (NO) fluorescent bioimaging probes

Nitric oxide, a small reactive free radical, is a biological messenger molecule that
endogenously produced by inducible and constitutive nitric oxide synthases (iNOS,
cNOS). Based on its concentration it is involved in many physiological and
pathophysiological processes. At low concentrations nitric oxide (NO) regulates signal
transduction, smooth muscle relaxation, immune system control, neurotransmission, blood
pressure control, learning and memory. In contrast mis-regulation of NO at micro molar
concentrations leads to carcinogenesis, neurodegenerative disorders heart disease,
hypertension, and gastrointestinal distress. Since it is highly reactive and easily diffuses

through cells, detection of NO in cells is a difficult task. Although several analytical
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techniques such as spectrophotometric methods, electron paramagnetic resonance (EPR)
methods, electrochemical methods, and fluorescence methods are available for NO
detection, of these methods fluorescence detection is highly sensitive and amenable to

imaging the intracellular and extracellular NO with high spatiotemporal resolution.

Metal based and organic reaction based are the main classes of small molecule Fluorescent
probes for NO detection based on the mechanism. Metal based probes contains transition
metal complex-fluorophore reporter system where fluorescence turn-on occurs either
through the reduction reaction of the metal with NO or through metal-NO reaction with
fluorophore displacement (figure 1.9). However the metal based probes have serious
shortcomings that include cell trapability, biological incompatibility and easy leakage from
the cells. Thus reaction based fluorescent probes has grabbed more attention as fluorescent
bioimaging NO probes. In these probes electron rich o-phenylene diamine is used as a NO
reacting site. The fluorophore-receptor system quench the fluorescence through
photoinduced electron transfer (PET). After reaction with NO an electron deficient aryl
triazole formation restores the fluorescene (figure 1.10). o-diaminonaphthalene (DAN), o-
diaminofluorescein (DAF) first commercially available NO bioimaging probes. Using this
NO reacting site many NO fluorescent probes with different fluorephores like fluorescein,
rhodamine, BODIPY, cyanine are reported in literature. Spirocyclization based NO probes
using the same NO reacting group are also reported in the literature. However most of these
NO bioimging probes are not water soluble. So highly desirable NO bioimaging probes
which are cell membrane permeable, water soluble, stable at physiological pH,

biocompatible are to be synthesized.
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Figure 1.9. Metal based nitric oxide (NO) fluorescent probes
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Figure 1.10. Fluorescence turn-on mechanism in nitric oxide (NO) probes
1.5.2 pH activatable fluorescent probes

Intracellular pH (pH;) is an important physiological parameter that controls many cellular
events including proliferation, apoptosis, ion transport, homeostasis, and cell adhesion.
Aberrant cellular pH leads to pathological conditions that causes cancer and Alzheimer’s.
So, measuring the changes in cellular pH is highly needed to understand the intracellular
pathways. Although pH measuring techniques like positron emission topography and
magnetic resonance imaging (MRI) are available, fluorescence bioimaging probes provide
more sensitivity, non-invasive to cells and high spatiotemporal resolution with real time
imaging of cellular pH changes. Fluorescent pH probes mainly works on
protonation/deprotonation induced fluorescent modulation mechanism (figure 1.11, 1.12).
Protonation sites used in pH probes generally are hydroxy, carboxylic acid and amine
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groups. Also, probes can be designed based on the pH of the interest by tuning the pKa
value of the H' recognition element by introducing electron donating/electron withdrawing
groups. Most of the pH fluorescent probes synthesized so far are using xanthenes,
BODIPY, and cyanine fluorophores for near neutral pH measurements inside the cell.
Abnormal pH changes in acidic organelles like lysosomes are associated with pathological
pathways. Since only very few liposomal pH probes are reported in literature, more NIR

pH probes are needed in this regard.

H+

Figure 1.11. Protonation induced fluorescence activation in fluorescent pH probes

Figure 1.12. Protonation induced fluorescence shift in fluorescent pH probe

1.6 Introduction to electrochemical probes

Biological or biochemical processes at molecular level can only be understood by
converting these processes into quantifiable signals. This can be achieved using a
physiochemical platform that transduce the binding event into appropriate materials or
devices. If the transduction of the binding event is through electrical signal those devices
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are called electrochemical probes (figure 1.13). Based on the type of measurable electrical
properties, these electrochemical probes are divided into variety of models.
Conductometric devices measure the binding event through altering conducting properties,
potentiometric devices measure the binding event through altering potential, amperometric
devices measure the binding event through altering current and impedemetric devices
measure the impedence. The performance of the electrochemical probes is determined by
the surface architecture that is the connectivity between the binding event and the electrode
surface, and also the sensitivity of the electrodes used in the probe. When use in turbid
media, high sensitivity and miniaturization prospects are some of the plus points of

electrochemical sensors over others.

) Bicctrosctive

Substance

Signal trnasducer

Figure 1.13. Schematic diagram for electrochemical biosensor
1.7 Ferrocene and polyaniline carbohydrate conjugates as biosensors

Biosensor is an analytical device that that combines the biological recognition element with
a transduction mechanism. These biological recognition elements include antibodies,
enzymes, proteins, carbohydrates, DNA and RNA molecules. In addition to these natural
recognition elements, artificial biological recognition elements such as aptmeters, phase
display antibody libraries and synthetic organic molecules are also used. Though the

literature of biosensors is vast, so far only very few commercial biosensors are available.
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Glucose biosensor which is used for diabetic diagnosis, food science and biotechnology is
the only commercially successful bio sensor. However continuous research of biosensors
for foodborne pathogens, drug screening, environmental toxicity and genotoxicity, and so

forth is going on.

Molecular interactions between the carbohydrates and cell surface proteins is crucial in
understanding the many biological processes such as cell-cell adhesion, cell-growth
regulation, cell-differentiation, viral and bacterial infection, immune response and cancer
metastasis. In electrochemical sensors, detection of these interactions is measured as
electrical signal which is triggered by the binding event. But individual carbohydrate-
protein interactions are very weak. To investigate such weak interactions, amplification of
those signals are necessary. This amplification is achieved through the use of synthetic
multivalent carbohydrates by mimicking the nature (figure 1.14). This achieves through
polymers where in each monomer is binding site, strong binding between the carbohydrates
and lectins takes place through multivalent interactions on cell surface. Glyco-polymers or
self-assembled monolayers (SAMs) have been employed to demonstrate that multivalent
binding that occurs in biomolecules.

Poly aniline, a conjugated polymer, has been used as transduction material in
electrochemical biosensors for understanding the carbohydrate-lectin interactions. The
intrinsic electrical properties such as high conductivity and unique redox properties of this
polymer can well transform the biological binding event into a measurable electrical signal.
The polymer transport properties, multiple cooperative binding produce amplified
sensitivity in sensing applications. Polyaniline’s environmental stability and ease of
synthesis are also additional advantages for its use as transducer. Biological binding event
triggered oxidation station change in the polyaniline can be well exploited as a transduction
element in the electrochemical probes.

Ferrocene’s tunable redox properties and stability in aqueous, aerobic media makes it good
choice as a transducer in electrochemical probes. The transducer, ferrocene, should be
attached to recognition element, in this case carbohydrate, to make an electrochemical
probe. Number of synthetic approaches for symmetric and asymmetric redox-active

carbohydrates (glucose, mannose, and galactose) based on ferrocene have been reported.
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These redox-active carbohydrate link biological and electrical activities by transduce

biological activities into electrical signals.

0 ¢

Redox-active molecule Carbohydrate

Linker
Cell or protein

[ Self assembled monolayer ]

- J

Figure 1.14. Diagram for immobilized redox active-carbohydrate binding mechanism
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2.1 Abstract
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Figure 2.1 Fluorescent probes A and B and their cell images

A highly water-soluble BODIPY dye bearing electron-rich o-diaminophenyl groups at 2,6-
positions was prepared as a highly sensitive and selective fluorescent probe for detection
of nitric oxide (NO) in living cells. The fluorescent probe displays an extremely weak
fluorescence with fluorescence quantum yield of 0.001 in 10 mM phosphate buffer (pH
7.0) in the absence of NO as two electron-rich o-diaminophenyl groups at 2,6-positions
significantly quench the fluorescence of the BODIPY dye via photoinduced electron
transfer mechanism. The presence of NO in cells enhances the dye fluorescence
dramatically. The fluorescent probe demonstrates excellent water solubility, membrane

permeability and compatibility with living cells for sensitive detection of NO.

Keywords: BODIPY dyes, Fluorescent probe, Nitric Oxide, Cell imaging
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2.2 Introduction

Nitric oxide (NO) is a highly reactive free-radical gas as a ubiquitous signaling molecule
that is responsible for both physiologically positive as well as pathogenic states in many
biological systems.!”” NO has been shown to have anti-apoptotic effects in endothelial
cells, lymphoma cells, ovarian follicles, cardiac myocytes and hepatocytes.> In apparent
contradiction to this, NO has been shown to possess pro-apoptotic properties in
macrophages, neurons, pancreatic p-cells, thymocytes chondrocytes and hepatocytes.’ NO
has shown to have beneficial antiviral, antimicrobial, antiparisital, immunomodulary, and
antitumoral effects when induced at the right time and place. Reviews suggest NO in low
levels has a protective and proliferative effect on some cells while at high levels induces

cell cycle arrest, apoptosis and senescence. ! ¢/

The pathways that regulate nitric oxide
synthase (NOS), the enzyme responsible for endogenous production of NO, differ between
cells and species.® The regulation of NO production can occur at the transcription,
posttranscriptional, translational, and posttranslational level. The observed effects of NO
are dependent on a number of factors including flux of NO, the timing of NO release, the
accumulated dose of NO, and the type of cells exposed to the NO. Clearly defining how
much NO is needed and for what duration it is produced to induce the array of activity it

has on biological systems is essential to enabling better understanding of the role NO plays

in various pathways.

Accurate detection and quantification of NO will provide effective approaches for better
understanding of its origins, activities and biological functions. A variety of methods such
as electron paramagnetic resonance spectroscopy,’ colorimetric,'® fluorometric,'!-?’
electrochemical,**! and chemiluminescence techniques®! have been developed to detect
and monitor endogenous NO for insightful understanding of the complicated functions of
NO in living systems. Among these methods, metal-based and o-diaminophenyl-based
fluorescent probes have been shown very promising to visualize NO in vitro and in vivo at
cellular level under physiological conditions because of its high sensitivity, selectivity,
real-time and simplicity.!!? The response mechanism is based on irreversible reaction of
o-diaminophenyl group of the fluorescent probe with by-products such as the autooxidation
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of NO to turn on the probe fluorescence via formation of a strongly fluorescent
benzotriazole derivative.!!">> However, some of these fluorescent probes show different
undesirable properties such as poor compatibility with living cells, low water solubility or

membrane permeability.

In this paper, we chose BODIPY (4,4’-difluoro-4-bora-3a,4a-diaza-s-indacene) dye as a
fluorophore because of its many distinctive and desirable properties such as high
absorption coefficients, narrow absorption bands, sharp emissions, high fluorescence
quantum yields, and excellent chemical and photostabilities.>*> We report highly water-
soluble BODIPY-based dye bearing electron-rich o-diaminophenyl groups at 2,6-positions
as a sensitive and selective fluorescent probe for NO by introducing branched
oligo(ethylene glycol)methyl ether residues to BODIPY dye at the meso-position, and two
electron-rich o-diaminophenyl groups at 2,6-positions as fluorescent sensing switches. The
fluorescent probe was prepared by palladium-catalyzed Suzuki coupling reaction of (4-
amino-3-nitrophenyl)boronic acid with 2,6-diiodo-BODIPY dye in a basic condition and
followed by reduction of nitro moieties of 3-amino-4-nitrophenyl groups to amine groups.
The fluorescent probe displays sensitive response to NO as the presence of NO
significantly enhances the fluorescence intensity of the fluorescence probe by reducing
effectiveness of photoinduced electron transfer of electron-rich o-diaminophenyl groups at
2,6-positions via irreversible oxidation of the o-diaminophenyl groups. The fluorescent
probe possesses excellent water solubility, membrane permeability and compatibility with

living cells for sensitive detection of NO in living cells.

Scheme 2.1. BODIPY-based fluorescent probe for NO.
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2.3 Experimental section
2.3.1 Materials

Fluorescent probe A: 'H NMR (400 MHz, CDCl3): § 7.00 (d, ] = 8.4 Hz, 1H), 6.66 (d, J
=8 Hz, 2H), 6.56 (dd, ] = 8.4, 2.4 Hz, 1H), 6.51 (d, J =2 Hz, 1H), 6.48 (d, J = 2 Hz, 2H),
6.45 (dd, J =8, 1.6 Hz, 2H), 4.02 (d, J = 6 Hz, 2H), 3.95 (d, ] = 5.6 Hz, 2H), 3.61-3.43 (m,
50H), 3.38-3.24 (m, 18H) 2.48 (s, 6H), 2.42-2.34 (m, 1H), 2.32-2.22(m, 1H), 1.39(s, 6H).
13C NMR (100 MHz, CDCl5): § 161.49, 156.80, 153.57, 139.06, 138.37, 134.81, 133.84,
133.54, 131.96, 129.98, 125.74, 122.17, 118.58, 117.21, 116.59, 106.25, 100.38, 72.12,
70.83, 70.82, 70.80, 70.77, 70.73, 70.68, 70.66, 70.50, 69.57, 69.30, 66.60, 66.27, 59.21,
59.17, 40.20, 39.74, 13.58, 12.59. IR (cm™): 3355, 2870, 1609, 1533, 1463, 1388, 1287,
1203, 1177, 1096, 1004, 849, 767, 707. HRMS (FAB) calcd for Cs7H103N6F2BO1s [M]",
1328.7390; found, 1328.7407.

2.3.2 NOC-7 treatment and fluorescence imaging

Murine macrophages (RAW 264.7) or human retinal pigment epithelial cells (ARPE-19)
were washed twice with phosphate buffered saline (PBS) to remove the traces of serum
and incubated with the final concentration of 5 uM fluorescent probe A in FBS (fetal
bovine serum)-free DMEM (Dulbecco's modified Eagle medium) for 4 h at 37°C. After
being repeatedly washed with PBS, cells were treated with 4 uM of nitric oxide (NO) donor
NOC-7 (Santa Cruz Biotechnology Inc, CA) in serum free DMEM for 1-2 h. Untreated
cells with NOC-7 are considered as control. Differential interference contrast (DIC) and
fluorescence images were acquired using a Zeiss AxioVert 200 M Apo Tome fluorescent
microscope with 20X magnification, with an exposure time of 500 ms for murine
macrophages and one second for human retinal pigment epithelial cells. Emission from the

fluorescent probe A was detected with the red filter set (with excitation at 540 nm).

49



2.3.3 LPS treatment and fluorescence imaging

For studies of endogenously generated NO detection, lipopolysaccharide (LPS) was used
to stimulate NO through iNOS (inducible nitric oxide synthase) for 16 h. After murine
macrophage cells were washed with PBS for 3 times, 100 ng/mL LPS in FBS-free media
was applied to cells. After 16-h incubation with LPS, the cells were washed by PBS for 3
times and 10 uM fluorescent probe A dissolved in FBS-free media was applied to cells. 10
uM 4, 5-diaminofluorescein diacetate (DFA) was used as a control for comparison purpose.
After one-hour incubation, cells were washed by PBS for 3 times and living cell was
mounted onto Zeiss AxioVert 200 M inverted microscope for imaging. Images were

obtained at excitation of 500 nm.

2.4 Results and Discussion
2.4.1 Synthetic approach to fluorescent probe for NO

In order to prepare highly water-soluble BODIPY-based fluorescent probe for NO, we
introduced branched oligo(ethylene glycol)methyl ether residues to BODIPY dyes at the
meso positions and electron-rich o-diaminophenyl groups at 2,6-positions as fluorescent
switches to BODIPY dye (Scheme 2.2). We demonstrated effective use of branched
oligo(ethylene glycol)methyl ether residues to achieve high water solubility of BODIPY
dyes with emissions ranging from green to near-infrared regions by introducing these
residues to BODIPY dyes at all positions such as the meso, 2,6-positions, 3-position, 3,5-
positions, 1,7-positions, 1,3,5,7-positions or 4,4’-positions.**’ In order to control effective
turn-on switch for sensitive detection of NO, we used an ortho-substituent group of
branched oligo(ethylene glycol)methyl ether on the meso-phenyl ring of BODIPY dye as
this approach has been reported to effectively enhance fluorescence quantum yield of
BODIPY dye in aqueous solution by preventing dye aggregation resulting from 7n-m
stacking interactions among BODIPY dyes and free rotation of the meso-phenyl ring of
BODIPY dye.?” BODIPY dye bearing branched oligo(ethylene glycol)methyl ether at the
meso position (4) was prepared according to our reported procedure, starting from 2,4-
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dihydroxybenzaldehyde (1) (Scheme 2).*7 2,6-Diiodo-BODIPY dye (5) was prepared by
iodonization of BODIPY dye 4 at 2,6-positions in the presence of iodine and iodic acid in
mixed solution of ethanol and water.>”° BODIPY dye bearing 4-amino-3-nitrophenyl
groups at 2,6-positions (8) was prepared by palladium-catalyzed Suzuki coupling reaction
of (4-amino-3-nitrophenyl)boronic acid (7) with 2,6-diiodo-BODIPY dye (5) in a basic
condition under a nitrogen atmosphere (Scheme 2.2).*> BODIPY dye bearing electron-rich
o-diaminophenyl groups at 2,6-positions (fluorescent probe A) was prepared by reduction
of nitro moieties from 4-amino-3-nitrophenyl groups at 2,6-positions of BODIPY dye (8)

to amine groups in the presence of hydrazine hydrate and palladium on carbon in ethanol

solution.
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Scheme 2.2 Synthetic route to BODIPY -based fluorescent probe A for NO.

