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ABSTRACT

FLUORESCENT GOLD ION SENSORS:
DESIGN, SYNTHESIS AND IMAGING

Of all transition metals, gold has long sustained attention owing to its unique
chemical and physical properties. Beyond that, the ease of processing gold allows its use
in science, industry, and in various chemical, biological, and medical applications. For
example, gold is used in medicine to treat rheumatoid arthritis, asthma, cancer, and brain
and skin lesions. However, the extensive use of gold compounds can adversely impact
the natural environment and biological systems due to their potential toxicity. For those
reasons, identifying trace amounts of gold species in solution and cell media is crucial.

Unlike the detection methods of atomic absorption spectroscopy, atomic emission
spectroscopy, and inductively coupled plasma spectrometry, fluorescence-based
detection methods offer easy sample preparation, rapid response, high sensitivity,
reproducibility, and efficiency, all at a low cost. Today, various types of fluorescent
sensors selective to gold ions have been designed, typically with BODIPY, fluorescein,
rhodamine, naphthalimide, and coumarin-based fluorophores.

In the work for this thesis, for the first time an enyne-derived BODIPY-based
sensor was designed and synthesised to identify Au®" ions, after which photophysical
changes in the presence and absence of the analyte were examined both in solutions and

in cells.
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OZET

FLORESAN ALTIN iYON ALGILAYICILARI:
TASARIM, SENTEZ VE GORUNTULEME

Diger gecis metalleri arasinda altin, benzersiz kimyasal ve fiziksel 6zellikleri
nedeniyle insanlar1 cezbetmektedir. Altin metalinin kolay islenebilirligi, bilim, endiistri,
kimya, biyolojik ve ¢esitli tibbi uygulamalarda kullanilmasina izin verir. Buna 6rnek
olarak altin tip alaninda Romatoid artrit, astim, tiiberkiiloz, sitma, kanser, HIV ve beyin
lezyonlar gibi ¢esitli hastaliklarin tedavisinde kullanilmaktadir. Ancak, altin iyonlarinin
yaygin kullanimi, potansiyel toksititesi nedeniyle doga ve biyolojik sistemler {izerinde
cesitli olumsuz etkilere sahiptir. Bu sebeplerden dolayi, altin bilesiklerinin ¢bzelti ve
hiicre ortamlarinda eser miktarlarda tayini olduk¢a 6nemlidir.

Atomik absorpsiyon ve atomik emisyon spektroskopisi, indiiktif eslesmis plazma
spektrometresi gibi farkl tespit yontemlerine karsilik floresan algilama yontemleri, basit
ornek hazirlama, hizli yanit siiresi, diisiik maliyeti, yliksek hassasiyet, tekrarlanabilirlik,
ve verimlilik konularinda tistiin olmustur. Giinlimiizde, altin iyonlarina segici olan gesitli
floresan sensor algilayicilar tasarlanmistir. BODIPY, floresein, rodamin, naftalimid ve
kumarin bazli floroforlar, altin iyon algilayic1 floresan problarin tasariminda ok
yaygindir.

Bu tez calismasinda, Au®' iyonlarmin tayini icin literatiirde daha once hig
kullanilmamis enyne motifi ile tilirevlendirilmis BODIPY tabanhi algilayicinin
tasarlanmasi, sentezlenmesi ve hem ¢ozeltilerde hem de hiicre igerisindeki analit

varliginda ve yoklugunda fotofiziksel degisimlerinin incenlemesi amaglanmistir.
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CHAPTER 1

INTRODUCTION

1.1. An Overview

Transition metals (e.g. Au, Ag, and Pd) have long played essential roles in
human life. Owing to their unique chemical and physical properties, they have been
used in science, industry, and various medical applications(She et al. 2021). Among
them, gold has consistently attracted attention due to not only due its bright, shiny
appearance but also its malleable nature and unique chemical properties that allow its
ions to be used in both chemical and biological applications (Singha et al. 2015).