2.4.2 Optical properties of BODIPY dyes

The absorbance and fluorescence properties, and fluorescence lifetimes of BODIPY dyes
4, 5, 8 and fluorescent probe A are summarized in Table 2.1. All BODIPY dyes 4, 5 and
A except 8 are highly soluble not only in water but also in common organic solvents such

as tetrahydrofuran, dichloromethane, chloroform, DMSO, DMF and ethyl acetate.
51



BODIPY dye 4 in PBS solution shows a strong absorption peak at 501 nm due to So=>S;
(m-7*) transition and a weaker broad band around 350 nm attributed to the So=> S (n-1t*)

transition3% 34-3°

and displays fluorescence peak at 511 nm with high fluorescence quantum
yield of 0.32 (Table 2.1). The high fluorescence quantum yield is attributed to enhanced
steric hindrance of the bulky ortho-substituent group on the meso-phenyl ring of BODIPY
dye 4, that can effectively prevent free rotation of the meso-phenyl ring and potential n-7t
stacking interactions between the BODIPY cores in aqueous solution.’’ 2,6-Diiodo-
BODIPY dye (5) displays large red shifts (34 nm and 42 nm) in both the absorption and
fluorescence maxima, respectively compared with BODIPY dye 4 as 2,6-diiodo
substituents serve as auxochromes.** However, it exhibits low fluorescence quantum yield
of 0.009 with short fluorescence lifetime of 0.026 ns in PBS solution because of efficient
intersystem crossing induced by the heavy atom effect of iodine.*>*® BODIPY dye bearing
4-amino-3-nitrophenyl groups at 2,6-positions (8) displays poor water solubility in aqueous
solution because a hydrophobic feature of 4-amino-3-nitrophenyl groups at 2,6-positions
makes the BODIPY core more hydrophobic. It shows absorption and emission peaks at
534 nm and 592 nm with fluorescence quantum yield of 0.084 in acetonitrile solution.
Fluorescent probe A displays absorption and emission peaks at 539 nm and 570 nm,
respectively, and shows very weak fluorescence with fluorescence quantum yield of 0.001
in phosphate buffer (pH 7.0) because two electron-rich o-diaminophenyl groups at 2,6-
positions significantly quench the fluorescence of the BODIPY dye via photoinduced
electron transfer mechanism.!'">* But it can become highly fluorescent after it reacts with
NO to generate the electron-deficient product with the triazole rings, which cannot

engender photoinduced electron transfer.!!-*
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BODIPY Solvent Absorption Emission Fluorescence Molar Fluorescence

dye peak (nm) peak quantum absorption lifetime (ns)
(nm) yield coefficient
(x10* M-
l-em)
PBS 501 511 0.32 7.54 2.8
4 acetonitrile 501 511 0.74 9.54 5.5
DMSO 503 514 0.70 8.01 4.9
PBS 535 553 0.009 3.18 0.026
5 acetonitrile 535 553 0.05 5.67 0.076
DMSO 537 555 0.015 4.48 0.019
acetonitrile 534 592 0.084 6.60 1.1
8 DMSO 538 595 0.052 3.89 0.50
PBS 539 570 0.001 3.52 2.9
A acetonitrile 539 570 0.006 5.96 4.1
DMSO 542 574 0.003 4.58 3.7

Table 2.1. Optical properties, fluorescence lifetimes and fluorescence quantum yields of
BODIPY dyes 4, 5 and A in 10 mM phosphate buffer solution (PBS) (pH 7.0), acetonitrile
and DMSO, and BODIPY dye 8 in acetonitrile and DMSO.

2.4.3 The fluorescent response and selectivity of the fluorescent probe A to NO

We examined the performance of BODIPY-based fluorescent probe to detect NO in
aqueous solution by conducting a titration experiment with a NO-saturated stock solution
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and a fluorescent probe solution (5 uM) in 10 mM phosphate buffer at pH 7.0. The
fluorescence intensity of the fluorescent probe is significantly enhanced upon addition of
the NO solution. In addition, the concentration dependent fluorescence enhancement
displays a linearity from 1.7 to 8.3 uM with the detection limit (S/N = 3) of 5.0 x 107 M
(Figure 2.2). The detection limit of 4,5-diaminofluorescein diacetate for NO is 5 nm.*’ The
detection limit of fluoresceinamine for NO is 44 nm.*! A detection sensitivity limit of 6.3
nM in a mixed solution of dichloromethne and ethanol (4:1, v/v) was reported in NO sensor
of metal-based conjugated polymer.*> The increase of the probe fluorescence intensity
arises from formation of a strongly fluorescent benzotriazole derivative through reaction
of 0-diaminophenyl groups of the fluorescent probe at 2,6-positions with NO-derivated by-
products such as the autooxidation of NO, which prevents fluorescence quenching via
photoinduced electron transfer from 0-diaminophenyl groups.'!?* The reaction product,
BODIPY dye B (Scheme 2.1), was determined by electrospray mass spectrometry and an
ion peak was found at 1349.7 (m/z) (M-H)", corresponding to the ion that one proton was

removed from BODIPY dye B.
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Figure 2.2. Fluorescence spectra of 5 uM fluorescent probe A in the absence and presence

of different amounts of NO stock solution in a phosphate buffer (10 mM, pH 7.0) at room

temperature.
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Figure 2.3 Fluorescent intensity change at 557 nm (Iss7) of 5 uM fluorescent probe upon
titration of NO stock solution (0-13.3 uM)

The selective experiments were conducted by addition of other reactive nitrogen species
(RNS) and oxygen species (ROS) to the fluorescent probe in 10 mM phosphate buffer (pH
7.0) (Figures 2.4 and 2.5). The fluorescent probe shows high specificity for NO over other
reactive species present in the biological milieu. Except OCI™, other RNS and ROS such
as NO2, Oz, NOs3 ™, H2O», and "OH failed to induce significant emission enhancement of
the fluorescent probe (Figure 2.4), that makes this dye a unique tool to measure levels of
NO in biological samples and help understand their role in health and disease. This probe

showed similar selectivity as 4,5-diaminofluorescein diacetate.*’
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Figure 2.4. The fluorescent responses of 5 uM fluorescent probe A to different ROS and
RNS (100 uM, NO: 13.3 uM) in 10 mM phosphate buffer (pH 7.0) at 557 nm.
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Figure 2.5. The fluorescent spectra of 5 uM fluorescent probe A upon addition of different
ROS and RNS (100 uM, NO: 13.3 uM) in phosphate buffer (10 mM, pH 7.0).

2.4.4 Use of fluorescent probe to detect nitric oxide in living cells

NO is a highly reactive free-radical gas that is involved in protein nitration. Studies suggest
that NO plays a specific protective and cytotoxic role in cells. Clearly defining how much
NO is needed and for what duration it is produced to induce protein nitration is critical
because excess levels of NO are toxic and will lead to tissue damage and cell death. The
fluorescence imaging technique is a very important tool for in vivo and in situ monitoring

of NO.

To evaluate the feasibility of using fluorescent probe A to detect NO in cells, we tested
fluorescent probe A in human-derived retinal pigment epithelium (ARPE-19) and murine
macrophages (RAW 264.7). First cells were incubated with 5 uM fluorescent probe A in
FBS-free DMEM at 37 °C for 4 h, and then washed three times with PBS buffer. After that
4 uM NOC-7 (1-hydroxy-2-o0x0-3-(N-3-methyl-aminopropyl)-3-methyl-1-triazene), an
exogeneous NO donor with a half-life time of 5 min at a concentration of 0.1 mM in 0.1 M
PBS (pH 7.4),* was added and incubated for 1 or 2 h, and cells were washed thrice with
PBS. We observed very weak fluorescence of the cells in the absence of NOC-7 (Figures
2.6C, 2.6D, 2.7C and 2.7D). The purpose of adding the NO donor was to ensure modulation
of the NO levels in the cells and that the NO was detected by the probe. This was indeed
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the case, with an increase in the addition of NOC-7 an increase in fluorescence was
observed for both cell types (Figures 2.6G and 2.7G). In addition, the fluorescence intensity
in both cells increased significantly by longer time (2 h, Figures 2.6H and 2.7H). These
results confirm that the fluorescent probe A is turned on by NO and its fluorescent intensity
depends upon the levels of NO in solution. In addition, the fluorescent probe A is firmly
trapped within a cell without an issue of diffusing out of cells after its initial loading, which

was reported in metal-based florescent NO probe.'®

1h 2h

A

NOC-7 Control Control

NOC-7
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Figure 2.6. Visualization of NO produced in macrophages (RAW 264.7) using 5 uM
fluorescent probe A after supply with NOC-7 (4 uM) for one or two h. (A) Bright-field,1h,
(B) Bright-field, 2h, (C) Fluorescence, 1h, (D) Fluorescence, 2h, (E) Bright-field, NOC-7,
1h, (F) Bright-field, NOC-7, 2 h, (G) Fluorescence, NOC-7,1 h, (H) Fluorescence, NOC-
7,2 h.

Control

Control

NOC-7

NOC-7
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Figure 2.7. Visualization of NO produced in retinal pigment epithelial cells (ARPE-19)
using 5 uM fluorescent probe A after supply with NOC-7 (4 uM) for one or two h. (A)
Bright-field,1h, (B) Bright-field, 2h, (C) Fluorescence, 1h, (D) Fluorescence, 2h, (E)
Bright-field, NOC-7, 1h, (F) Bright-field, NOC-7, 2 h, (G) Fluorescence, NOC-7,1 h, (H)
Fluorescence, NOC-7, 2 h.

We performed fluorescence microscopic imaging of biologically produced NO in RAW
264.7 murine macrophages in order to evaluate the utility of fluorescent probe A to detect
endogenously generated NO (Figure 2.8). The RAW 264.7 murine macrophages were
stimulated by lipopolysaccharide (LPS; 100 ng/mL) for 16 h and followed by further
incubation with 10 uM fluorescent probe A for one hour. In a control experiment, cells
were incubated for 16 h with fluorescent probe A in the absence of LPS. In addition, we
use the commercially available NO fluorescent probe, 4,5-diaminofluorescein diacetate
(DAF-2 DA) as a control for the purpose of comparison to probe A. A noticeable
fluorescence increase in RAW 264.7 murine macrophages was observed at 1 h incubation
with fluorescent probe A after induction of nitric oxide synthase while it was not observed
in the control cells, indicating that fluorescent probe A can detect endogenously produced
NO. The similar result was observed in control experiments by using DAF-2 DA (Figure
A.15 in supporting information). The sensitivity of the commercial fluorescent probe
(DAF-2 DA) for NO is a little higher than that of this BODIPY-based fluorescent probe in
cell imaging. However, the commercially fluorescent probe shows higher fluorescent
background in the cells without LPS stimulation under the identical condition (Figure A.15

in supporting information).
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Figure 2.8. Endogenous NO detection in RAW 264.7 murine macrophages by 10 uM
fluorescent probe A without and with stimulation of 100 ng/mL lipopolysaccharide. (A)
Bright-field,1h, (B) Fluorescence, 1h (C) Bright-field, LPS stimulation, 1h, (D)

Fluorescence, LPS stimulation, 1h.

2.5 Conclusion

We have prepared a highly water-soluble BODIPY-based fluorescent probe for sensitive
and selective detection of NO. The fluorescent probe shows differential response to the
levels of NO produced endogenously in live murine macrophages and exogenously in

human retinal pigment epithelial cells.
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3.1 Abstract
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Figure 3.1. Spirocyclic ring closing and opening forms of probe D and their cell images

Four near-infrared fluorescent probes (A, B, C and D) have been synthesized,
characterized, and evaluated for detection of lysosomal pH inside living cells. The
fluorescent probes display highly sensitive and selective fluorescent response to acidic pH
as the acidic pH results in drastic structural changes from spirocyclic (non-fluorescent)
forms to ring-opening (fluorescent) forms of the fluorescent probes. The fluorescence
intensities of the fluorescent probes (B, C and D) increase significantly by more than 200-
fold from pH 7.4 to 4.2. The fluorescent probe D bearing N-(2-hydroxyethyl) ethylene
amide residue possesses advantages of high sensitivity, brilliant photostability, good cell
membrane permeability, strong pH dependence and low auto-fluorescence background. It
has been successfully applied to selectively stain lysosomes and detect lysosomal pH

changes inside normal endothelial and breast cancer cells.

3.2 Introduction

Intracellular pH, known as pHi, plays a pivotal role in cell function and regulation such as
cell volume regulation, vesicle trafficking, cellular metabolism, cell membrane polarity,
cellular signaling, cell activation, growth, proliferation and apoptosis.'* Abnormal pH

values in organelles are associated with many diseases such as cancer and Alzheimer’s.>°
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A low intra-compartmental pH in organelles functions to denature proteins or activate
enzymes that are normally inactive around neutral pH.” For example, the membrane
around lysosome at pH 4.5 — 5.0 enables digestive enzymes to degrade proteins, DNA,
RNA, polysaccharides, lipids, viruses and bacteria.* % Significant disruptive changes in
the lysosomal pH can lead to lysosome malfunction and consequently result in lysosomal
storage diseases.” Therefore, it is very important to precisely monitor lysosomal pH inside
living cells in order to investigate cellular functions and understand physiological and
pathological processes. A variety of techniques such as microelectrodes, nuclear magnetic
resonance,'’ absorbance spectroscopy, and fluorescence imaging and spectroscopy'!??
have been developed to measure intracellular pH. Fluorescence spectroscopy using pH-
sensitive fluorescent probes is becoming one of the most powerful tools for monitoring
intracellular pH, and possesses many technical and practical advantages over other
methods because it can detect the intracellular pH of intact cells and subcellular regions
with operational simplicity, high sensitivity, and excellent spatial and temporal
resolution.!!?! Although several fluorescent probes for pH have been developed,®® only a
few of them have been applied to detect lysosomal pH inside living cells. Most fluorescent
probes including the commercial ones take advantages of lysosomotropism where their
weak bases of tertiary amine groups help the probes selectively accumulate in acidic
lysosomes through the protonation of the amine groups in a cellular acidic environment.'®
Their pH sensitivity primarily results from protonation of ionizable tertiary amine groups
on the fluorophores in acidic lysosomes enhancing the probe fluorescence through the
suppression of photo-induced electron transfer from the tertiary amine to the probe
fluorophores.!®> The potential drawback for these fluorescent probes is their broad pH
response and relative high fluorescent background at pH 7.4. In order to address the
fluorescent background issue, a few fluorescent probes for pH based on fluorescein and
Rhodamine dyes have been developed to take advantages of low fluorescence background
at pH 7.4 because spirolactam rings of the fluorophores exists in the ‘‘ring-closed’’ state
at pH 7.4.1% 132024 However, some fluorescent probes can result in cell damage because
of their short absorption and emission wavelengths with less than 600 nm. In this paper,

we report four near-infrared fluorescent probes (A, B, C and D) with spirocyclic structures
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which are highly sensitive to the pH changes of the solutions. Under neutral or basic
conditions, the fluorescent probes retain the spirocyclic form that is non-fluorescent and
colorless. Acidic environment effectively triggers ring opening of the spirocylic form in
fluorescent probes, and results in strong fluorescence (Scheme 3.1). Three sensitive near-
infrared fluorescent probes (B, C and D) have been used to detect lysosomal pH inside
living cells with advantages of deep tissue light penetration and low autofluorescence. The
fluorescent probes display extremely weak fluorescence at the extracellular pH at 7.4 and

become strongly fluorescent at the intracellular lysosomal pH at 4.5.

Fluorescent probe A Fluorescent probe B Fluorescent probe C Fluorescent probe D

_H+ +H+ 'H+ L"’H* -H+ +H+ H +H+

\
/\N

Scheme 3.1. Spirocyclic ring closing and opening forms of near-infrared fluorescent

probes upon pH changes.

3.3 Experimental Section
3.3.1 Instrumentation.

"H NMR and '3C NMR spectra were obtained by using a 400 MHz Varian Unity Inova

NMR spectrophotometer instrument. 'H and '3C NMR spectra were recorded in CDCls,
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chemical shifts (8) are given in ppm relative to solvent peaks ('H: § 7.26; 1*C: § 77.3) as
internal standard. HRMS were measured with fast atom bombardment (FAB) ionization
mass spectrometer, double focusing magnetic mass spectrometer or matrix assisted laser
desorption/ionization time of flight mass spectrometer. Infrared (IR) spectra were obtained
in the 4004000 cm range using Perkin Elmer Spectrum One FTIR spectrometer.
Absorption spectra were taken on a Perkin Elmer Lambda 35 UV/VIS spectrometer.
Fluorescence spectra were recorded on a Jobin Yvon Fluoromax-4 spectrofluorometer.
Fluorescence spectra of fluorescent probes were measured by using standard 1-cm path-
length fluorescence quartz cuvette at room temperature. All samples were scanned with
increments of 1 nm. Each spectrum for absorbance and fluorescence was measured at room
temperature. 5 uM fluorescent probe solution was used every single time under different
pH environment. The citric acid sodium phosphate buffer solution was prepared freshly.

The excitation wavelength at 670 nm was used to excite all fluorescent dyes.
3.3.2 Materials

Unless otherwise indicated, all reagents and solvents were obtained from commercial
suppliers and used without further purification. Air- and moisture-sensitive reactions were
conducted in oven-dried glassware using a standard Schlenk line or drybox techniques
under an inert atmosphere of dry nitrogen.

Fluorescent probe A: When phosphorous oxychloride (0.68 g, 4.4 mmol) was added to the
compound 5 (0.5 g, 0.89 mmol) in 1,2-dichloroethane (20 mL) under a nitrogen
atmosphere, the resulting reaction mixture was refluxed for 4 hours. After the solvent was
removed under reduced pressure, dry acetonitrile (30 mL) was added to the reaction
residue. When 1,2-diaminobenzene (6) (0.38 g, 3.5 mmol) and triethylamine (0.5 mL) was
added to the reaction solution, the reaction mixture was stirred at room temperature for
overnight. After the solvent was removed under reduced pressure, the reaction residue was
dissolved in dichloromethane (50 mL), washed it with water (2x 20 mL) and brine solution
(2x 20 mL), respectively. Organic layer was collected, dried over anhydrous sodium
sulfate, filtered and concentrated under reduced pressure. The crude compound was
purified by flash column chromatography using EtOAc/hexane (50/50) to yield yellow
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crystal (0.34 g, 60%)."H NMR (400 MHz, CDCls): & 7.97-7.95 (d, J = 8.0 Hz, 1H), 7.54-
7.45 (m, 2H), 7.34-7.31 (d, ] = 12.0 Hz, 1H), 7.24-7.22 (d, J = 8.0 Hz, 1H), 7.16-7.11 (m,
2H), 6.99-6.95 (t, J = 8.0 Hz,1H), 6.83-6.80 (t, J = 8.0 Hz, 1H), 6.66-6.52 (m, SH), 6.31-
6.24 (m, 2H), 5.34-5.31 (d, J = 12.0 Hz, 1H), 3.36-3.31 (q, J = 8.0 Hz, 4H), 3.11 (s, 3H),
2.63-2.57 (m, 1H), 2.38-2.30 (m, 1H), 2.15-2.04 (m, 1H), 1.66-1.61 (m, 7H). 1.37-1.25 (m,
2H), 1.18-1.14 (t, J = 8.0 Hz, 6H). 3C NMR (100 MHz, CDCL): § 167.10, 157.65, 153.41,
152.40, 148.97, 148.32, 145.56, 144.14, 139.06, 132.66, 131.63, 128.79, 128.42, 127.88,
127.38, 123.96, 123.54, 123.47, 121.71, 120.85, 119.42, 119.34, 118.93, 118.10, 108.57,
105.85, 104.38, 98.24, 92.24, 70.89, 45.60, 44.54,29.50, 29.29, 28.66, 28.36, 25.52, 24.60,
23.98, 22.28, 12.76. IR (cm'): 3346.38, 2968.95, 2928.01, 1681.57, 1619.38, 1592.07,
1493.12, 1354.13, 1316.93, 1263.72, 1216.24, 1192.80, 1126.33, 1078.00, 1019.85,
930.06, 735.45, 702.26. HRMS (ESI) caled for C43HasN4O; [M+H]", 649.3542; found,
649.3559.