In recent decades, gold species have been used to catalyse chemical reactions
and to activate C-C multiple bonds, and that ability has served as an essential criterion
for gold-catalysed organic reactions primarily for alkynes (Hashmi and Rudolph 2008).
With the lowest electrochemical potential of all metallic elements, gold has a strong
Lewis acid character, and its cationic forms therefore readily take electrons from any
reductant and convert them to their metallic form, as well as activate alkynes for
nucleophilic addition (Laguna 2009). Beyond chemistry, gold has also been used in
dentistry as a filling material and in medicine to treat rheumatoid arthritis, asthma,
cancer, and brain and skin lesions due to its high biocompatibility (Knosp, Holliday,
and Corti 2003) (Sadler and Department 1996). Although gold species can play critical
roles in treating diseases, overexposure to gold ions (e.g. Au" and Au**) can adversely
impact the natural environment and biological systems due to their toxicity and relative
reactivity. For that reason, the detection of gold ions is crucial (Yuan et al. 2011).

Because gold ions are present in nature in lower amounts than other transition
metals, their analysis is usually referred to as trace metal analysis, and many detection
methods have been developed to investigate both the side-effects and benefits of gold

ions. Of the various detection methods available, including inductively coupled plasma
1



optical-emission spectroscopy (ICP-OES), inductively coupled plasma atomic-emission
spectroscopy (ICP-AES), inductively coupled plasma mass spectroscopy (ICP-MS),
fluorescence sensing strategies are superior owing to their simple sample preparation,
rapid response , low cost, high sensitivity, reproducibility, and efficiency(Carter,

Young, and Palmer 2014)(Singha et al. 2015).

1.2. Fluorescent Chemosensors

Changes in the environment-for instance, in light, heat, motion, and gas leakage-
can be detected and converted to readable signals via sensors. In particular,
chemosensors consist of two fundamental units: the receptor unit, which interacts with
an analyte, and the fluorophore unit, which generates a detectable optical signal.
Fluorescent chemosensors can be designed in two ways: either by separating the
receptor unit by a spacer or linker (e.g. an alkyl chain) to prevent conjugation or, directly
attaching or integrating fluorophore and receptor unit into each other, in which case the
receptor unit participates in the fluorophore unit’s n-system (Figure 1.1) (Duke et al.

2010).

Fluorophore Receptor Unit Fluorophore Receptor Unit

Figure 1.1. Schematic representation of design concept for the construction fluorescent
chemosensor
(Source: Duke et al. 2010)

The signal of a fluorescent sensor is formed with a change in the absorbance,

fluorescence, or fluorescence lifetimes of the fluorophore unit. The interaction of the



analyte and the receptor unit causes changes in the unit’s fluorescence such that the
emission wavelength may be shifted, diminished (i.e. turned off), or generated (i.e.

turned on) (Figure 1.2) (Cheng, Zhou, and Xiang 2015).

—

Turn On

]

Fluorophore Receptor Unit Fluorophore Receptor Unit

Turn Off

Fluorophore Receptor Unit Fluorophore Receptor Unit

Y7

Shifting of Emission
‘Wavelength
Fluorophore Receptor Unit Fluorophore Receptor Unit

ﬁ =Analyte

Figure 1.2. Representation of a) Turn on b) Turn off and ¢) Shifting of emission
wavelength

When the analyte interacts with the receptor unit, the photophysical mechanism
of the sensor changes, which makes the fluorophore unit’s optical properties observable.
In designing fluorescent chemosensors to detect metals and amino acids, among other
things, the photophysical mechanism can be photo-induced electron transfer (PET),
fluorescence resonance energy transfer (FRET), intramolecular charge transfer (ICT),
through-bond energy transfer (TBET), chelation enhanced fluorescence (CHEF),
twisted intramolecular/intermediate charge transfer (TICT), or planar intramolecular

charge transfer (PICT).



1.2.1. Photo-induced Electron Transfer (PET)

Each sensor based on PET usually consists of a receptor unit integrated into a
fluorophore unit via a spacer and includes a heteroatom with nonbonding electron pairs
(e.g. N, O, S, and P). The highest occupied molecular orbital (HOMO) of the receptor
unit lies between the HOMO and lowest unoccupied molecular orbital (LUMO) of the
excited fluorophore. Following the excitation of the fluorophore, the electrons in the
HOMO of the free receptor are transferred to the HOMO of the excited fluorophore,
which causes the quenching of the fluorophore’s fluorescent property. When the analyte
is coordinated with the lone pair electrons of the receptor unit, its HOMO energy level

drops due to the increased redox potential. As a result, PET is blocked, and strong

fluorescence emission can be observed (Figure 1.3) (Das, Dutta, and Das 2013).

o) S/
oo

HOMO
HOMO HOMO

Fluorophore Free Receptor Fluorophore Bound Receptor

Figure 1.3. Photo-induced electron transfer mechanism
(Source: Das, Dutta, and Das 2013)

Today, various types of fluorescence sensors selective to gold ions have been

designed, often with 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-based,

4



fluorescein-based, naphthalimide-based, and coumarin-based fluorophores (Karakus,

Cakan-Akdogan, and Emrullahoglu 2015).