Fluorescent probe B: After compound 5 (0.30 g, 0.53 mmol) was dissolved in dry
dichloromethane (30 mL) wunder nitrogen atmosphere at room temperature,
dicyclohexylcarbodiimide (DCC) (0.10 g, 0.53 mmol), and 4-dimethylaminopyridine
(0.007 g, 0.06 mmol) were added to the reaction mixture at room temperature. When
hydrazine hydrate (0.2 mL, 6.25 mmol) was added to the mixture, the reaction mixture was
stirred for 60 minutes at room temperature. Workup procedure was the same as that for
fluorescent probe A. The crude compound was purified by flash column chromatography
using EtOAc/Hexane (50/50) to get a yellow solid (0.15 g, 50%).'"H NMR (400 MHz,
CDCl): 6 7.89-7.87 (d, J = 8.0 Hz, 1H), 7.49-7.40 (m, 3H), 7.19-7.13 (m, 3H), 6.86-6.79
(m, 1H), 6.60-6.59 (m, 1H), 6.39-6.26 (m, 3H), 5.37-5.34 (d, J = 12.0 Hz, 1H), 3.64 (brs,
2H), 3.36-3.31 (q,J=8.0 Hz,4H) 3.13 (s, 3H), 2.60-2.43 (m, 2H), 1.93-1.89 (m, 1H), 1.71-
1.69 (m, 6H), 1.36-1.24 (m, 3H), 1.18-1.14 (t, J = 8.0 Hz, 6H). >*C NMR (100 MHz,
CDCl): 6 166.50, 157.96, 153.45 149.82, 148.99, 148.75, 145.55, 139.05, 132.50, 131.01,
128.42, 127.91, 123.66, 123.17, 121.73, 120.32, 119.86, 119.49, 108.61, 105.88, 104.29,
102.93, 98.17, 92.22, 68.02, 49.20, 45.64, 44.59, 34.19, 30.26, 30.14, 29.33, 28.58, 28.50,
25.87, 25.55, 25.19, 23.20, 22.50, 12.78. IR (cm™): 2929.64, 1700.81, 1622.93, 1595.03,
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1517.70, 1493.73, 1318.14, 1264.97, 1128.16, 735.27, 702.01. HRMS (ESI) calcd for
C37H41N4O2 [M+H]", 573.3229; found, 573.3247.

Fluorescent probe C: When compound 5 (0.30 g, 0.53 mmol) was dissolved in dry
dichloromethane (20 mL) under nitrogen atmosphere at room temperature, N-hydroxy-
succinimide (0.08 g, 0.69 mmol), dicyclohexylcarbodiimide (DCC) (0.11 g, 0.53 mmol)
were added to the reaction mixture sequentially. After the reaction for 30 minutes,
propargylamine (0.04 g, 0.80 mmol) was added through a syringe under nitrogen
atmosphere and the reaction mixture was stirred at room temperature for 2 hours. After the
reaction mixture was washed with water (2x20 mL), the organic layer was collected, dried
over anhydrous sodium sulfate and filtered. The filtrate was concentrated under reduced
pressure. The crude compound was purified by flash column chromatography using
EtOAc/Hexane (25/75) to afford pale yellow syrupy compound (0.19 g, 60%).'"H NMR
(400 MHz, CDCl3): 6 7.89-7.87 (d, J= 8.0 Hz, 1H), 7.50-7.39 (m, 3H), 7.20-7.14 (m, 3H),
6.88-6.79 (m, 1H), 6.65-6.53 (m, 1H), 6.34-6.24 (m, 3H), 5.44-5.27 (m, 1H), 4.24-4.19
(dd, J=16.0, 4.0 Hz, 1H), 3.76-3.71 (dd, J = 16.0, 4.0 Hz, 1H), 3.36-3.31 (q, J = 8.0 Hz,
4H) 3.20-3.03 (brs, 3H), 2.67-2.30 (m, 2H), 2.01-1.95 (m, 1H), 1.75-1.70 (m, 6H), 1.61-
1.24 (m, 4H), 1.18-1.15 (t, J = 8.0 Hz, 6H). *C NMR (100 MHz, CDCl3): § 167.79, 153.26,
148.97, 132.66, 131.56, 128.70, 128.36, 127.97, 123.67, 123.26, 121.76, 119.55, 108.67,
105.93, 104.59, 97.99, 79.28, 70.43, 45.66, 44.60, 28.66, 25.56, 24.62,23.43, 22.19, 12.81.
IR (cm™): 3303.82, 2981.38, 1699.76, 1501.13, 1393.66, 1368.38, 1250.46, 1146.75,
1049.46, 855.42, 736.62, 702.53. HRMS (FAB) calcd for C4Hs:N30, [M], 596.3277,
found, 596.3276.

Fluorescent probe D: After 1,1°-carbonyldiimidazole (9) (0.06 g, 0.4 mmol) was added to
the solution of compound 5 (0.15 g, 0.26 mmol) in anhydrous dichloromethane (20 mL)
under nitrogen atmosphere, the reaction mixture was stirred at room temperature for 4
hours. After the complete consumption of compound 5 (confirmed by TLC), N-(2-
hydroxyethyl)ethylenediamine (0.05 mL, 0.53 mmol) was added to the mixture, the
reaction mixture was further stirred overnight. After work-up, the organic layer was
washed with water (2x 30 mL) and brine solution (2x 30 mL), respectively, dried over
anhydrous sodium sulfate, and filtered. The filtrate was concentrated under reduced
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pressure. The crude compound was purified by preparative TLC plate with
dichloromethane/EtOH (20/1) to afford a brown solid (0.09 g, 52%). 'H NMR (400 MHz,
CDCl): 6 7.81-7.79 (d, J = 8.0 Hz, 1H), 7.49-7.34 (m, 3H), 7.16-7.09 (m, 3H), 6.81-6.77
(t,J=8.0 Hz, 1H), 6.57-6.55 (d, J= 8.0 Hz, 1H), 6.35-6.23 (m, 3H), 5.37-5.34 (d, J=12.0
Hz, 1H), 3.53-3.26 (m, 8H), 3.10 (s, 3H), 2.67-2.38 (m, 6H), 1.72-1.60 (m, 7H), 1.39-1.23
(m, 3H), 1.16-1.12 (t, J = 8.0 Hz, 6H) . '*C NMR (100 MHz, CDCl5): § 169.13, 157.96,
152.96, 151.81, 148.90, 148.26, 145.50, 138.99, 132.42, 132.04, 128.60, 128.36, 127.93,
123.62, 123.01, 121.72, 120.27, 119.87, 119.55, 108.66, 107.87, 105.93, 105.46, 103.60,
97.95, 92.24, 67.24, 61.06, 51.17, 48.14, 45.65, 44.57, 40.03, 30.58, 30.16, 29.89, 29.32,
28.71, 28.52, 25.55, 23.25, 22.44, 12.78. IR (cm™'): 3364.27, 2968.80, 2927.21, 1682.60,
1621.06, 1592.96, 1515.14, 1492.83, 1466.55, 1352.63, 1316.87, 1264.54, 1214.76,
1192.54, 1125.75, 1077.46, 929.65, 817.77, 733.88, 701.34. HRMS (ESI) calcd for
C41H49N4O3 [M+H]", 645.3804; found, 645.3823.

3.3.3 Cell culture and confocal fluorescence imaging

Breast cancer (MDA-MB-231) and normal endothelial (HUVEC-C) cell lines were
obtained from ATCC. The cells were cultured according to the published procedures.?’
Briefly, the cells were plated on 12-well culture plates or 35 mm glass bottom culture dishes
(MatTek Corp.) at a density of 1 X 10° cells/ mL for live cell imaging. After 24-h
incubation at 37 °C in 5% CO; incubator, the media was removed and cells were rinsed
with 1X PBS. Fresh serum free media with 5 or 20 uM of fluorescent probes B, C and D
were added and incubated for 2 hours. Live cell imaging was performed with inverted
fluorescence microscope (Model AMF-4306; EVOSs, AMG) for initial dye concentration
standardization. The final cell images were obtained with confocal laser scanning
microscope (Olympus FV1000) with excitation wavelengths at 405 nm for Hoechst 33342
(Sigma-Aldrich), at 488 nm for LysoSensor Green DND-189 (Invitrogen), and at 635 nm
for fluorescent probes B, C and D. The fluorescence images were obtained at 60X
magnification and the exposure times for each laser were kept constant for each image

series.
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3.4 Results and Discussion
3.4.1 Design and synthesis of near-infrared fluorescent probes for pH

Fluorescent dye (5) ((E)-2-(2-(9-(2-carboxyphenyl)-6-(diethylamino)-2,3-dihydro-1H-
xanthen-4-yl)vinyl)-1,3,3-trimethyl-3H-indol-1-ium perchlorate) was chosen as a near-
infrared fluorophore to prepare near-infrared fluorescent probes for lysosomal pH in living
cells because of its advantageous photophysical properties including a large absorption
extinction coefficient (1.4 x 105 M—1 cm-1), high fluorescence quantum yield (41% in
methanol) with near-infrared emission peak at 720 nm, good photostability and chemical
stability. It displays absorption maximum peak at 710 nm due to SO —S1 transition, a
shoulder peak at 650 nm, and near-infrared emission peak at 731 nm in ethanol mixed
solution (please see Figures B.24 and B.25 in supporting information). Fluorescent dye (5)
was prepared by condensation of 2-(4-(diethylamino)-2-hydroxybenzoyl)benzoic acid (1)
with cyclohexanone (2) in acidic conditions, yielding 9-(2-carboxyphenyl)-6-
(diethylamino)-1,2,3,4-tetrahydroxanthylium perchlorate (3), and followed by
condensation of compound 3 with Fisher’s aldehyde (4) in acetic anhydride at 50 °C
(Scheme 3.2).26 Near-infrared fluorescent probes are readily synthesized from fluorescent
dye 5 through one- or two-step procedures. Fluorescent probe A was synthesized by
treating fluorescent dye 5 with phosphoryl chloride (POCI3), and followed by further
reaction with 1,2-diaminobenzene. Fluorescent probe B was prepared by coupling
fluorescent dye 5 with dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine
(DMAP) in dichloromethane for 30 minutes, and followed by further reaction with
hydrazine hydrate for one hour. Fluorescent probe C was synthesized by coupling
fluorescent dye 5 with N-hydroxysuccinimide in the presence of dicyclohexylcarbodiimide
(DCC) for 30 minutes, and followed by further reaction with propargylamine (Scheme
3.2). Fluorescent probe D was prepared by reacting fluorescent dye 5 with 1,1°-
carbonyldiimidazole (9) in dry dichloromethane for four hours, and followed by further
reaction with N-(2-hydroxyethyl)ethylenediamine for overnight. Introduction of N-(2-
hydroxyethyl)ethylenediamine to fluorescent dye 5 is expected to enhance hydrophilic
property of fluorescent probe and facilitate selective accumulation of fluorescent probe D
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in lysosome in living cells via protonation of the secondary amine in an acidic environment

at pH 4.5 inside lysosome.
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Scheme 3.2. Synthetic routes to near-infrared fluorescent probe for pH.

3.4.2 Optical responses of fluorescent probes to pH

We investigated effect of pH on absorption spectra of the fluorescent probes. Fluorescent
probe A displays a strong absorption peak at 379 nm, a moderate absorption at 479 nm,
and an extremely weak absorption peak at 720 nm in 40 mM citrate-phosphate buffer
solution (pH 6.9) containing 40% ethanol (Figure 3.2). Gradual decreases of pH from pH
7.0 to pH 4.0 results in significant absorbance enhancement at 720 nm accompanying with
a shoulder peak at 663 nm (Figure 3.2), indicating that the spirolactam ring of the
fluorophore was opened, leading to significant extension of m-conjugation of the
fluorophore. Consequently, the solution of the fluorescent probe A displays distinct color
changes from colorless to green along with the pH titration from 6.9 to 4.0. However,
further decreases of pH below 2.0 causes decrease in the absorbance of fluorescent probe
A at 720 nm (Figure 3.2). This may be due to charge imbalance of the fluorophore as the
tertiary amine group of the fluorophore becomes protonated at extremely low pH (Scheme
3.3). Fluorescent probe A displays full fluorescent reversible responses between pH 3.0
and 7.2 when it is treated with acid or base. The similar pH effect on absorbance of
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fluorescent probes B, C and D were also observed (Figure 3.3, and Figures B.17-B.19 in

supporting information).
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Scheme 3.3. Chemical structures of fluorescent probe A at different pH values.
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Figure 3.2. Absorption spectra of 5 uM fluorescent probe A at different pH values (left)
and effect of pH on absorbance of the fluorescent probe A at 718 nm (right).
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Figure 3.3. Absorption spectra of 5 uM fluorescent probe D at different pH values (left)
and effect of pH on absorbance of the fluorescent probe D at 718 nm (right).

In order to evaluate fluorescent probes for pH sensing application, we investigated pH
effect on fluorescence intensity of 5 uM fluorescent probes in 40 mM citrate-phosphate
buffer solution containing 40% ethanol. Figure 3.4 displays the fluorescence spectra of
fluorescent probe A at different pH values. The probe was non-fluorescent when the buffer
pH is greater than 7.4. However, gradual decrease of pH from pH 7.4 to pH 4.0 results in
appearance of a new fluorescence peak at 743 nm, and significantly enhances fluorescence
peak intensity. There is more than 71-fold increase in the fluorescence intensity of
fluorescent probe A at 743 nm with pH decrease from 7.4 to 4.1, indicating the probe is
very sensitive to acidic pH because of the H'-induced spirolactam ring opening of the
fluorophore. The pKcycr value of the probe A is 5.8 related to spirolactam ring opening,
which was obtained according to the Henderson—Hasselbach-type mass action equation.
The fluorescence intensity of the probe A displayed linear responses to pH values in the
range from 4.9 to 6.6. In addition, it showed excellent reversible responses to pH between
4.0 and 7.4. Compared with fluorescent probe A, fluorescent probes B, C and D exhibit
much more sensitive fluorescent responses to pH with 395-, 592- and 229-fold increases
in the fluorescence intensity at 743 nm with pH decrease from 7.4 to 4.1, respectively. The
pKeyel values of the probe B, C and D related to the spirolactam ring opening are 4.6, 4.9

and 5.4, respectively, which indicates that the probes B, C and D are more suitable for
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lysosome imaging application. However, further decrease of pH to strong acidic conditions
triggers significant fluorescence decreases of fluorescent probe A because the protonation
of the nitrogen atom of the fluorophore significantly reduces the electron donating ability
of the nitrogen atom, and results in charge imbalance through the resonance structure
(Scheme 3.3). The analysis of fluorescence intensity changes of fluorescent probe A as a
function of pH by using the Henderson—Hasselbach-type mass action equation yielded
almost same pK, value of 1.8. The similar pH effect on fluorescent probes B, C and D
were also observed with further decrease of pH to strong acidic conditions. The analysis of

fluorescence intensity changes of fluorescent probes B, C and D gave almost the same pKa

value of 1.7.
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Figure 3.4. Fluorescent spectra of 5 uM fluorescent probe A at different pH (left) and pH

effect on fluorescence intensity of fluorescent probe A at 743 nm (right).
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Figure 3.5. Fluorescent spectra of 5 uM fluorescent probe D at different pH (left) and
pH effect on fluorescence intensity of fluorescent probe D at 743 nm (right).

3.4.3 The selectivity experiments of fluorescent probes to pH over metal ions.

We investigated effect of metal ions on fluorescent response of fluorescent probes to pH

by evaluating potential coordination of fluorescent probes with heavy, transition, and main

group metal ions. Fluorescent probes A, B, C and D display no responses to 200 uM alkali

and alkaline-earth metal ions as such Na*, K*, Ca* and Mg?", as well as some transitional

metal ions (200 uM) such as Cu®*, Zn?**, Fe*", Fe**, Co*", Ag+, Ba*", Cd**, Pb*", Ni*" and

Mn** at pH 7.0 and 4.1 (Figure 3.6, and Figures B.21-23), which indicates that the

fluorescent probes display high selectivity to pH over these alkali, alkaline-earth metal

ions, and transitional metal ions.
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Figure 3.6. Fluorescent responses of 5 uM fluorescent probe A to pH at 4.1 and 7.0 in the

absence and presence of different metal ions (200 pM), respectively.

3.4.4 Live cell imaging of fluorescent probes

All four fluorescent probes were used as near-infrared fluorescent probes in cultured cells
and compared to commercial LysoSensor Green DND-189 to investigate if these probes
could be used to target lysosomes/acidic organelles inside the cells as LysoSensor Green
DND-189 is known to be retained specifically in acidic organelles. A series of experiments
were performed: a breast cancer line (MDA-MB-231) and normal endothelial cell line
(HUVEC) were loaded with fluorescent probes A, B, C and D and with LysoSensor Green
DND-189 (Figures 3.7 and 3.8), respectively. All the probes except probe A showed a
fluorescence signal inside the cell, specifically localized in lysosomes with maximum
signal with probe D followed by probe B (Figures 3.7-9). The fluorescence signals of these
probes were compared with the commercially available and well characterized lysosome
specific probe, LysoSensor Green DND-189 (Lyso-green). To confirm the co-localization
of these probes to lysosomes, we incubated both the cells with Lyso-green and these new

probes. Images were captured for the same image field with different excitation and
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emission wavelengths of near-infrared fluorescent probes as compared to those of probe
DND-189, which enables simultaneous visualization of both probes (near-infrared probes
and DND-189) from the same intracellular compartment. When the images were overlaid
they showed co-localization in lysosomes (Figures 3.7-9). The probe D was most
fluorescent and showed a very high signal even at 5 uM concentration and was clearly co-
localized to lysosomes (Figure 3.9). The fluorescence intensity of the probe D is shown to
match that of the probe DND-189 as the areas of low and high fluorescence of the probe
match those of the probe DND-189, indicating the probe D can effectively distinguish
between different pH values in the cell in a similar manner to the commercial probe DND-
189. Probe B showed a slightly weaker signal when compared to probe D (Figures 3.7-8).
The close-up of co-localization of cells image clearly shows that the lysosomes were
mostly localized as perinuclear clusters both in cancer and normal cell lines (Figure 3.9).
These results are consistent with a previous report that showed lysosomes in serum-starved
cells relocate towards the perinuclear position and forms clusters.?” In this study, the
probes were incubated in serum-free media thus the lysosomes localize to perinuclear
clusters. This data also confirms that the probes are localized only in lysosomes and are

highly sensitive to pH environment.
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Transmitted

Probe B
(20uM) +
Lyso- green

Probe C
(20pMm) +
Lyso- green

Probe D
(20uM) +
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Figure 3.7. Fluorescence images of MDA MB-231 cells incubated with fluorescent probes
B, C, and D. Cells were incubated with 20 uM of dyes B, C, and D for 2 h and imaged for
co-localization in presence of LysoSensor Green, a lysosomal stain and Hoechest, a nuclear
stain. The images were acquired using confocal fluorescence microscope at 60X

magnification.
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Figure 3.8. Fluorescence images of HUVEC-C cells incubated with fluorescent probes B,
C, and D. Cells were incubated with 20 uM of all three dyes for 2 h and imaged for co-
localization with LysoSensor Green and Hoechest stains. The images were acquired using

confocal fluorescence microscope at 60X magnification.

GFP Cy5

MDA-MB-231

HUVEC

Figure 3.9. Enlarged images of MDA-MB-231 and HUVEC-C cells with fluorescent probe
D showing co-localization of fluorescent probe D in lysosomes. The probe D shows much
stronger signal in HUVEC cells compared to MDA-MB-231 cell. The lysosomes are

mostly perinuclear in both cells due to serum-starvation for 2 h.
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3.5 Summary

We have prepared four near-infrared fluorescent probes for pH (A-D). The response
mechanism of the fluorescent probes to pH value relies on the structural changes between
spirocylic and ring-opening forms of the near-infrared fluorophore. These probes are not
fluorescent with a spriocylic form at neutral pH and highly fluorescent with a spirocycle-
opening at low pH value of ~4.5. Fluorescent probes have absorption and emission peaks
at 718 nm and 743 nm, respectively. The fluorescent probes B, C and D are cell-permeable
and are capable of selective and sensitive labeling of lysosomes, and may offer potential
noninvasive monitoring of lysosomal pH changes during physiological and pathological

processes.

Supporting Information

'H and '3C NMR, absorption and emission spectra of the fluorescent probes, absorption
and fluorescent spectra of the fluorescent probes at different pH values, and fluorescent
spectra of fluorescent probes at pH 7.0 and 4.1 in the absence and presence of different
metal ions, respectively. This material is available free of charge via the Internet at

http://pubs.acs.org.
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4.1 Abstract

A facile and scalable synthesis of new functionalizable fluorescent hybrid dye A has been
designed synthesized and characterized. This dye has absorption and emission wavelength
at 610 and 640 nm respectively, fluorescent quantum yield 22.3% in ethanol and molar
absorption coefficient 1.66x 10* M-cm™!. This new hybrid dye has reactive chlorine atom
which can be functionalized to prepare imaging probes and also there is also scope for
introducing water soluble groups. Three new compounds B, C, D were synthesized by
reacting with primary and secondary amine to test the reactivity of chlorine atom of the
hybrid dye. This concludes that this hybrid dye can be used to prepare fluorescent probes

using different receptors.
4.2 Introduction

To study the biomolecules in live cells, fluorescent imaging is one of the most powerful
techniques. Fluorescent dye are the essential molecular tools for the bioimaging technique.
Although a large number of fluorescent probes are reported in literature till now, most of
them have absorption and emission at 450-600 nm range only. Very less number of
fluorescent probes with emission at 600-800 nm range are reported so far. In addition, the
NIR probes have advantages over the visible range probes such as, deep tissue penetration,
low auto fluorescence and minimum photo damage. So there is a lot of demand for NIR

probes that exhibit good photostability for bio imaging applications.

Cyanine dyes are one class of NIR fluorescent molecules that are most widely used in bio
imaging probe design. To synthesize a Cyanine based turn-on probe, fluorescence
resonance energy transfer (FRET) approach is one strategy. For the FRET based cyanine
probe design, an additional fluorescent dye is needed which makes the system more
complex. Due to the relatively high energy levels of highest occupied molecular orbitals
(HOMO) of cyanine dyes, it also quite difficult to synthesize photo induced electron (PET)
based turn-on fluorescent cyanine probes. So there is lot of demand for easily Tunable NIR

fluorescent dyes that can be have applications in bioimaging.
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4.3 Experimental Section

4.3.1 Instrumentation

'H NMR and C NMR spectra were obtained by using a 400 MHz NMR
spectrophotometer instrument. 'H and '3C NMR spectra were recorded in CDCls, chemical
shifts (8) are given in ppm relative to solvent peaks ('H: § 7.26; '*C: § 77.3) as internal
standard. HRMS were measured with fast atom bombardment (FAB) ionization or matrix-
assisted laser desorption ionization (MALDI) using a double focusing magnetic or a matrix
assisted laser desorption-time of flight mass spectrometer. Infrared (IR) samples were
prepared as KBr pellets, and spectra were obtained in the 400-4000 cm™ range using a
Bruker Tensor-27 FTIR spectrometer. Absorption spectra were taken on a Perkin Elmer
Lambda 35 UV/VIS spectrometer. Fluorescence spectra were recorded on a on a Jobin
Yvon Fluoromax-4 spectrofluorometer. Fluorescence quantum yield of fluorescent dyes
A, B, C, and D in ethanol was measured by using standard 1-cm path-length fluorescence
quartz cuvette at room temperature. All samples were scanned with increments of 1 nm.
Each of the spectrum for absorbance and fluorescence was measured under room
temperature. The new dye was dissolved in 3ml EtOH/Buffer (v/v 2:3) and got 5uM
solution. The excitation wavelength at 550 nm was used to excite all fluorescent dye A and

excitation wavelength at 500 nm was used to excite all fluorescent dyes B, C, and D.
4.3.2 Materials

Unless otherwise indicated, all reagents and solvents were obtained from commercial
suppliers and used without further purification. Air- and moisture-sensitive reactions were

conducted in oven-dried glassware using a standard Schlenk line or drybox techniques

under an inert atmosphere of dry nitrogen.
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Scheme 4.1. Synthetic route to hybrid fluorescent dye A

Synthesis of compound 3: The mixture of compound 1 (4.0 g, 30.0 mmol) cyclopentanone
2 (2.65 ml, 30.0 mmol) at ice bath, POCl3 (25 ml) was added slowly. The resultant mixture
was heated to reflux for 2 hrs. Then cool the reaction mass to room temperature and
concentrated under vacuum. The residue was diluted with EtOAc (70 ml), neutralized with
potassium carbonate. Compound was washed with water (2x100 ml) and brine (2x100 ml)
solution. Organic layer was dried over sodium sulfate and concentrated under reduced
pressure to yield a pale brown solid. The crude solid was recrystallized from acetone to
give the compound 3 (5.3 g, 85%). 'H NMR (400 MHz, CDCl3): § 8.14-8.12 (d, J = 8.0
Hz, 1H), 8.02-7.99 (d, J = 12.0 Hz, 1H), 7.67-7.63 (t, J = 8.0 Hz, 1H), 7.55-7.51 (t, J = 8.0
Hz, 1H), 3.23-3.19 (t, J = 8.0 Hz, 2H), 3.16-3.12 (t, J = 8.0 Hz, 2H), 2.26-2.18 (p, J=8.0
Hz, 2H). *C NMR (100 MHz, CDCl3): § 167.71, 148.69, 137.80, 134.23, 129.41, 129.05,
126.63, 125.50, 123.73, 35.71, 30.61, 22.88. HRMS (ESI) calcd for Ci2HioCIN [M]’,
203.0498; found, 203.0502.

Synthesis of compound 4: To the solution of compound 3 (2.0 g, 10.0 mmol) in

tetramethylene sulfone (20 ml) at room temperature was treated with methyl iodide (4.0

ml, 64 mmol). The resulting reaction mass was heated to reflux for 12 hrs. After cooling to

room temperature, the mixture was filtered, washed with dry ether to remove the organic

impurities. The solid obtained was dried under vacuum to yield a yellowish green solid 4

(3.75 g, 44%). "H NMR (400 MHz, DMSO-ds): & 8.55-8.53 (d, J = 8.0 Hz, 1H), 8.49-8.47
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(d, J = 8.0 Hz, 1H), 8.24-8.20 (m, 1H), 8.08-8.04 (t, J = 8.0 Hz, 1H), 4.40 (s, 3H), 3.68-
3.64 (t, J = 8.0 Hz, 2H), 3.32-3.28 (t, J = 8.0 Hz, 2H), 2.36-2.28 (p, J = 8.0 Hz, 2H). 3C
NMR (100 MHz, DMSO-ds): 5 169.17, 145.34, 139.27, 138.65, 135.12, 130.93, 126.01,
120.19, 94.43, 41.75, 36.02, 31.77, 21.96.

Synthesis of compound A: Compound 4 (1.0 g, 2.65 mmol) and fisher aldehyde 5 (0.53 g,
2.65 mmol) were dissolved in acetic anhydride (20 mL) and the resulting reaction mixture
was heated to 50°C for 30 Min. After quenching the reaction with water, acetic anhydride
was distilled off. The crude Compound was dissolved in dichloromathnae (40 mL) and
washed sequentially with aqueous sodium bi carbonate (2x60 mL), water (2x60 mL) and
brine solution (1xX60 mL). Dry the organic layer with sodium sulfate and distil off the
solvent under reduced pressure. The crude Compound was purified by column
chromatography with DCM/EtOH (100:1 to 20:1) to yield a greenish solid (1.2 g, 81%).
'H NMR (400 MHz, CDCI3): & 8.12-8.06 (m, 2H), 7.98-7.94 (m, 1H), 7.80-7.76 (m, 1H),
7.52-7.48 (m, 1H), 7.30-7.24 (m, 2H), 7.12-7.08 (m, 1H), 7.04-7.00 (m, 1H), 5.72-5.70 (m,
1H), 4.4 (s, 3H), 3.62 (S, 4H), 1.70 ( s, 6H).

Cl
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Scheme 4.2. Synthetic route to Compound B

Synthesis of compound B: Compound 6 (0.2 g, 0.49 mmol) and compound 7 (0.39 g,1.96

mmol) were dissolved in dry DMF (30 MI) under nitrogen atmosphere. The reaction

mixture was heated to 80°C for 3 hrs. Distill off the DMF under high vacuum and the crude

compound was purified by column chromatography using DCM/EtOH (50/1 to 10/1) to
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yield a dark blue solid (0.08 g, 30%). "H NMR (400 MHz, CDCls): § 8.52-8.51 (d, J = 4.0
Hz, 2H), 8.27-8.24 (d, J = 12.0 Hz, 1H), 8.11-8.08 (d, J = 12.0 Hz, 1H), 7.87-7.53 (m, SH),
7.33-7.31 (d, J = 8.0 Hz, 2H), 7.27-7.17 (m, 4H), 7.03-6.99 (t, J = 8.0 Hz, 1H), 6.88-6.86
(d, J = 8.0 Hz, 1H), 5.49-5.46 (d, J = 12.0 Hz, 1H), 4.65 (s, 4H), 4.43 (s, 3H), 3.36 (s, 3H),
3.14-2.75 (m, 4H), 1.64(s, 6H). 13C NMR (100 MHz, CDCL): § 168.11, 159.43, 156.90,
153.59, 149.59, 143.61, 142.08, 139.81, 138.38, 137.73, 133.96, 132.88, 128.47, 126.80,
126.20, 124.43, 123.57, 123.30, 123.11, 122.21, 119.07, 108.65, 96.42, 58.31, 47.73,
43.03, 30.65, 28.70, 27.70. HRMS (ESI) caled for CasHssNs [M]*, 564.3127; found,
564.3142.
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Scheme 4.3. Synthetic route to Compound 12

Synthesis of compound 10: In a round bottom flask, Bromoetahnol 9 (10 g, 80.02 mmol),
water (100 mL) and Sodium azide (6.2 g, 96.03 mmol) were added. This resulting reaction
mixture was stirred at reflux overnight. Cool the solution, Extract the Azide compound into
dichloromethane (2x100 mL). The combined organic layers were washed with water
(2x100 mL), dried with anhydrous sodium sulphate and this azide in the dichloromethane
was used as such for next step. To the azide compound (6.8 g, 79.06 mmol) in round bottom
flask, Triethylamine (13.2 mL, 94.88 mmol) and P-toulenesulfonyl chloride (18.08 g,
94.88mmol) was added. This mixture was stirred at room temperature for 6 hr. Reaction
was quenched with water and the organic layer was washed with 1IN NaOH (2x 200 mL)
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and then with brine solution (2x200 mL). Organic layer was dried with anhydrous sodium
sulphate, solvent was evoparated under reduces pressure. The crude compound was
purified by flash column chromatography with EtoAc/Hexane (20:80) to yield clear oil (17
g, 89%). 'H NMR (400 MHz, CDCls): § 7.77-7.75 (d, J = 16.0 Hz, 2H), 7.33-7.31 (d, J =
8.0 Hz, 2H), 4.12- 4.09 (t, J = 6.0 Hz, 2H), 3.45-3.42 (t, J = 6.0 Hz, 2H), 2.40 (s, 3H). 1*C
NMR (100 MHz, CDCls): 6 145.52, 132.69, 130.22, 128.11, 68.46, 49.76, 21.82

Synthesis of compound 11: In a round bottom flask, compund 10 (1 g, 4.14 mmol) and Di-
(2-picolyl) amine 7 (0.74 mL, 4.14 mmol) were dissolved in acetonitrile (20 mL) under
nitrogen atmosphere. To this solution triethylamine (0.7 mL, 4.96 mmol) was added, the
resulting reaction mixture was stirred under reflux overnight. Solvent was removed in
vacuum, the residue was dissolved in dichloromethane (30 mL) and wash the organic layer
sequentially with aqu. KoCO3 (2%30 mL) and brine solution (2x30 mL). Organic layer was
dried with anhydrous sodium sulphate and solvent was evaporated under reduced pressure.
The crude compound was purified by column chromatography using Hexane/DCM/EtOH
(4:5:1) to yield a brownish oil (0.9 g, 69%). 'H NMR (400 MHz, CDCls): § 8.45-8.44 (m,
2H), 7.60-7.56 (m, 2H), 7.47-7.45 (d, J = 8.0 Hz, 2H), 7.09-7.06 (m, 2H), 3.80 (s, 4H),
3.26-3.23 (t, J = 6.0 Hz, 2H), 2.77-2.74 (t, J = 6.0 Hz, 2H). 3*C NMR (100 MHz, CDCl;):
o 159.21, 149.19, 136.67, 123.16, 122.30, 60.72, 53.53, 49.24. HRMS (ESI) calcd for
C14H17Ns [M+H]", 269.1515; found, 269.1522

Synthesis of compound 12: To the stirred solution of compound 11 (0.7 g, 2.61 mmol ) in
ethanol (20 mL), 10% Pd/C (0.07 g, 10 wt%) was added. The reaction mixture was stirred
under hydrogen atmosphere overnight. Reaction mass was filtered through Celite pad to
get clear solution. Ethanol was then removed in vacuum to yield colourless oil (0.6 g,
95%) and this compound was used as such in the next step without purification. '"H NMR
(400 MHz, CDCI3): 6 8.47-8.45 (m, 2H), 7.60-7.55 (m, 2H), 7.44-7.42 (d, J = 8.0 Hz, 2H),
7.10-7.04 (m, 2H), 3.78 (s, 4H), 2.74-2.71 (t, J = 12.0 Hz, 2H), 2.61-2.58 (t, J = 12.0 Hz,
2H), 1.43 (s, 2H, NH>). 1*C NMR (100 MHz, CDCls): § 159.83, 149.24, 136.53, 123.12,
122.14, 60.90, 57.65, 39.85. HRMS (ESI) calcd for Ci4sHisNsNa [M+Na]’, 265.1429;
found, 265.1435
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Scheme 4.4. Synthetic route to Compound C

Synthesis of compound C: Compound 6 (0.2 g, 0.49 mmol) and compound 12 (0.47 g,
1.96 mmol) were dissolved in dry DMF (40 mL) under nitrogen atmosphere. The reaction
mixture was heated to 80° C for 3 hrs. Distill off the DMF under high vacuum and the crude
compound was purified by column chromatography using DCM/EtOH (50/1 to 10/1) to
yield a dark blue solid 13 (0.09 g, 30%). '"H NMR (400 MHz, CDCl;): § 8.79-8.77 (d, J =
8.0 Hz, 1H), 8.64 (brs, 1H), 8.45-8.44 (d, J = 4.0 Hz, 2H), 7.95-7.85 (m, 2H), 7.59-7.48
(m, 4H), 7.41-7.39 (d, J = 8.0 Hz, 2H), 7.23-7.12 (m, 4H), 6.97-6.93 (t, J = 8.0 Hz, 1H),
6.77-6.75 (d, J = 8.0 Hz, 1H), 5.35-5.32 (d, J = 12.0 Hz, 1H), 4.26 (s, 3H), 4.03 (s, 6H),
3.39-3.31 (m, 2H), 3.27 (s, 3H), 3.08-3.03 (m, 2H), 2.96-2.90 (m, 2H), 1.61 (s, 6H). 1*C
NMR (100 MHz, CDCls): 6 164.65, 158.71, 158.40, 150.14, 149.30, 144.21, 141.03,
139.26, 136.97, 133.54, 133.14, 128.31, 125.82, 125.02, 123.66, 122.62, 122.05, 121.84,
118.90, 118.51, 116.77, 107.63, 94.65, 59.73, 51.96, 46.85, 42.92, 41.51, 30.06, 29.11,
28.63, 28.18. HRMS (ESI) caled for C40H43Ns [M]", 607.8090; found, 607.3566.
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Scheme 4.5. Synthetic route to Compound D

Synthesis of compound D : Compound 6 (0.2 g, 0.49 mmol) and compound 14 (0.39 g,
1.96 mmol) were dissolved in dry DMF (40 mL) under nitrogen atmosphere. The reaction
mixture was heated to 80°C for 3 hrs. Distill off the DMF under high vacuum and the crude
compound was purified by column chromatography using DCM/EtOH (50/1 to 10/1) to
yield a dark blue solid 15 (0.07 g, 35%). "H NMR (400 MHz, CDCl3): § 8.04-8.02 (d, J =
8.0 Hz, 1H), 7.92-7.90 (d, J = 8.0 Hz, 1H), 7.81-7.72 (m, 2H), 7.52-7.48 (t, J = 8.0 Hz,
1H), 7.25-7.21 (m, 2H), 7.02-6.99 (t, J = 8.0 Hz, 1H), 6.87-6.85 (d, J=8.0 Hz, 1H), 5.51-
5.48 (d, J = 12.0 Hz, 1H), 4.38 (s, 3H), 3.93-3.86 (m, 4H), 3.53-3.47 (m, 4H), 3.37-3.31
(m, 5H), 3.09-3.04 (m, 2H), 1.63 (s, 6H). 3C NMR (100 MHz, CDCl3): & 167.97, 159.72,
153.11, 143.65, 141.89, 139.79, 138.20, 132.85, 130.49, 128.48, 126.43, 125.70, 123.27,
123.17, 123.05, 122.17, 119.02, 108.65, 96.44, 67.55, 52.01, 47.68, 42.97, 30.70, 29.13,
28.69, 28.09. HRMS (FAB) calcd for C30H34N30 [M]", 452.2700; found, 452.3000.