1.3. 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)

First reported as a fluorophore by Treibs and Kreuzer in 1968, the highly
fluorescent BODIPY dye was originally synthesised serendipitously in a reaction of 2,4-
dimethylpyrrole, acetic anhydride, and boron trifluoride expected to yield acylated
dimethylpyrrole (Figure 1.4) (Treibs and Kreuzer 1968).

/I AcO, /I o Condensation
N BF3.EO N Oxidation

Figure 1.4. Serendipitious discovery of BODIPY
(Source: Treibs and Kreuzer 1968)

Two synthetic pathways are available for obtaining the BODIPY core based on
porphyrin chemistry. The first is an acid catalysed condensation reaction of pyrrole and
an aldehyde to produce dipyrromethane, which becomes immediately oxidised to
dipyrrin by using p-chloranil or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as

an oxidising agent. Unsubstituted dipyrromethane requires excess pyrrole because of its

5



high sensitivity to light and air. Once dipyrromethane has oxidised, an organic base (e.g.
triethylamine and diisopropylamine) and boron trifluoride are added to dipyrrin to
obtain the BODIPY core in high yields (Figure 1.5) (Wood and Thompson 2007) (Littler
et al. 1999).

s gﬁ

S NH HN ) S NH N\

Dipyrromethane Dipyrrin
Base
BF3 Et,0

Figure 1.5. Acid catalyzed condensation of aromatic aldehydes with pyrroles
(Source: Noel Boens, Leen, and Dehaen 2012)0

The second method requires an acylium derivative instead of an aldehyde. The
acylium derivative can be an acid anhydride (Z. Li, Mintzer, and Bittman 2006), an acid
halide (Boyer et al. 1993), or an ortho-ester (Yakubovskyi, Shandura, and Kovtun 2009).
The reaction between pyrrole and the acylium derivative yields acyl pyrrole as an
intermediate. Under acidic conditions, an excess of pyrrole reacts with acyl pyrrole and
creates a dipyrrinium salt and thus eliminates the need for an oxidising agent. The salt
can easily be converted to BODIPY dye after treatment with an organic base and boron

trifluoride (Figure 1.6) (Noel Boens, Leen, and Dehaen 2012).



R
I SR S ST 5 SRS
N+X)§0 ﬁRJr N N\ NH N

X=Br, Cl, OOCR Acylpyrrole Dipyrrin

Base
BF;.Et,0O

Figure 1.6. Synthesis of BODIPY dyes with the acylation of pyrrole followed by
condensation and complexation
(Source: Noel Boens, Leen, and Dehaen 2012)

Before 1987, dipyrrins and oligopyrrolic molecules were known by various
names, including 4,6-dipyrrin, dipyrromethene, and diaza-s-indacene. That year,
guidelines for the nomenclature of such molecules were published by the IUPAC; the
numbering of the BODIPY core appears in Figure 1.3, in which the central atom of the
core is the meso-carbon, C-3 and C-5 are a-carbons, and all others are B-carbons (Figure

1.7) (Noél Boens, Verbelen, and Dehaen 2015).

meso

Figure 1.7. The numbering system of BODIPY core
(Source: Noé€l Boens, Verbelen, and Dehaen 2015)



The BODIPY core has many reactive sites that are easily functionalised with
appropriate reaction mechanisms-for instance, electrophilic substitution reactions
(SeAr), Knoevenagel condensation reactions, or nucleophilic aromatic substitution
reactions (SnAr). Reactive sites of the core appear in Figure 1.8 (Noél Boens, Verbelen,

and Dehaen 2015).