4.4 Results and conclusion

Absorption and emission spectra for compounds A, B, C, and D were taken in ethanol.
Change in the absorption spectra towards the shorter wavelengths and large strokes shift in
compounds B, C, and D compared to the compound A is due to intra molecular charge
transfer (ICT) caused by bridge head nitrogen. Molar absorption coefficient and quantum

yields for the all the four compounds are calculated in ethanol.
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Figure 4.1. Absorption and emission spectra of compound A in ethanol
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Figure 4.2. Absorption and emission spectra of compound B in ethanol
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Figure 4.4. Absorption and emission spectra of compound D in ethanol
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Table 4.1. Molar absorption coefficient and quantum yields of compounds A, B, C, and D

Compound Molar absorption Quantum vyield
coefficient M'-cm™!
A 1.66x10* 22.3%
B 8.45x103 8.1%
C 5.68x10% 0.1%
D 4.85x103 5.6%

In conclusion a new hybrid fluorescent dye was prepared and its bridge head chlorine
reactivity was tested with primary and secondary amines. This reactivity facilitate the use

of this hybrid dye for fluorescent probe design using different bimolecular receptors.
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5.1 Abstract

In this report, functionalized mannosylated aniline polymer (manno-PANI) was
investigated as an electrochemical platform to study carbohydrate—protein interactions by
exploiting the conductivity change of manno-PANI when the specific lectin binding occurs.
A systematic study was performed to characterize the interconversion of polyaniline
content (from amine to imine) in manno-PANI by UV—vis spectroscopy during its binding
with concanavalin A (Con A). Both X-ray photoelectron spectrometry (XPS) and UV—vis
results suggest that Con A binding with the manno-PANI film triggers the switching of
amine functionalities in the polyaniline backbone, converting them to imine forms.
Electrochemical impedance spectroscopy (EIS) was used to quantify the specific
interactions between Con A and mannose by measuring the impedance change of manno-
PANI film for the detection of Con A. A linear relationship between the impedance and
Con A concentration was obtained, and the detection limit reaches to 0.12 nM Con A in a
buffer solution (pH = 7.4), whereas the addition of nonspecific control lectins to the same
manno-PANI film gave very little impedance variations. Stability characterization of the
manno-PANI film over 20 weeks shows a maximum drift of only 3% from the original
signal. Thus, the uniquely constructed carbohydrate—PANI hybrid is a promising new
carbohydrate recognition moiety for studying carbohydrate-protein interactions,
presumably leading to a new electrochemical method for characterization of carbohydrate—

protein interactions and carbohydrate-mediated intercellular recognitions.

5.2 Introduction

Carbohydrate—protein interactions are abundant in many biological processes including
cell-cell communication, signal transduction, host—pathogen recognition, inflammation
and tumor cell metastasis'®. When compared to DNA— protein and protein—protein
interactions, the carbohydrate— protein interactions are harder to measure due to the
lack of chromophores in carbohydrate structures and the presence of multitudes of
different carbohydrate monomers, stereoisomers and their combination possibilities. In
recent years, advances in the fields of carbohydrate biointerface developments have made
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available a great number of innovative carbohydrate biosensors for characterizing
carbohydrate—protein interactions. The most promising approach is to create sensory
materials not only containing the carbohydrate receptors for efficient binding with target
proteins but also  bearing perturbable functionalities for sensitive transduction of
recognition events’”. Numerous carbohydrate biosensors were reported by incorporating
molecular labels such as fluorophores or biotin either into carbohydrate moiety or protein
moiety for detection!*!2. Fluorescence or biotin labeling requires additional steps. Labeling
a biomolecule can drastically change its binding properties and label can also interfere
with the true binding process'>. label-free carbohydrate biosensors in which the binding of
carbohydrate with the protein is transduced to a signal that can be measured directly

have been demonstrated including dual polarization interferometry'¥, quartz crystal

15-16 17-19 20-21

microbalance'”™'°, surface plasmon resonance ", electrochemical voltammetry= =",
NMR?? and isothermal titration calorimetry®*. However, non-specific interactions such as
physical adsorption are serious problems for the label-free carbohydrate biosensors since
carbohydrate—protein interactions are typically weaker than protein—protein interactions

which often leads to small signal to noise ratio and low sensitivity of the measurements.

Electrochemical methods such as cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) have the capability of measure the weak carbohydrate-protein
interactions®*2%. By using electrochemical probes either conjugated to the carbohydrate
moiety or added into the testing solution, they provide a unique electrochemical platform
for quantifying carbohydrate—protein interactions?’. For example, Hu et al. reported an
electrochemical biosensor using polyaniline and sugar composites as recognition
elements®®. In their method, aniline was chemically polymerized on the surfaces of
carbon nanotubes and D-glucose was modified on the carbon nanotube—polyaniline
nanocomposites via  Schiff-base reaction subsequently. The use of polyaniline as an
electrochemical reporter moiety is elegant, however the conjugation of glucose to
polyaniline using Schiff-base reaction could lead to an open ring reaction and the product
of Schiff-base reaction is very sensitive to pH (e.g. lower pH can result in decomposition
of the product). The lack of control of polyaniline and sugar conjugation via Schiff- base

reaction and the use of K3Fe(CN)s/K4Fe(CN)s redox probe in EIS sensing made this
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method less practical. Szunerits et al. (2010) characterized the carbohydrate and its
complementary lectin binding using EIS by directly coupled carbohydrate to the boron-
doped diamond electrode terminated with alkynyl func- tional group via copper (I)
catalyzed azide alkyne cycloaddition click reaction. This carbohydrate biointerface
fabrication still requires several steps and the amount of carbohydrate receptors

incorporated is monolayer which may limits its sensitivity and dynamic range.

Here we report a new and better electrochemical based label free carbohydrate biosensor
in which a well-defined aniline monomer bearing a-mannoside residue at ortho-position
of the aniline ring enables for one-step electrochemical polymerization of the glycosylated
aniline polymer (manno-PANI) on the electrode substrate with controlled thickness and
porosity (Scheme 5.1 and Scheme D.1). The glycosylated aniline polymer was shown to
maintain the bioactivity of the natural sugar and can directly transduce the carbohydrate—
protein binding to a change of the electrical signal (impedance by EIS or current by
CV) due to the extremely sensitivity of the polyaniline to its protonation/deprotonation
states (Scheme 5.1). Multiple techniques including X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), UV—vis spectroscopy, CV have been used to
characterize the electrochemical polymerization of the glycosylated aniline and its
electrochemical properties. Quantitative characterization of analytical parameters of the
manno-PANI as a biosensor for detection of Con A by EIS shows high sensitivity,
selectivity and stability validating its use as a new carbohydrate recognition moiety for
studying carbohydrate-protein interaction and for label free carbohydrate based biosensor

development. (Insert Scheme 5.1)

‘ﬁ i j l - ConA ~E<" Cf ]H Deprotonation {N @N_
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Scheme 5.1. Deprotonation of mannosylated polyaniline (PANI) during the Con A

binding.
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5.3 Materials and methods
5.3.1 Materials

Indium tin oxide (ITO) glass slides (CD-501N-CUV) were purchased from Delta
Technologies Co. Ltd. Concanavalin A (Con A), peanut agglutinin (PNA), Elderberry
lectin (SNA), Ulex euro- paeus agglutinin (UEA), Wheat germ agglutinin (WGA),
Pisum sativum agglutinin (PSA) were purchase from Sigma-Aldrich or
FluoProbess/Interchim Co. Ltd. All reagents and material were analytical grade, and
solvents were purified by standard procedures.  (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES) was purchased from Sigma-Aldrich.

5.3.2 Synthesis and characterization of glycosylated aniline polymer film
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Scheme 5.2. Synthetic route to a glycosylated aniline monomer.

1,2,3,4,6-Penta-O-acetylmannose 2: Compound 2 was prepared according to the following
procedure. Iodine (250 mg) was added to the suspension of D-mannose (1) (5 g, 0.027 mol)
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in acetic anhydride (50 mL). Reaction mixture began to warm which is a sign for the
initiation of acetylation and sugar started dissolving in the solution. After the reaction was
conducted at room temperature for 30 minutes, iodine was quenched by aqueous sodium
thiosulphate solution, and the crude product was extracted into dichloromethane (2x60ml)
and washed with aqueous sodium carbonate solution, and brine solution. The organic layer
was collected, dried with sodium sulphate and concentrated under reduced pressure to get

the crude product (10 g, 92%) for the next step without further purification.

1-O-bromoethyl-2,3,4,6-tetra-O-acetyl-a-D-mannose 3: compound 2 (5 g, 0.012 mol) and
bromoethanol (1.09 mL, 0.015 mol) were dissolved in dry dichloromethane (40 mL) in
three-necked 150-mL flask under nitrogen atmosphere. Then BF3-OEt: (8.4 mL, 0.066
mol) was added drop wise to the flask by using addition funnel at 0 °C. The resulting
mixture was allowed to come to room temperature and stirred for 12 hours. After the
mixture was cooled down to 0 °C and slowly quenched by cold aqueous NaHCO3 solution,
it was poured into dichloromethane (30 mL) and washed with aqueous NaHCO3 solution,
and brine, respectively. The organic layer was dried over anhydrous Na;SOs4 and
concentrated under a reduced pressure to yield a light brown oily compound.
Recrystallization of the crude product in EtO:Hexane (1:5, v/v) gave a white crystal
compound (3.5 g, 60%). '"H NMR (400 MHz, CDCls): §5.34-5.23 (m, 3H), 4.85 (s, 1H),
4.26-4.22 (m, 1H), 4.12-4.09 (m, 2H), 3.98-3.83 (m, 2H), 3.49 (t, j=5.6 Hz, 2H), 2.13 (s,
3H) 2.08 (s, 3H), 2.02 (s, 3H), 1.98 (s, 3H). 13C NMR (100 MHz, CDCl;): 6 170.8, 170.2,
170.0, 169.9, 97.9, 69.6, 69.2, 69.1, 68.6, 66.2, 62.6, 29.7, 21.0, 20.9, 20.8.

(2R,3R,48S,58S,6S)-2-(acetoxymethyl)-6-(2-(2-nitrophenoxy)ethoxy)tetrahydro-2H-pyran-

3.,4,5-triyl triacetate 4 : 2-Nitrophenol (0.61 g, 0.004 mol) and potassium carbonate (0.72
g, 0.005 mol) was added to dimethylformamide (DMF) (20 mL) containing the compound
3 (2 g, 0.004 mol) under a nitrogen atmosphere. The reaction mixture was heated to 80 °C
overnight and the reaction was monitored by TLC. After the complete consumption of
starting materials was verified by TLC, DMF in the mixture was removed under the
reduced pressure. When the mixture was poured into dichloromethane (60 ml) and washed
with water and with brine, respectively, the organic layer was collected, dried over
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anhydrous Na;SOs4, and concentrated under reduced pressure to get a colorless crude
product. The crude product was purified by column chromatography using EtOAc: hexane
(1:1, v/v) to yield a colorless compound (1.8 g, 81%).'H NMR (400 MHz, CDCls): § 7.75
(m, 1H), 7.49 (m, 1H), 7.06 (m, 1H), 6.99 (m, 1H), 5.24-5.20 (m, 3H), 4.90 (s, 1H), 4.30-
4.19 (m, 3H), 4.08-4.01 (m, 3H), 3.86-3.81 (m, 1H), 2.09 (s, 3H) 2.03 (s, 3H), 1.98 (s, 3H),
1.91(s, 3H). '3C NMR (100 MHz, CDCls): & 170.8, 170.2, 170.0, 169.9, 152.0, 140.2,
134.3,125.7, 121.0, 114.8, 97.8, 97.7, 69.6, 69.4, 69.3, 69.1, 68.8, 68.6, 68.5, 66.3, 66.1,
65.9, 65.8, 62.6, 62.5, 21.0, 20.9, 20.8, 20.7.

(2R,3R,48S,58S,65)-2-(acetoxymethyl)-6-(2-(2-aminophenoxy)ethoxy)tetrahydro-2H-
pyran-3,4,5-triyl triacetate 5: Compound 4 (1.5 g, 0.002 mol) was added to methanol (20
ml) containing 10% Pd/C (0.3 g). Hydrogen gas was applied to the reaction mixture
through a balloon and the reaction mixture was stirred overnight. After Pd/C was filtered
through a short celite pad, methanol was removed from the mixture under a reduced
pressure. The crude product was purified through column chromatography using EtOAc:
hexane (7:3, v/v) to produce a colorless product (1.2 g, 85%). 'H NMR (400 MHz, CDCl5):
0 6.77-6.74 (m, 2H), 6.68-6.61 (m, 2H), 5.30-5.22 (m, 3H), 4.88 (s, 1H), 4.23-4.13 (m,
3H), 4.01-3.96 (m, 3H), 3.85-3.80 (m, 3H), 2.10 (s, 3H), 2.02 (s, 3H), 1.98 (s, 3H), 1.94(s,
3H). 3*C NMR (100 MHz, CDCls): § 170.8, 170.2, 170.0, 169.9, 149.4, 130.3, 121.8, 116.4,
109.1, 97.9, 69.6, 69.0, 68.9, 67.5, 66.5, 66.3, 62.6, 21.0, 20.9, 20.8, 20.7. HRMS (FAB)
calcd for C2oH29NO 1 [M]", 483.17; found, 483.17.

(2S,3S,4S,5S,6R)-2-(2-(2-aminophenoxy)ethoxy)-6-(hydroxymethyl)tetrahydro-2H-

pyran-3,4,5-triol 6: NaOMe (0.22 g, 0.004 mol) was added to methanol (15 mL) containing
compound 5 (1 g, 0.002 mol) at room temperature. After the complete consumption of the
starting material was verified by TLC, the methanol was removed from the mixture under
a reduced pressure. The crude compound was purified through column chromatography
using MeOH: dichloromethane (1:5, v/v) to yield the product (0.39 g, 60%). "H NMR (400
MHz, CD30D): § 6.83-6.81 (m, 1H), 6.76-6.71 (m, 2H), 6.67-6.63 (m, 1H) 4.84 (d, J=1.6
Hz, 1H),4.15-4.13 (m, 2H), 4.06-4.01 (m, 1H), 3.84-3.78 (m, 3H), 3.71-3.66 (m, 2H), 3.61-
3.57 (m, 2H). *C NMR (100 MHz, CD;0D): § 147.0, 136.7, 121.4, 118.6, 115.8, 112.4,
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100.5,73.5,71.3,70.9, 67.9, 67.4, 66.0, 61.7. HRMS (FAB) calcd for C14H22NO7 [M+H]",
316.13; found, 316.14.

The manno-PANI was synthesized following a six-step method with details presented in
here. Electrochemical experiments were carried out using VersaSTAT MC (Princeton
AMETEK, US) instrument. Manno-PANI was made by electrodeposition on the ITO slide
as the working electrode (sensing area is 2.8 cm?) in HEPES (pH = 7.4) buffer
containing 20 mM monomer of mannose functionalized aniline by cyclic voltammetry
(CV). CV was performed between 0.2 V and 1.2 V versus Ag/AgCl reference electrode at
50 mV/s. Nitrogen was purged into the system to remove the oxygen in the electrolytes.
Pt wire was used as the counter electrode. Before further measurements, the manno-PANI
modified electrode was rinsed by HEPES to remove unbound lectins and then dried by high
purity nitrogen flow. And then, the electrodes were immersed and incubated in
HEPES containing different concenrations of lectins and 2 mM Ca*? in variable time
(from 0 min to 600 min) for further characterizations. Con A is a homotetramer with each
sub-unit (26.5 KDa, 235 amino-acids, heavily glycated). Divalent cations (usually Mn*?
and Ca™ ) must be present to permit the binding of Con A to carbohydrates because
they are necessary in order to get an active Con A conformation. Ca™? is used in all

the lectins and manno-PANI binding experiments?’.

The surface morphology of modified electrodes was characterized by scanning electron
microscopy (SEM) (JSM-6510GS from JEOL), operating with an accelerating voltage of
20 kV. XPS spectra were obtained with a PHI 5000 VersaProbe X-ray photoelectron
spectrometer. A monochromatic Al-KR X-ray source (1486.7 eV) was used. N 1 s of XPS
core level spectra were acquired with a pass energy of 20 eV, a step of 0.1 eV, and a dwell
time of 200 ms. The takeoff angle between the sample film surface and the photoelectron
energy analyzer was 90 degree. The typical operating pressure was around 5x107'° Torr in
the sample chamber. The Shirley function was used as a background and Gaussian—
Lorentzian cross- products were used to fit the individual peaks***!. UV-vis spectra of
the manno-PANI modified ITO electrodes were recorded at the open circuit potential using
a Cary 100 Bio spectrophotometer (Varian). The modified ITO slides were placed in the
110



light path so that the transmitted light passing directly through it and all spectra were
calibrated by a baseline of neat ITO. EIS experiments were carried out under open circuit
potential using VersaSTAT MCinstrument as well. All experiments were performed at

room temperature (298 K).
5.3.3 Formation and characterization of mannosylated aniline polymer film

Mannosylated aniline monomer was electrochemically polymerized to form manno-
PANI on the ITO electrode in HEPES (pH = 7.4) buffer as reported in neutral
aqueous media**?’. At pH (7.4), carbohydrates are uncharged and their bioactivities are
maintained. The HEPES buffer contains bulky zwitterionic 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid which is deliberately chosen for several reasons. First, the
bulky ion of HEPES will minimize its migration as the counter ion within the aniline
polymer film for the charge compensation when mannosylated aniline monomer is
electrochemically oxidized to form manno-PANI. This will result in an emeraldine (halt-
oxidized) manno-PANI formation rather than fully oxidized pernigraniline form. The
emeraldine form of manno-PANI is beneficial for impedance-based detection of its
binding with Con A for several reasons. First, it contains protonated amine functionality;
second, if binding of Con A to manno-PANI can lead to the change of the manno-PANI
oxidation states due to deprotonation, the bulky ions of HEPES will not be able to quickly
compensate the charge, thus any change of the conductivity of the manno-PANI film can
be ascribed to the lectin—carbohydrate binding events. This strategy significantly reduces
the noise and increases the signal to noise ratio for sensitive detection of mannose—Con A
interactions by EIS readout. Finally, HEPES buffer is better than PBS buffer in lectin
binding reaction because PBS buffer can react with trace metal ions such as Ca (II) to form
calcium phosphate precipitates. Similarly to other alkyl substituted aniline polymerization,
the steric hindrance of the mannose substituent in aniline monomer can induce torsion
angle between phenyl rings in the polymer backbone during electrochemical
polymerization process. Subsequently, it reduces the p-conjugation in the polyaniline chain
and destabilizes the polysemiquinone radical cation form®®. The stability of the
polysemiquinone radical cation is decreased in the substituted derivatives to the extent that
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the reduced amine form of the polymer is directly oxidized to the imine form, and that the
semiquinone form has no detectable existence under the conditions employed in the CV
studies. As shown in (Fig. D.1), only one pair of redox peaks located at 0.38 V and 0.25 V
was observed in the CV. This result is consistent with the characteristics of substituted
aniline that is partially oxidized to form the emeraldine PANI**** . In neutral media, PANI
could grow with the same efficiency as in acidic media®, although there was only one pair
of redox peaks in CV*!. The surface coverage of the manno-PANI is 1.71 10 7 M cm

4243 Qince the aniline was

2 calculated based on the charge from the CV curves
covalently bonding with mannose substituent in a ratio of 1:1, the total amount of sugar

1s about 479 nM on the ITO electrode.

5.4 Results and discussion
5.4.1 Characterization of mannosylated polyaniline film

The manno-PANI modified ITO electrodes were characterized by CV in the absence and
the presence of Con A at various concentrations (Fig. 5.1). In the presence of Con A, both
anodic and cathodic peak currents decreased. The decreased current could be ascribed to
the binding of Con A to the manno-PANI. In comparison to the mannose complementary
lectin Con A, the other control lectins (Fig. D.2) gave much less current decrease due to
non-specific interactions. The binding of Con A tothe manno-PANI could increase
the interchain distance of the polymer chains and partially block the electron-transfer
process among the manno-PANI> *-6 from half oxidized emeraldine state to the fully
oxidized pernigraniline state. Since the counterion is very big, we can neglect the
counterion transfer to the manno-PANI and attribute the changes of the conductivity of
manno-PANI to Con A binding only. Interestingly, a positive shift of anodic peak
potential is observed with the increase of Con A concentrations but no potential shift for
cathodic peak is observed. We rationalize that the initiate state of polyaniline is emeraldine
form, and parts of emeraldine were oxidized after its binding to Con  A. This
rationalization was further supported by in-situ UV—vis absorption spectra and XPS results

below. (Insert Fig. 5.1)
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Surface morphology of manno-PANI was investigated by SEM. Fig. 5.2 (a) shows the
SEM image of manno-PANI on the ITO electrode. The electrochemically synthesized
manno-PANI shows a textile structure which is different from the flower-like
morphology observed in unsubstituted polyaniline films*’-**. This is consistent with the
CV results in Fig. D.1 that the steric hindrance of glycosylated aniline monomer affects
polymer- ization of aniline. As shown in Fig. 5.2(a), the white spots on the surface are
likely due to the electron aggregation at mannose functional groups. Fig. 5.2(b) shows
that after the manno-PANI film was treated with Con A solution, the manno-PANI film
morphology changed to a sponge-like architecture, suggesting a complete binding of
manno-PANI to Con A. We verified the presence of Con A by further adding Escherichia
coli W1485 (Fig. 5.2c) since the lipopoly- saccharides (LPS) of the O-antigen of E. coli
W 1485 have glucose subunit which can bind selectively with Con A.!% %3 Ag shown in
Fig. 5.2(c) and 5.2d), E. coli bacteria were observed as uniformly distributed on the
manno-PANI-Con A film, further proving the specificity of binding between manno-PANI
and Con A. (Insert Fig. 5.2)

—— Manno-PANI
2 3nMCon A
6nMCon A
—— 9nMCon A
4 {—— 12nMcon A
—— 15nMCon A

Current (mA)

-0.2 0.0 0.2 0.4 0.6 0.8
Potential (V)

Figure 5.1. Cyclic voltammograms of manno-PANI film in the absence and presence of
Con A at different concentrations in HEPES buffer with 2 mM Ca'? . Scan rate was 50
mV/s, Ag/AgCl was used as a reference electrode, and Pt wire was used as a counter

electrode.
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Figure 5.2. The SEM images of mannosylated polyaniline film on the ITO electrode in
the absence (a) and presence (b) of 15 nM Con A, (c¢) and (d) in the presence of Escherichia

coli after the experiment in (b).
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Figure 5.3. (a) UV-visible absorption spectra of manno-PANI on the ITO electrodes
obtained for a period of time when 15 nM Con A was added. The ITO electrodes were
washed with HEPES buffer each time before the measurement. (b) Correlation of
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absorbance vs. binding time of Con A to manno-PANI at 325 nm, 442 nm and 563 nm

wavelength.

5.4.2 Analysis of Con A binding process by UV-vis absorption spectroscopy

The manno-PANI and its interaction with Con A were characterized by the UV—vis
absorption spectroscopy. Consistent with the interpretation of electrochemical CV study in
Figs. 5.2 and 5.3, the manno-PANI in the absence of Con A shows two absorbance
maximaat 325 nm and 563 nm respectively. These are the characteristics of emeraldine
form of PANI The binding of Con A to the manno-PANI causes an increase of
absorbance band at 442 nm (polaron) and the decreases of the absorbance bands at 325
nm (p—pn transition) and 563 nm (bipolaron (doped)). The isosbestic point®! at 510 nm
confirms that theemeraldine form of manno-PANI changes to the pernigraniline form of
PANI when sufficient Con A has been added®'-2. This phenomenon also was shown in
the absorption spectra of polyaniline and substituted polyaniline when the pH was
changed from low (two) to high (nine)**>*. The possi- bility of degradation of manno-
PANI is unlikely since there is no new absorption band emerging®>. The UV—vis absorption
spectra of manno-PANI binding to Con A shows the same trends as substituted PANI
when the pH is increased from 2 to 9, suggesting that binding of Con A to manno-PANI
leads to deprotonation of manno-PANI from emeraldine state to perni- graniline state.
Carbohydrates are weak acids with pKa values ranging from 12 to 14 (e.g. galactose
12.39, glucose 12.28, xylose 12.15, mannose 12.08 and fructose 12.03). Thus,
carbohydrate— protein interaction would be sensitive to local pH change. The binding of
a carbohydrate to a protein often involves a subtle conformational change of protein that
can resultin the protona- tion/deprotonation of the protein®®. In the presence of metal
ion (Mn"?, Ca*?), ion and proton exchange could affect the binding of carbohydrate to the
protein®’-%. As shown in Scheme 5.1, if the proton switching occurs during the binding of
carbohydrate to protein, it will lead to changes of local charge distribution of the
polyaniline!® >°. We further characterized the oxidation state of manno- PANI with and

without Con A binding by XPS study below (Fig. 5.4). (Insert Fig. 5.3)
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Figure 5.4. High-resolution N1s XPS core-level spectra of (a) manno-PANI and (b) after
manno-PANTI interaction with 15 nM Con A in HEPES. The brown solid lines are the XPS
spectra and the red solid lines are for the total fits, blue dash lines are for the component
fitted peaks for imine, amine and the radical cationic nitrogen atom. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this

article.)

5.4.3 Characterization of the energy level of the nitrogen elements in polyaniline by
XPS

XPS was used to characterize the change of chemical composition of manno-PANI upon
its binding to Con A. The XPS was used to analyze quantitatively the nitrogen oxidation
states to understand the chemical microenvironment change of manno-PANI when it binds
to Con A. Typically the protonation occurs preferentially at the imine sites of PANIchain®.
Fig. 5.4 shows the N1s XPS spectra of manno-PANI before and after interactions with Con
A. It is worth noting that the signal consists of three compo- nents corresponding to three
different nitrogen species, i.e imine, amine and radical cationic nitrogen respectively after
deconvolution of the XPS spectra. The one centered at 398.8 eV is attributed to the
protonated nitrogen atom (-NH-) coming from the amine group in the emeraldine form*>
6162 typically the binding energy of amine nitrogen (-NH-) in polyaniline is higher than
399.0 eV. The reduced binding energy of nitrogen in -NH— of manno-PANI is likely due
to the mannosesubstituents®®. The binding energy of imine nitrogen (-N=) as a result of
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amine deprotonation in the quinone structure of manno-PANI is at 398.0 eV. There is also
some signals above 399.5 eV expected from the higher oxidization state of nitrogen
element, (the radical cationic nitrogen —N¢ © ) in the film!® 3562 | It is —N *— which results
from the protonation of the quinonoid imine in the ionic environment’*3! 3 As
shown in Fig. 5.4b, after interactions with Con A, the nitrogen binding energy peaks of
manno-PANI shift to lower binding energy states. In manno-PANI, the atomic
concentrations of amine (—NH-) account for about 58.6% and imine accounts of 18.3%.
After interactions with Con A, content of proto- nated nitrogen (-NH-) decreased to 17.6%
and the imine nitrogen (—N=) increases to 67.5%. The content of the radical cationic
nitrogen also decreased from 23.1% to 14.9%. It confirms that most of emeraldine has
been converted to pernigraniline on PANI skeleton. In the protonated form of manno-
PANI, emeraldine form of polyaniline has highest conductivity among various oxidation
states of PANI®, since the free doublet electrons on the nitrogen atoms participate in the
formation of orbitals delocalized along the polymer chain. However quinoid form is
unstable in non-ionized state. Pernigraniline shows very low conductivity due to the lack
of disorder in PANI. A marginal degree of protonation is sufficient to induce the conductor-

insulator transition upon ConA binding. (Insert Fig.5.4)

In summary, the significant morphological and spectral change of manno-PANI observed
by SEM images and UV—vis absorption spectra, respectively and the changes of nitrogen
binding energy upon addition of Con A support that trace amount of Con A binding to
mannose residues in the manno-PANI can significantly trigger polyaniline electronic
microenvironment changes which can be used for the sensitive detection of specific

carbohydrate- protein interaction at very low protein concentration.

5.4.4 Quantification of mannosylated polyaniline—protein interactions by

electrochemical techniques for sensor application

In EIS, the electrode—solution interface is perturbed with an alternating signal of very

small magnitude, thus, EIS can be considered non-invasive for measurements of the

conductivity change. Fig. 5.5a shows the Bode plot of manno-PANI at various Con A
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concentrations. The electrochemical impedance—frequency plot (Bode plot) is more

practical to apply in sensor system.
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Figure 5.5. Quantification of manno-PANI and lectin interactions by electrochemical
techniques for sensor application (a) EIS spectrum of manno-PANI film in the absence
and presence of Con A at different concentrations Insert: Plot of impedance at 1
Hz vs. Con A concentration. (b) Comparison of the selectivity coefficients (K) for
control lectins with respect to Con A at the same concentration (6 nM), where DZ is the
difference of impedance of the manno-PANI film before and after the addition of a lectin

and K % DZ (control lectin)/DZ (Con A).

The formation of manno-PANI increased the substrate ITO impedance to 5000 Q at 1 Hz.
This impedance is higher than pure PANI film reported in the literature since the
conjugated structure and doping mode of PANI was influenced by substituted group. When
Con A was added to the manno-PANI modified ITO electrode, the resulting impedance
increased remarkably. As it is reported that the peripheric protein surface adjacent to the
carbohydrate recognition domain (CDR) of natural lectins may interact with hydrophobic
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groups, the increase of impedance could be attributed to the structure of polyaniline
change caused by binding of Con A to the mannose in the presence of Ca*? ions. The Con
A—mannose interactions result in partial deprotonation of polyaniline so that the content of
imine functionality increases but quinoid form decreases. This changes the disorder in
PANI, which shows higher conductivity at emeraldine form typically. As shown in Fig.
5.5a, the increase of impedance of manno-PANI modified electrode is Con A

concentration-dependent in the range of 3—15 nM with the following linear relationship.
ZImpedance at IHz (kOhm) =24.3x% CConA concentration (IIM)
=8.08 (r* = 0:995)

Equation 1. Raltion between the impedence and Con A concentration

The detection limit was calculated to be 0.12nM (S/c = 3), where o is the standard
deviation of the impedance obtained in the absence of Con A), which is the lowest detection

limits when compared with those reported in the literature.

Additionally, in order to further ascertain the specificity of Con A and manno-PANI
interactions, a panel of negative control lectins including PNA (galactose/N-
acetylgalactosamine binding lectin), SNA (N-acetylneuraminic acid binding lectin), UEA
(Fucose binding lectin), WGA (N-acetylglucosamine binding lectin), PSA (mannose
binding lectin) that are known to specifically recognize other natural monosaccharide
subunits were assayed in the same conditions via EIS readout (Fig. 5.5b).In stark
contrast, when nonspecific lectins with the concentration of 6 nM were added to the manno-
PANI film, very small impedance changes were observed. Without specific mannose—
lectin interactions, the structure of manno-PANI remained intact and conductivity is a
constant. The slight signal change is explained as the non-specific adsorptions of control
lectins on the manno-PANI surface. These data have successfully demonstrated the
feasibility of the uniquely glycosylated polyaniline biofilm containing natural saccharide
for the accurate probing of specific carbohydrate— protein interactions via measurement

of the conductivity changes of glycosylated aniline polymer.
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The manno-PANI modified electrode has a very good long- term stability characterized
by EIS and UV—vis experiments. In Fig. D.3 and Table D.1, the impedance values at 1 Hz
and absorbance values at 560 nm towards the same concentration of Con A were plotted
over the measurement period of 20 weeks. The signal drift is normalized to the first
measurement of sensor response on the first day. The reported values are the result of
averaging at least three measurements. A maximum drift of 3% in EIS measurement was
observed in these 20 weeks highlighting the stability of the manno-PANI films for practical

applications.

5.5 Conclusion

We have demonstrated that glycosylated aniline polymer can be used as an effective new
biomaterial for label free electrochemical characterization of carbohydrate—protein
interactions based on the extremely high sensitivity of manno-PANI to the local proton
exchange. The deprotonation of manno-PANI caused by specific interactions between
lectins and carbohydrates on the manno-PANI resulted in the switching of amine to imine
in the manno-PANI supported by UV—vis absorption and XPS characterization. As a result
of this conversion in manno-PANI, the conductivities of film were dramatically decreased
upon binding with Con A with detec- tion limits of 1.2 nM and a linear range of 3—15 nM.
There is little signal changes in the presence of nonspecific lectins during the EIS
measurement. This confirms the extreme sensitivity and selectively of manno-PANI to the
specific lectin binding. The simplicity of synthesis of glycosylated aniline monomer, the
versatility of poly- merization of the glycosylated aniline by chemical or electrochemi- cal
oxidation, and the sensitivity of the EIS readout without using redox probes render this
method feasible for various carbohydrate array fabrication and miniaturization. Thus the
glycosylated aniline polymer can be used to facilitate the better understanding of the
‘“‘glycomics’> as well as the development of early-state disease diagnosis using

carbohydrate biosensors.
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6.1 Abstract

Synthesis of two ferrocene-mannose conjugates A,B, with two different linkers with thiol
end group is reported. The ferrocene-mannose conjugate was prepared by the reaction of
aliphatic amine incorporated acylated B-D-mannopyranosyl residue with ferrocenyl acid
chloride. This resultant unsymmetrical ferrocene mannose conjugate is used to functionlize
other cyclopentadienyl ring with thiol end group. This thiol end group is used to anchor the
ferrocene-mannose conjugate to the electrode surface to use this as a potential
electrochemical probe to study carbohydrate-protein interactions. Versatility of this
synthesis involves the attachment of two different groups, a carbohydrate reporter and thiol
anchoring group, on the two cyclopentadienyl rings of the ferrocene. This molecule can be
used in the development of potential electrochemical probe with high sensitivity to study

the carbohydrate-protein interactions.

6.2 Introduction

Study the interactions between the carbohydrates and cell surface proteins is crucial in
understanding many biological processes. These biological processes include viral and
bacterial infections, cell recognition and adhesion, immune response, fertilization, and
cancer metastasis. Generally used techniques to study the carbohydrate-protein interactions
include fluoresecence spectroscopy, calorimetry, surface Plasmon resonance, quartz
crystal micro balance, and electrochemical methods. Among these techniques
electrochemical biosesning has more viable in terms of cost, sensitivity, ease of operation
and opportunities for miniaturization. The highly favorable electrochemical and
spectroscopic properties of ferrocene and its derivatives makes them a valuable tool for the
construction of molecular systems such as sensors. The high stability of ferrocene group in
aqueous and aerobic media is an additional advantage. Several synthetic strategies for
ferrocene, carbohydrate conjugation is reported in literature. Only very few cases of cases
of carbohydrate coupled redox-active moieties are reported to study the carbohydrate-
protein interactions. This method involves the measurement of change in electrical
property of the ferrocene triggered by the carbohydrate binding event. But, the weak
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carbohydrate-protein interactions generates a very weak electrical signal by monovalent
binding event. Synthetic multivalent carbohydrate binding is the better approach to
enhance the sensitivity. This can be achieved by anchoring the ferrocene-carbohydrate
conjugate on any metal or electrode surface. For this purpose an unsymmetrical ferrocene
derivative is to be prepared by functionalizing the one cyclopentdienyl ring with

carbohydrate receptor and the second one with metal anchoring group such as thiol.

6.3 Experimental Section

6.3.1 Instrumentation

'H NMR and C NMR spectra were obtained by using a 400 MHz NMR
spectrophotometer instrument. 'H and '3C NMR spectra were recorded in CDCls, chemical
shifts (8) are given in ppm relative to solvent peaks (‘H: § 7.26; '3C: § 77.3) as internal
standard. HRMS were measured with fast atom bombardment (FAB) ionization or matrix-
assisted laser desorption ionization (MALDI) using a double focusing magnetic or a matrix
assisted laser desorption-time of flight mass spectrometer. Infrared (IR) samples were
prepared as KBr pellets, and spectra were obtained in the 4004000 cm™ range using a

Bruker Tensor-27 FTIR spectrometer.