SNAr, Pd-catalyzed SNAr, Pd-catalyzed
cross coupling \ / cross coupling
7

SgAr, Pd-catalyzed
cross coupling, C-H activation

6
~a
P N .
\ ‘e SNAr, Pd-catalyzed cross coupling,
/ Knoevenagel condensation,
Sy with oxygen and direct hydrogen substitution,
carbon nucleophlies C-H activation, radical arylation

Figure 1.8. Reaction sites of BODIPY for pre- and post- modifications
(Source: Noé€l Boens, Verbelen, and Dehaen 2015)

The BODIPY core absorbs and emits at 500-515 nm, which can easily be
changed by pre- or post- alterations on the abovementioned reactive sites. For example,
the BODIPY core without any substituent shows absorption and emission wavelengths
and fluorescence quantum yields (¢~=0.90) similar to those of the methylated motif on
1,3,5, and 7 carbons (¢r=0.80) (Schmitt et al. 2009) (Wu and Burgess 2008). The
introduction of halogens to the meso-position substantially decreases the fluorescence
quantum yield due to the heavy atom effect, and the molecule shows non-fluorescent
property (Leen et al. 2012). A similar decrease in fluorescence quantum yield is
observed when the phenyl group is integrated into the BODIPY core from the same
position due to the free rotation of the phenyl group (¢=0.03) (Yu et al. 2011). Adding

methyl groups to the positions 1,3,5, and 7 counteracts the rotation of the phenyl group
8



and thus regenerates the fluorescence quantum yield (¢#=0.48) (Figure 1.9) (Gabe et al.

2004).

Br

AN X
= N = N\
NN, N= \N._ Nx
-BZ -BX
F*OF F7OF
Amax(abs.)= 503 nm Amax(@bs.)=507nm X .. (abs.)= 505 nm
Amax(€m.)= 512 nm Amax(€m.)=519nm A . (em.)=516 nm
¢ 0.90 (CH;CN) ¢~ 0.159 (THF) o= 0.80 (CH,Cl,)

Amax(@bs.)=500 nm  A,.(abs.)= 497 nm
Amax(€m.)=527nm A, (em.)= 507 nm
o7 0.03 (CH,Cl) ¢ 0.48 (CH;CN)

Figure 1.9. Influence of alkyl, meso halogen and aryl substituents on the spectroscopic
properties

Amax(@bs.)= 596 nm Amax(@bs.)= 633 nm Amax(@bs.)= 634 nm
Amax(em.)= 612 nm Amax(em.)= 646 nm Amax(€m.)= 664 nm

Figure 1.10. BODIPY structures with extended conjugation



Absorption and emission wavelengths can be red shifted by increasing the
conjugation of dyes, either by adding unsaturated bonds, aryl groups, and aryl-attached
double or triple bonds at the 3,5-positions of the BODIPY core, or by using aryl-fused
or attached pyrroles as starting reagents (Figure 1.10).

In the development of fluorescent probes, BODIPY dyes have played a pivotal
role relative to other dyes (e.g. rhodamine and fluorescein) because they are highly
conjugated heterocyclic molecules and thus, show strong absorption in the UV-VIS
region and provide high quantum yield in fluorescence emissions. The benefits of
BODIPY dyes relate not only to their facile synthetic routes but also to their stability in
a wide range of pH levels, temperatures, and photochemical conditions due to their high
symmetrical and conjugate nature. Furthermore, they are excellent molecules for
biological applications. Thanks to their ease of modification made according to the
purpose of use, BODIPY dyes have wide applicability, including in photodynamic
therapy (Dartar et al. 2021), dye-sensitised solar cells (Klfout et al. 2017), and the
detection of metal ions (Ugiincii, Karakus, and Emrullahoglu 2016), reactive oxygen

species (Emrullahoglu, Ugiincii, and Karakus 2013) and toxic gases (Sayar et al. 2018).
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CHAPTER 2

LITERATURE WORKS

There are two different sensing mechanisms of gold-ions; reaction-based and
coordination-based probes. In the reaction-based probes, gold ions generally activate
the reactive unit (alkyne group, C = N group, etc.) of the fluorophore and trigger a series
of reorganization reactions. In the coordination-based probes, gold ions make

noncovalent interactions with the receptor unit.

2.1. Reaction-Based Probes

2.1.1 Cyclization Through the Alkynyl Activization

Oxygen, nitrogen, and sulfur elements are good nucleophiles thanks to their lone
pair electrons. Therefore, they can easily attack the gold-activated alkyne groups then
form a ring via intramolecular cyclization reaction. Based on the ring-opening principle
of rhodamine dyes, three different research groups concurrently published fluorescent
probes for detection of gold ions. In 2009, the first off-on type fluorescent and
colorimetric probe was published (Jung Jou et al. 2009).

Propargylamine was attached to rhodamine-B as alkyne moiety. In the presence
of Au*' ions, spirolactam ring-opening took place and it was followed by an
intramolecular cyclization reaction through the transformation of propargylamide group
to oxazolecarbaldehyde without the usage of any oxidant. The probe showed highly
selective recognition towards Au®" ions over other metals and colorless to pink

colorimetric change in EtOH/HEPES (1/1 (v/v), pH=7.4). The color and the
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fluorescence changes were easily detected by the naked eye. The limit of detection was

estimated as 63 ppb (Figure 2.1).

/\N

Figure 2.1 Au**-induced transformation from propargylamide to oxazolecarbaldehyde
(Source:Jung Jou et al. 2009)

The fluorescence properties of the same skeleton were evaluated by Egorova’s
group in different media than the Jou’s group. In Egorova’s work the change of media
to CH3CN/PBS buffer (1/1 (v/v), pH=7.2) results in red fluorescence emission to both
Au" and Au*" ions for the first time. The limit of detection was estimated as 0.4 ppm.
Jou’s and Egorova’s works evinced the effect of the solvent of where the reaction took

place (Figure 2.2, Figure 2.3)(Egorova et al. 2010).

CHO

e
S

Au3+
O \"'/\
o) N7 N N

Figure 2.2. Au(I)/Au(Ill)-promoted sensing process
(Source: Egorova et al. 2010)
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Figure 2.3. Au*/Au®>" Promoted spirolactam ring opening of Egorova’s probe
(Source: Egorova et al. 2010)

Yang and his colleagues synthesized a fluorescent probe that has an irreversible
reaction-based sensing mechanism which was triggered by using the alkynophilic
affinity of gold ions. The non-fluorescent rhodamine hydroxamic acid dye was
functionalized with an alkyne group to mediate ring-opening of the spirocyclic moiety
in the presence of the Au** ions. The probe displayed highly selective and sensitive red
fluorescence emission toward Au®* ions in aqueous media (PBS Buffer, 1%MeOH). In
aqueous media, approximately 50 nM Au** ions was detected by the probe. Besides,
fluorescent imaging studies on the HeLa cell lines were demonstrated which was a

promise for further biological applications (Figure 2.4) (Yang, Lee, and Tae 2009).

Figure 2.4. Reaction-based fluorescent sensing probe
13



(Source: Yang, Lee, and Tae 2009)

Our research group reported our first gold ion sensor in 2013. Alkyne unit beared
rhodamine-B derivative was synthesized from 2-alknylbenzaldehyde which was the
recognition site. The probe gives remarkable emission at 580 nm in CH;CN/HEPES
buffer (1/1 (v/v)) at pH=7.0 toward Au’" ions and negligible emission intensity to Au”
ions. After the addition of Au®* ions, the colorless and nonfluorescent solution turned
its color to pink and showed red fluorescence emission. In order to determine the
reaction mechanism of the probe, rhodamine-B was functionalized with benzaldehyde.
Control molecule showed no color and fluorescence change under the same sensing
conditions. The reversibility of the probe was checked with the addition of CN ions. No
change was observed in colored and fluorescent solution, which was showed that the
sensing process was irreversible. Additionally, the probe displayed good cell
permeability and bright fluorescence signal (Figure 2.5) (Emrullahoglu, Karakus, and
Ucgiincii 2013).

Figure 2.5. Proposed reaction mechanism of Au(IlII) sensing process
(Source: Emrullahoglu, Karakus, and Ugilincii 2013)

In 2015, our research group reported a fluorescent probe that displays a
ratiometric fluorescence response towards gold and mercury ions, therefore, it is said to
have dual character. Integration of BODIPY dye with the enynone moiety caused the
extension of conjugation in the system, thus the probe showed fluorescence at long
emission wavelength. In the recognition process, the activated alkynyl bond gave a

cyclization reaction with the oxygen of the carbonyl group then produced a furan ring.
14




The formation of rotatable C-C bond caused a decrease in the conjugation which
resulted in the shifting of emission wavelength from 562 (orange) nm to 516 nm (green).
AS549 lung adenocarcinoma cell lines was used in the bioimaging applications of the

developed probe (Figure 2.6)(Ugiincii, Karakus, and Emrullahoglu 2015b).