6.3.2 Materials

Unless otherwise indicated, all reagents and solvents were obtained from commercial
suppliers and used without further purification. Air- and moisture-sensitive reactions were

conducted in oven-dried glassware using a standard Schlenk line or drybox techniques

under an inert atmosphere of dry nitrogen.
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Scheme 6.1. Synthetic route to Compound 4

Synthesis of Compound 2: To the stirred suspension of D- mannose 1 (5 gm, 0.027mol),
in acetic anhydride (50 ml), iodine (250 mg) was added. Reaction mass began to warm is
sign for the initiation of acetylation and sugar started dissolving in the solution. Reaction
run at room temperature for 30 minutes. After checking the TLC, iodine was quenched
with aqueous sodium thiosulfate solution, pentaacetate compound was extracted into DCM
(2% 60ml) and washed with aqueous sodium carbonate solution until pH of the aqueous
layer is neutral. Finally wash the organic layer with brine solution and dry with sodium
sulphate was concentrated under reduced pressure to get syrup (10gm, 92%). Crude
product has been used as such for the next step. Acylated mannose (5 gm, 0.012 mol) and
bromoethanol (1.09 ml, 0.015 mol) were dissolved in dry DCM (40 ml) under nitrogen
atmosphere. Then BF3-OEt; (8.4 ml, 0.066 mol) was added dropwise using addition funnel
at 0°C and reaction mass was allowed to come to room temperature and stir it for 12 hours.
After checking the TLC, cool the reaction mass to 0°C and slowly quench it with cold
aqueous NaHCOs solution and let it stir for 10 minutes. Later organic layer was diluted
with DCM (30 ml) and washed with aqueous NaHCOs3 solutionfollowed by with brine.
Organic layer was dried with Na>SOsand concentrated under reduced pressure to yield a
light brown oily compound. Recrystallization in EtO:Hexane(1:5) gave white crystal
compound (3.5 gm, 60%).'"H NMR (400 MHz, CDCl3): §5.34-5.23 (m, 3H), 4.85 (s, 1H),
4.27-4.22 (m, 1H), 4.15-4.08 (m, 2H), 3.98-3.83 (m, 2H), 3.51-3.47 (t, j=8.0 Hz, 2H), 2.13
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(s, 3H) 2.08 (s, 3H), 2.03 (s, 3H), 1.97 (s, 3H). '3C NMR (100 MHz, CDCls): & 170.80,
170.21, 170.05, 169.95, 97.95, 69.63, 69.23, 69.14, 68.69, 66.22, 62.62, 29.80, 21.06,
20.94, 20.90, 20.86.

Synthesis of Compound 3: Compound 2 (5 gm, 10.9 mmol) and sodium azide (4.2 gm,
65.4 mmol) were dissolved in dry DMF (100 mL) and the reaction mass was stirred at 60°
C for 3 hrs. Cool the reaction mass for room temperature, remove the solvent under reduce
pressure. Dilute the compound with DCM (100 mL), wash the organic layer with water
and brine solution. Dry the organic layer over sodium sulfate, evaporate the solvent under
reduced pressure. The crude compound was purified by column chromatography using
ETOAc/Hexane (30/70) to yield a syrupy oil (3.6 gm, 80%). 'H NMR (400 MHz, CDCl;):
05.38-5.23 (m, 3H), 4.88-4.82 (m, 1H), 4.31-4.23 (m, 1H), 4.14-4.00 (m, 2H), 3.89-3.81
(m, 1H), 3.69-3.62 (m, 1H), 3.52-3.38 (m, 2H), 2.14 (s, 3H), 2.08 (s, 3H), 2.03 (s, 3H),
1.97 (s, 3H). 1*C NMR (100 MHz, CDCls): § 170.80, 170.20, 169.99, 169.95, 97.95, 69.59,
69.05, 67.24, 66.21, 62.66, 50.56, 21.06, 20.93, 20.90, 20.85.

Synthesis of Compound 4: Compound 3 (2 gm, 4.78 mmol) was dissolved in methanol (40
mL), 10% Pd/C (0.2 gm) was added and acidify the reaction mass with drop of acetic acid.
Stir the reaction mass for 2 hrs at room temperature under hydrogen gas balloon. Reaction
mixture was filtered through celite and solvent was concentrated under reduced pressure
to afford the corresponding amine (1.59 gm, 85%). This compound was directly used in

the next step without further purification.
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Scheme 6.2. Synthetic route to Compound A

Synthesis of Compound 6: The compound 5 (2 gm, 8.69 mmol) was dissolved in dry DCM
(50 mL) in a 100 mL round bottom flask under nitrogen atmosphere. Oxalyl chloride (4.4
gm, 34.76 mmol) was slowly added at 0° C using syringe. Reaction mass was heated to 40°
C for 4 hrs under inert atmosphere. Cool the reaction mass, distill off the solvent and the
excess oxalylchloride under nitrogen atmosphere. Then, to the stirred solution of
compound 4 (3.4 gm, 8.69) and triethyl amine (2.1 gm, 21.75 mmol) in dry DCM (100 mL)
at room temperature, crude ferrocene acid chloride diluted in dry DCM (50 mL) was added
under nitrogen atmosphere. After the reaction mas was stirred overnight at room
temperature, the solvent was distilled off under reduced pressure. Crude residue was
purified by column chromatography using EtOAc/DCM (50/50) to yield the compound 6
(2.6 gm, 50%). '"H NMR (400 MHz, CDCl3): § 6.16-6.10 (m, 1H), 5.36-5.33 (m, 1H),
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5.27-5.22 (m, 2H), 4.86-4.83 (m, 1H), 4.67 (brs, 2H), 4.33 (brs, 2H), 4.25-4.18 (m, 6H),
4.10-4.07 (m, 1H), 4.02-3.96 (m, 1H), 3.87-3.80 (m, 1H), 3.65-3.59 (m, 2H), 2.15 (s, 1H),
2.12 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H). '*C NMR (100 MHz, CDCL): §
170.78, 170.64, 170.23, 170.19, 169.84, 97.98, 75.97, 70.76, 69.99, 69.60, 69.20, 69.04,
68.39, 68.06, 66.32, 62.72, 54.02, 39.35, 29.48, 21.05, 20.92, 20.90, 20.89. HRMS (FAB)
calcd for C29H39FeNO11 [M], 603.4650; found, 603.0000.

Synthesis of Compound 7: To the stirred suspension of AICl3 (2.4 gm 18.4 mmol) in dry
DCM (80 mL), Bromo acetyl chloride (1.81 gm, 11.5 mmol) was added at room
temperature under nitrogen atmosphere and stir this suspension for 1 hour until all AICl;
was dissolved in solution. Then compound 6 (2.7 gm, 4.6 mmol) was added drop wise at
0°C using addition funnel for 1 hour. As soon as addition completed, quench the reaction
mass by adding ice cold water. Product was extracted into DCM (2% 100 ml) and organic
layer was washed with aqueous sodium bicarbonate and brine solution respectively. Dry
the organic layer with Sodium sulfate and concentrated under vacuum. Compound was
purified by column chromatography using EtOAc/hexane (50/50) to get the orange syrup
(1.6 gm, 50%). 'H NMR (400 MHz, CDCl3): § 6.31 (brs, 1H), 5.26-5.23 (m, 1H), 5.18-
5.16 (m, 2H), 4.80-4.72 (m, 2H), 4.61 (brs, 2H), 4.54 (brs, 1H), 4.23-4.09 (m, 7H), 4.01-
3.98 (m, 1H), 3.93-3.88 (m, 1H), 3.76-3.74 (m, 1H), 3.55-3.49 (m, 2H), 2.03 (brs, 3H),
1.98-1.97 (m, 3H), 1.92 (brs, 3H), 1.89-1.87 (m, 3H). *C NMR (100 MHz, CDCl3): §
195.98, 170.78, 170.74, 170.19, 169.83, 97.92, 74.24, 72.06, 71.80, 70.59, 70.06, 69.58,
69.25, 69.00, 68.47, 67.98, 67.61, 66.31, 66.09, 62.70, 39.40, 33.04, 32.36, 21.03, 20.89.
HRMS (FAB) caled for C31Hs0BrFeNNaO1> [M+Na]", 747.3978; found, 746.9000.

Synthesis of Compound A : Compound 7 (0.2 gm, 0.27 mmol) and potassium thio acetate
(0.03 gm, 0.32 mmol) were dissolved in actone (20 mL) and this reaction mixture was
refluxed for 5 hrs. Acetone was removed under reduced pressed and the crude syrup was
adsorbed on silica gel. Compound was purified on column chromatography using
hexane/EtOAc/acetone (4/5/1) to afford the compound 8 (0.09 gm, 45%). '"H NMR (400
MHz, CDCl3): 6 6.57 (brs, 1H), 5.37-5.33 (m, 1H), 5.29-5.25 (m, 2H), 4.92 (brs, 1H),

4.81-4.76 (m, 4H), 4.60 (brs, 2H), 4.42 (brs, 2H), 4.26-4.22 (m, 1H), 4.14 (s, 2H), 4.10-
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4.03 (m, 2H), 3.87-3.84 (m, 1H), 3.68-3.60 (m, 2H), 2.44 (s, 3H), 2.15 (s, 3H), 2.07 (s,
3H), 2.02 (s, 3H), 1.97 (s, 3H). '*C NMR (100 MHz, CDCL): § 196.73, 195.85, 170.84,
170.22, 170.08, 169.88, 97.83, 78.48, 74.04, 73.98, 72.04, 71.67, 71.55, 70.65, 69.66,
69.28, 68.93, 67.42, 66.36, 62.70, 39.38, 37.73, 30.55, 21.09, 20.95, 20.91. HRMS (FAB)
caled for C33HasFeNO13S [M]*, 719.6034; found, 719.0000.

H OAc

. O
Acetyl Chloride S/_\/_m
Y ¥ Y s THF, TEA, RT
Pyridine, DCM
8 9

H OAc v
OAc o
_O

Ac
Ac H 0

Scheme 6.3. Synthetic route to Compound B
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Synthesis of Compound 9: To the stirred solution of compound 8 (3gm, 16.4 mmol) in dry
DCM (70 mL), pyrididne (1.2 gm, 16.4 mmol) was added. Acetyl chloride (1.4 gm, 18.2
mmol) was added drop wise through addition funnel to this reaction mixture. Stir the
reaction mass at room temperature for 6 hrs. Wash the organic layer with water and brine
solution, dry the organic layer over sodium sulfate. The crude compound was purified with
column chromatography using EtOAc/DCM (30/70) to afford the compound 9 (2.2 gm,
60%). '"H NMR (400 MHz, CDCl;3): 6 3.59-3.53 (m, 8H), 3.06-3.02 (m, 2H), 2.67-2.63 (m,
2H), 2.29 (s, 3H), 1.56-1.52 (t, J = 8.0 Hz, 1H). 1*C NMR (100 MHz, CDCl3): § 195.62,
73.10, 70.43, 70.36, 70.34, 69.97, 30.76, 29.03, 24.47. HRMS (FAB) calcd for CsH1703S;
[M]", 225.0619; found, 225.0616.

Synthesis of Compound 10: To the stirred solution of compound 7 and compound 9 (0.3
gm, 0.41 mmol) in Dry THF (30 mL), triethyl amine (0.04 gm, 0.49 mmol) was added. The
resultant reaction mixture was stirred at room temperature for 5 hrs. Solvent was removed
under reduced pressure and the crude compound was purified by column chromatography
using Hexane/EtOAc/Acetone (3/6/1) to afford the compound 10 (0.2 gm, 60%). '"H NMR
(400 MHz, CDCls): 6 6.35 (brs, 1H), 5.37-5.34 (m, 1H), 5.29-5.24 (m, 2H), 4.92 (brs, 1H),
4.76 (brs, 2H), 4.66 (brs, 2H), 4.56 (brs, 2H), 4.37 (brs, 2H), 4.27-4.23 (m, 1H), 4.12-4.02
(m, 2H), 3.90-3.86 (m, 1H), 3.70-3.58 (m, 12H), 3.11-3.00 (m, 2H), 2.85-2.79 (m, 2H),
2.34-2.25 (m, 3H), 2.13 (s, 3H), 2.06 (s, 3H), 2.01 (s, 3H), 1.97 (s, 3H). 3C NMR (100
MHz, CDCl3): 6 195.72,170.83,170.22, 170.14, 169.88, 97.93, 94.66, 74.00, 71.99, 71.86,
70.52, 70.47, 69.87, 69.63, 69.30, 68.99, 67.67, 66.35, 62.75, 39.39, 39.13, 38.63, 30.79,
29.04, 21.10, 20.93. HRMS (FAB) caled for C3oHssFeNOisS: [M]", 867.8267; found,
867.0000.

Synthesis of Compound B: To the stirred solution of compound 10 (0.2 gm, 0.23mmol) in
MeOH (20 mL), NaOMe (0.012 gm, 0.23 mmol) was added at room temperature under
nitrogen atmosphere. The resultant reaction mixture was stirred at room temperature for 4
hrs. Amberlyte 15 (H") was added until the solution become neutral and the resulting
reaction mixture was filtered. Solvent was removed under reduced pressure and crude
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compound was dissolved in water and washed with ether. Aqueous layer was concentrated
under reduced pressure to yield the product. 'H NMR (400 MHz, CD;OD): § 6.35 (brs,
1H), 5.37-5.34 (m, 1H), 5.29-5.24 (m, 2H), 4.92 (brs, 1H), 4.76 (brs, 2H), 4.66 (brs, 2H),
4.56 (brs, 2H), 4.37 (brs, 2H), 4.27-4.23 (m, 1H), 4.12-4.02 (m, 2H), 3.90-3.86 (m, 1H),
3.70-3.58 (m, 12H), 3.11-3.00 (m, 2H), 2.85-2.79 (m, 2H). 1*C NMR (100 MHz, CDCL):
0 195.72, 170.83, 170.22, 170.14, 169.88, 97.93, 94.66, 74.00, 71.99, 71.86, 70.52, 70.47,
69.87, 69.63, 69.30, 68.99, 67.67, 66.35, 62.75.

6.4 Conclusion

We successfully prepared two unsymmetrical ferrocene-mannose conjugates A, B with two
different linkers having a thiol end group. This thiol end group is to attach this conjugate
molecule on a metal surface. This binding generates the synthetic multivalent binding
interactions of the mannose with analyte. So this molecule can be used to construct
potential carbohydrate bio sensor to study the carbohydrate-protein interactions with high

sensitivity.
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Experimental Section

1. Instrumentation. 'H NMR and '*C NMR spectra were recorded on a 400 MHz Varian
Unity Inova spectrophotometer instrument. 'H and '*C NMR spectra were recorded in
CDCls, and chemical shifts (8) are given in ppm relative to solvent peaks (at 7.24 ppm for
"H spectra and at 77.3 for '*C spectra) as internal standard. UV spectra were taken on a
Perkin Elmer Lambda 35 UV-Vis spectrometer. Fluorescence spectra were recorded on a
Jobin Yvon Fluoromax-4 spectrofluorometer. Fluorescence quantum yields of BODIPY
dyes were measured in PBS buffer, acetonitrile and dimethylsulfoxide and calculated by
using Rhodamine 6G excited at 535 nm in EtOH as the reference (its quantum efficiency
of 95%).!* Both samples and reference dye were prepared and recorded under the same
conditions with proper absorbance range from 0.01 to 0.1 at the excitation wavelength for
quantum yield calculations. Origin 8.0 was employed to process the integration of the areas
for all emission spectra, and plot the graphs of integrated area vs. absorbance. The gradient
of the line for the reference and the test sample was obtained by applying a linear fitting.

The following equation was used to calculate the quantum yield of each sample: °
O=Dst (Gradsx/Gradst) M2/Ms?)

Where the subscripts ‘st’ and ‘x’ are standard and test, respectively, @ stands for the
fluorescence quantum yield, Grad represents the gradient from the plot of integrated
fluorescence intensity versus absorbance, and n is the refractive index of the solvent.
Fluorescence lifetimes were measured on a GL-3300 Nitrogen Laser LaserStrobe PTI

instrument and analyzed using FeliX32 software.

2. Materials. Unless otherwise indicated, all reagents, and solvents were obtained from
commercial suppliers, and were used without further purification. Standard Schlenk line or
drybox techniques under a dry argon inert atmosphere was used to conduct air- and
moisture-sensitive reactions in oven-dried glassware. Compounds 2 and 3 were prepared

and characterized according to our reported procedure.’

Compound 4: Compound 3 (3 g, 3.34 mmol), and 2,4-dimethylpyrrole (0.755 g, 7.34

mmol) were dissolved in 1 L of dry CH>Cl, under a nitrogen atmosphere. When two drops
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of TFA (trifluoroacetic acid) were added to the mixture, resulting reaction mixture was
stirred overnight at room temperature in the absence of light. DDQ (2,3-dichloro-5,6-
dicyano-1,4-benzoquinone) (1.1 g, 5.01 mmol) was added to the mixture, and the resulting
mixture was further stirred for 3 h at room temperature. When DIEA
(diisopropylethylamine) (20 mL) and BF3;.OEt; (20 mL) were added to the reaction
mixture, the resulting mixture was stirred for 30 min. The reaction solution was
concentrated to 200 mL under reduced pressure, and filtered through silica pad. The filtrate
was washed with water and brine, dried over anhydrous MgSOs, and concentrated under
reduced pressure. The crude product was purified by silica gel column chromatography
with hexane/EtOAc/CH>CL/EtOH (10/2/6/1, v/v/v/v) to obtain BODIPY dye 4 as yellow-
red oil (1.49 g, 40%). 'H NMR (400 MHz, CDCI3): § 6.85 (d, ] = 8.4 Hz, 1H), 6.50-6.45
(m, 2H), 5.83 (s, 2H), 3.96 - 3.87 (m, 4H), 3.54-3.41 (m, 53H), 3.27-3.12 (m, 15H), 2.45-
2.30 (m, 7H), 2.20-2.15 (m, 1H), 1.38 (s, 6H). *C NMR (100 MHz, CDCI3): § 161.51,
156.66, 154.62, 142.75, 139.45, 132.15, 129.73, 120.72, 116.37, 106.31, 100.35, 72.05,
70.76, 70.73, 70.62, 70.52, 70.42, 69.48, 69.10, 66.54, 66.21, 59.11, 40.15, 39.64, 14.64,
14.21. IR (cm™): 2868, 1608, 1543, 1509, 1467, 1410, 1363, 1351, 1303, 1275, 1261, 1192,
1026, 979, 836, 764, 750, 705. HRMS (FAB) calcd for CssHoiN2F2BO1s [M+H]",
1116.6328; found, 1116.6332.

Compound 5: When iodic acid ( 0.173 g, 0.984 mmol) in 2 mL of water was added drop
wise to ethanol solution (30 mL) containing compound 4 (0.5 g, 0.447 mmol) and iodine
(0.227 g, 0.895 mmol) at 0°C in 30 minutes, the mixture was stirred at room temperature
for 2 h. The reaction solution was concentrated under reduced pressure, diluted with
dichloromethane, washed with water and brine solution. The organic layer was collected,
dried over Na>SO4 and concentrated under reduced pressure. The crude compound was
purified by silica gel column chromatography using mobile phase of
hexane/EtOAc/CH2CL/EtOH (10/2/6/1, v/v/v/v) to yield compound 5 as red oil (0.55 gm,
90%)."H NMR (400 MHz, CDCl5): § 6.88 (d, ] = 8 Hz, 1H), 6.62-6.52 (m, 2H), 4.05-3.95
(m, 4H) 3.63-3.50(m, 48H), 3.34-3.16 (m, 20H), 2.59 (s, 6H), 2.44-2.37 (m, 1H), 2.25-2.18
(m, 1H), 1.48 (s, 6H). 3C NMR (100 MHz, CDCI3): § 162.03, 156.70, 156.06, 145.06,
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139.57, 132.14, 129.65, 116.03, 106.53, 100.55, 85.12, 72.14, 70.81, 70.75, 70.58, 69.55,
69.12, 66.70, 66.26, 59.23, 40.20, 39.66, 29.88, 16.74, 16.15. IR (cm™): 2869, 1608, 1527,
1457, 1345, 1304, 1178, 1091, 994, 849, 766, 706. HRMS (MALDI) caled. for
CssHsoNoFoBLO sNa [M+Na]", 1391.4158; found, 1391.4178.

Compound 7: After compound 6 (0.5 g, 1.89 mmol), bis(pinacolato)diboron (0.52 g, 2.08
mmol), PdClx(dppf) (41.4 mg, 0.0567mmol), and KOAc (0.55 g, 5.67 mmol) added to a
100-mL round bottom flask containing dry DMF(30 mL) under nitrogen atmosphere and
the resulting mixture was stirred at 100°C overnight. When DMF was removed from the
reaction mixture under a reduced pressure, the residue was dissolved in dichloromethane
(50 mL), washed with water and brine solution, respectively. The organic layer was dried
over MgSO4 and concentrated under a reduced pressure. The crude product was purified
by column chromatography using hexane/ethyl acetate (3/1, v/v) to obtain yellowish solid
(0.35 g, 70%)."H NMR (400 MHz, CDCl3): 6 8.57 (d, ] = 1.2 Hz, 1H), 7.70 (dd, ] = 8, 1.2
Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 6.19 (s, 2H,NH>) 1.31 (s, 12H). *C NMR (100 MHz,
CDCI3): § 146.62, 141.26, 133.92, 132.38, 118.14, 84.18, 29.90, 25.04 IR (cm™'): 3472,
3331, 2979, 1625, 1553, 1479, 1372, 1342, 1297, 1250, 1138, 1117, 962, 851, 824, 660.
HRMS (ESI) caled for Ci12HisBN2O4 [M-H]", 263.1203; found, 263.1203.

Compound 8: When compound 7 (0.289 g, 1.09 mmol), PdCl>(dppf) (7.8 mg, 0.01 mmol),
and Na;CO03(0.381 g, 3.6 mmol) were added to a mixed solution of toluene, ethanol and
water (4:1:2, v/v/v/v) containing compound 5 (0.5 g, 0.36 mmol) under a nitrogen
atmosphere, the reaction mixture was stirred at 80°C overnight. After the solvent from
the mixture was removed under reduced pressure, the resulting residue was dissolved in
dichloromethane (50 mL), and washed with water and brine, respectively. The crude
product was purified by column chromatography using a mobile phase of
hexane/EtOAc/CH,CL/EtOH (2:3:4:1, v/v/v/v) to get red syrup (0.32 g, 65%). '"H NMR
(400 MHz, CDCl3): 6 7.89 (d, J = 2 Hz, 2H), 7.17 (dd, J = 8.4, 2 Hz, 2H), 7.01(d, ] = 8.4
Hz, 1H), 6.86 (d, J = 8.4 Hz, 2H), 6.60 (dd, J = 8.4, 2.4 Hz, 1H), 6.53 (d, J = 2 Hz, 1H),
6.20 (s, 4H, 2 NH>), 4.02 (d, ] = 5.6 Hz, 2H), 3.97 (d, ] = 5.2 Hz, 2H), 3.62-3.46 (m, 48H),
3.38-3.25 (m, 20H) 2.50 (s, 6H), 2.43-2.36(m, 1H), 2.31-2.25(m, 1H), 1.41(s, 6H). 13C
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NMR (100 MHz, CDCls): 6 161.76, 156.73, 153.60, 143.93, 140.28, 13918, 137.82,
132.14, 131.26, 129.84, 127.27, 122.67, 119.19, 116.55, 106.49, 100.51, 72.12, 70.83,
70.73, 70.69, 70.65, 70.64, 70.48, 69.56, 69.28, 66.66, 66.40, 59.21, 59.14, 40.19, 39.68,
13.53, 12.60. IR (cm™): 3335, 2871, 1635, 1532, 1505, 1464, 1349, 1314, 1249, 1180,
1091, 1004, 839, 769, 707. HRMS (MALDI) calcd for Cs7HooN6F2BO2:Na [M+Na]®,
1411.6770; found, 1411.6796.

Fluorescent probe A: When hydrazine monohydrate (0.4 ml) and 10% Pd/C (7.5 mg,
0.0071 mmol) was added to ethanol solution (10 mL) containing the compound 8 (0.1 g,
0.071 mmol) under a nitrogen atmosphere, the resulting mixture was refluxed under
nitrogen atmospheres for one h. The Pd/C catalyst was removed by filtration through celite
pad. After the solvent was removed from the filtrate under reduced pressure, the crude
product was purified on neutral alumina column wusing a mobile phase of
hexane:EtOAC:CH2Cl2:EtOH (2:3:4:1, v/v ) to yield the fluorescent probe A (65 mg,
68%)."H NMR (400 MHz, CDCl5): & 7.00 (d, J = 8.4 Hz, 1H), 6.66 (d, ] = 8 Hz, 2H), 6.56
(dd,J=8.4,2.4 Hz, 1H), 6.51 (d, J =2 Hz, 1H), 6.48 (d, ] =2 Hz, 2H), 6.45 (dd, J =8, 1.6
Hz, 2H), 4.02 (d, J = 6 Hz, 2H), 3.95 (d, J = 5.6 Hz, 2H), 3.61-3.43 (m, 50H), 3.38-3.24
(m, 18H) 2.48 (s, 6H), 2.42-2.34 (m, 1H), 2.32-2.22(m, 1H), 1.39(s, 6H). *C NMR (100
MHz, CDCl3): 6 161.49, 156.80, 153.57, 139.06, 138.37, 134.81, 133.84, 133.54, 131.96,
129.98, 125.74, 122.17, 118.58, 117.21, 116.59, 106.25, 100.38, 72.12, 70.83, 70.82,
70.80, 70.77, 70.73, 70.68, 70.66, 70.50, 69.57, 69.30, 66.60, 66.27, 59.21, 59.17, 40.20,
39.74, 13.58, 12.59. IR (ecm™): 3355, 2870, 1609, 1533, 1463, 1388, 1287, 1203, 1177,
1096, 1004, 849, 767, 707. HRMS (FAB) calcd for Ce7H103N6F2BO15 [M]", 1328.7390;
found, 1328.7407.

3. Cell Culture.

Murine macrophages (RAW 264.7) and human retinal pigment epithelial cells (ARPE-19)
were obtained from ATCC (Manassas, VA). Cells were cultured in 56.7 cm? dishes (Nunc,
Naperville, IL) containing Dulbecco’s modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO) and 1% penicillin/

144



streptomycin (Hyclone, Logan, UT) and cells were maintained in humidified 5% CO;
incubator at 37 °C. After proliferation, cells were trypsinized with 0.1% trypsin—-EDTA
solution (Sigma, St.Louis, MO) for 7-15 min at 37 °C. Cells were seeded in 12 well plates
(Nunc) and allowed to grow confluence for one day to perform treatment. Three to eight

passage cells were used for experiments.
4. Nitric oxide titration, selectivity measurements:

The preparation of nitric oxide (NO) and its stock solutions were carried out according to
the reported procedure.” ® NO gas was generated by slowly adding 6 M H2SO4 solution
into a glass flask containing saturated NaNO» water. All apparatus were carefully degassed
and filled with nitrogen for 30 min for complete removal of oxygen because oxygen can
rapidly oxidize NO to form NO,. The gas formed was passed once through concentrated
NaOH solution and then through distilled water to trap NO; generated from the reaction of
NO with traces of O2. The NO stock solution was prepared by bubbling NO gas through
10 mL of ice-cooled deoxidized water for 1 h to create a NO-saturated solution. The water
solution was deoxidized by bubbling argon through it for 1 h before introduction of NO.
The NO concentration was measured via chemiluminescence with a Sievers 2801 Nitric
Oxide Analyzer (GE Instruments, Boulder, CO). Stock NO solutions were stored in a glass

flask with a rubber septum when they were freshly prepared for each experiment.

The titration of nitric oxide solution to the probe A in 10 mM phosphate buffer solution
(pH 7.0) was conducted via adding small quantity (0-20 pL) of ice-cooled NO saturated
solution (2.0 mM) into a solution of probe A (5 uM, 3 mL) with proper interval. Each
sample was analyzed by measuring fluorescence spectrum after 2 min once adding small

quantity of NO stock solution.

The relative oxygen and nitrogen species (ROS and RNS) used for selectivity measurement
were generated by H>O»: 100 uM H20, ; OCI™: 100 uM NaOCI; NO2: 100 uM NaNOo;
NO;™: 100 uM NaNOs3; -OH: 100 uM H202+ 100 uM ferrous ammonium sulfate; O27: 100
uM KOs  respectively.
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Figure A.1. '"HNMR spectrum of compound 4
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Figure A.2. 3C NMR spectrum of compound 4
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Figure A.3. 'H NMR spectrum of compound 5
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Figure A.4.

13C NMR spectrum of compound 5
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Figure A.5.

"H NMR spectrum of compound 7
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Figure A.6.

3BC NMR spectrum of compound 7
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Figure A.7.
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Figure A.8.
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13C NMR spectrum of compound 8
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Figure A.9. 'TH NMR spectrum of compound A
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Figure A.10.

13C NMR of compound A
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Figure A.15. Bright-field and fluorescence images of murine macrophage RAW264 cells
loaded with 10 uM 4,5-diaminofluorescein diacetate without and with stimulation of 100
ng/mL liposaccharide. (A) Bright-field,1h, (B) Fluorescence, 1h (C) Bright-field, LPS
stimulation, 1h, (D) Fluorescence, LPS stimulation, 1h. Excitation wavelength is at 500
nm.
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Figure B.1. 'H NMR spectrum of compound 3
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Figure B.2. '3C NMR spectrum of compound 3
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Figure B.3. 'H NMR spectrum of compound 5
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Figure B.4. '3C NMR spectrum of compound 5

166

T

T

T

T T T T T

T

210 200 190 180 170 160 150 140 130 120 110 100

-10

70 60 50 40 30 20 10

80



Figure B.5. 'H NMR spectrum of compound A
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Figure B.6. '*C NMR spectrum of compound A
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Figure B.7. 'H NMR spectrum of compound B
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Figure B.8. 3C NMR spectrum of compound B

170

100

110

120

130

140

150

160

170

180

190

200

210



Figure B.9. 'H NMR spectrum of compound C
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Figure B.10. *C NMR spectrum of compound C
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Figure B.11. 'H NMR spectrum of compound D
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Figure B.12.
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13C NMR spectrum of compound D
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Figure B.13. Normalized absorbance and fluorescence spectra of fluorescent probe A
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Figure B.24. Absorbance spectra of compound 5 at pH 4.1 and 7.0.

180



350000+

300000+
——pH 7.0

250000 pH 4.1

200000+
150000+

100000+

Fluorescence Intensity

50000

0- S

—————T—T-rT——TrTrT7
680 700 720 740 760 780 800 820 840 860
Wavelength (nm)

Figure B.25. Fluorescence spectra of compound 5 at pH 4.1 and 7.0.

Only Lyso-
green (LG)

Probe B
+ LG

5uM Probe C
+ LG

Probe D
+ LG
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Table B.1: Absorption coefficients and pKa values of the probes

Compound Absorption pPKa, pKeycl
coefficient (EtOH) (Citrate-phosphate
buffer with
40%EtOH)
A 9.8 x 10* 1.56, 5.80
B 52x10* 1.55, 4.60
C 6.2 x 10 1.81, 4.86
D 1.1x10° 1.56, 5.38
5 8.8 x 10*
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Figure C.1. *H NMR spectrum of compound 3
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Figure C.2.

13C NMR spectrum of compound 3
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Figure C.3. '"H NMR spectrum of compound 4
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Figure C.4. >*C NMR spectrum of compound 4
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Figure C.5. '"H NMR spectrum of compound 6
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Figure C.6. '"H NMR spectrum of compound 8
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Figure C.7.

13C NMR spectrum of compound 8
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Figure C.8. '"H NMR spectrum of compound 10
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Figure C.9. >C NMR spectrum of compound 10
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Figure C.10. '"H NMR spectrum of compound 11
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Figure C.11. '3C NMR spectrum of compound 11

194

120 110

130

150

160

190 180



)

Figure C.12. '"H NMR spectrum of compound 12
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Figure C.13. '3C NMR spectrum of compound 11
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Figure C.14. '"H NMR spectrum of compound 13
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Figure C.15. '3C NMR spectrum of compound 13
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Figure C.16. '"H NMR spectrum of compound 15
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Figure C.17. '3C NMR spectrum of compound 15
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Fig.D.1. Electrochemical polymerization of mannosylated aniline monomer on the ITO
electrode in 5 nm HEPES solution (pH=7.4) containing 20 mM mannosylated aniline at a

scan rate of 50 mV/s with 50 scan cycles.
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Fig. D.2. Cyclic voltammograms of manno-PANI film in the absence and presence of
different control lectins at various concentrations in HEPES buffer with 2 mM Ca?*. Scan rate
was 50 mV/s, Ag/AgCl was used as a reference electrode, and Pt wire was used as a counter

electrode.
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Fig. D.3. Stability of mannosylated-polyaniline film for sensitive detection of 6 nM Con

A in HEPES. A'S/S = (S-S first day)/S first day- Related data are summarized in Table S1.
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Table D.1. Stability of mannosylated-polyaniline film for sensitive detection of 6 nM

Con A in HEPES. A'S/S = (S-S first day)/S first day. EIS data were collected under 1Hz and

UV-vis were collected on 560nm.

Time 0 1 2 4 8 12 16 20
0 -0.5 -1.25 -0.55 -0.75 -0.80 -0.65 -0.60

EIS
(£0.51) | (£0.72) | (20.61) | (£0.52) | (£0.61) | (£0.63) | (£0.57) | (£0.62)
0 -5 -8 -6.5 -8 -10 -5 -6.5

UV-vis
(£1.1) | #0.6) | *12) | (1.4) | (£1.2) | (£1.1) | (#0.6) | (20.5)
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Figure D.4. '"H NMR spectrum of compound 3
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Figure D.7. >*C NMR spectrum of compound 4
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Figure D.8. '"H NMR spectrum of compound 5
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Figure D.9. '3C NMR spectrum of compound 5
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Figure D.10. '"H NMR spectrum of compound 6

211

=—g0T

960 *

Tzt

—ooT

1.6

2.0

24

2.8

32

3.6

4.0

44

4.8

52

5.6

6.0

6.4

6.8

72



1

L.

|

I

|

Figure D.11. '3C NMR spectrum of compound 6

212

-10

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

170

200 190

210



APPENDIXE
SUPPORTING INFORMSTION FOR CHAPTER 6
Ferrocene-Mannose Conjugate: A Potential Electrochemical Probe
for Carbohydrate-Lectin Interactions
Giri Vegesna,* Fen-Tair Luo®, and Haiying Liu®*
iDepartment of Chemistry, Michigan Technological University, Houghton, MI 49931
“Institute of Chemistry, Academia Sinica, Taipei, Taiwan 11529, Republic of China

Table of Contents

Figure E.1. 'H NMR spectrum of compound 2.............ccoeueuereuereeeeeeeeeeeeeeeeeeeenns 214
Figure E.2. ">C NMR spectrum of compound 2 .............cccoeueueuereeeeeeeeeeeeeeeeeseeeeennns 215
Figure E.3. 'H NMR spectrum of compound 3 ............ccccooeerevreerrireeeereeeesseneneenn, 216
Figure E.4. 1*C NMR spectrum of compound 3 ............cccocoeumvrvereemeeeereesessenesnenn. 217
Figure E.5. 'H NMR spectrum of compound 6 .............c.cceeueervereerereeererssssenenennen. 218
Figure E.6. *C NMR spectrum of compound 6 ..............cccoceuevrverreemeeeeeeereeesseneneeen. 219
Figure E.7. "H NMR spectrum of compound 7 ..........ccoeueueueueuereeeeeeeeeeeeeeeeeeenns 220
Figure E.8. >C NMR spectrum of compound 7 ...........ccceeueueuereeeueeeeeeeeeeeeeeeeeennns 221
Figure E.9. '"H NMR spectrum of compound 8 ............ccocoeuevevereeeeeeeeeeeeeeeeeeeenenns 222
Figure E.10. "*C NMR spectrum of compound 8 ............cccoeueuererereeeereeeeeeeeeeeenenns 223
Figure E.11. '"H NMR spectrum of compound 9 .............ccccceuevvvereimeeeeeeeeressenenennn. 224
Figure E.12. *C NMR spectrum of compound 9 ............cccccovvrveveereeeeeeeieeseeeneenn. 225
Figure E.13. '"H NMR spectrum of compound 10 ..............cccocovevevvemerererereeeeeeenennn, 226
Figure E.14. *C NMR spectrum of compound 10 ............cccovvvveveerereeeeereeeeenenennn, 227

213



Figure E.1. "H NMR spectrum of compound 2
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Figure E.2. '3C NMR spectrum of compound 2
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Figure E.3. 'H NMR spectrum of compound 3

216

8rz |
JbS‘Z

%ES’Z
e[

Fvoz

E=20T

F—bo1 [

—coz

E-00T|T

o0t |

Fcesz [

800 75 70 65 608 535 50 45 46 35 30 25 206 15 10 05 00 05 -10

8.5

105 100 9.5

110



H OAc

0A

Ac

AcO

|

Figure E.4. '3C NMR spectrum of compound 3
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Figure E.5. 'H NMR spectrum of compound 6
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Figure E.6. '3C NMR spectrum of compound 6
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Figure E.7. 'H NMR spectrum of compound 7

220

852
_=£OE‘E
—

16T
_\-EE‘Z

gz
=—£71
=551
Fo1¢

280
:Kb'[‘z
Foger

6T
=Sz

o001

T

T
100 9.5

T

110 105

20 15

25

40 35 30

4.5

60 55 350

6.5

7.0

75

8.0

8.5



Ac

AcO.

H

Figure E.8. 'C NMR spectrum of compound 7

221

-10

200 190 180 170 1e0 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210



H OAc

OAc

oy
|
1l
1l
AL

Figure E.9. 'H NMR spectrum of compound 8
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Figure E.10. '*C NMR spectrum of compound 8
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Figure E.11. 'H NMR spectrum of compound 9

224

=== E=-iadly

— =011

105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -10

110



Figure E.12. '3C NMR spectrum of compound 9
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Figure E.13. 'H NMR spectrum of compound 10
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Figure E.14. '3C NMR spectrum of compound 10
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