"concerted process"

Figure 2.6. Gold-mediated cyclization
(Source: Ugiincii, Karakus, and Emrullahoglu 2015)

Soon afterward, our group published a ratiometric BODIPY based probe
comprising Z-enynol as a recognition unit. The substitution of Z-enynol generated a
highly conjugated BODIPY derivative than its unsubstituted form. The probe showed
fast responses to Au’" ions with a distinct fluorescence change from red to green.
Activation of the alkynyl bond via Au®" ions triggered the cyclization reaction which
disrupts the m-conjugation between the BODIPY core and enynol moiety. In the end, a
highly green emissive furan derivative was formed. As the last work of the study, A549
human lung adenocarcinoma cells were cultured to record fluorescence images in the

presence of Au** ions (Figure 2.7) (Ugiincii, Karakus, and Emrullahoglu 2016).
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cycloisomerization

Figure 2.7. Proposed mechanism for gold ion catalyzed intramolecular cyclisation
(Source: Ugiincii, Karakus, and Emrullahoglu 2016)

Wang and coworkers designed and synthesized a probe which undergoes Au’*-
promoted intramolecular hydroamination reaction in EtOH/PBS buffer (1:1, v/v,
pH=7.4). The probe was non-fluorescent due to photoinduced electron transfer from
aniline moiety to the BODIPY fluorophore unit. As a result of intramolecular
hydroamination reaction, electron transfer is prevented and the molecule emits

fluorescence at 511 nm (Aex =480 nm). The probe was also used for fluorescent imaging

in HeLa cells (Figure 2.8) (J. Wang et al. 2011).

CH,CH,0CHj3

EtOOC

Figure 2.8. Hydroamination of probe in the presence of Au®" ions
(Source: J. Wang et al. 2011)
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In 2016, Wang et. al was combined the 2-(phenylethynyl)aniline as reactive
group with the BODIPY. Because of the electron transfer from aniline moiety to
BODIPY, the probe showed no fluorescence emission. In the presence of Au’** ions, the
transformation of 2-(phenylethynyl)aniline to the 2-phenylindole was occurred via
intramolecular cyclization reaction. This transformation blocked the PET mechanism
then strong green emissive BODIPY derivative was observed. This probe detected Au**

ions in real water samples and living cells (Figure 2.9) (Y. Wang et al. 2016).

Figure 2.9. Cyclization reaction of probe in the presence of Au*" ions
(Source: Y. Wang et al. 2016)

2.1.2. Cleavage of C = N Bond

For the formation of various metal complexes, imine moiety is known as an
excellent ligand. The utilization of imine moiety masks the fluorescence property of
fluorophore because of the non-radiative deactivation process of the excited state
through isomerization of the C=N group. In 2014, our group constructed a probe by the
linkage of two classical fluorophores (Rhodamine and BODIPY)) by the C=N bond for
the first time allowing the differential detection of Au** and Hg?*. The both fluorophores

were non-emissive before the addition of any metal ions because, the rhodamine part
17



was in the ring-closed spirolactam form and the BODIPY unit was affected by C=N
isomerization. When the probe was excited to 470 nm after the addition of Au*" ions,
the probe showed an emission band at 506 nm which is the characteristic emission band
of the BODIPY unit. On the contrary, after Au*" ions were added, when the solution
was excited at 525 nm, a different emission band at 585 nm was observed that refers to
spirolactom ring-opening of thodamine unit.

Treatment of the probe with Hg?" ions triggered the transformation of the closed-form
to the opened-form of the rhodamine unit. The emission band of rhodamine was
observed at 585 nm when excited at 525 nm. However, when the solution was excited
at 470 nm, no emission band was observed because the BODIPY unit was still non-
emissive due to C=N moiety being conserved. The bioimaging applications of the probe
were monitored in A549 lung adenocarcinoma cell lines with two reactive ions (Figure

2.10) (Karakus, Ugiincii, and Emrullahoglu 2014).

Et,N NEt,

2 7T

T NH.

Au3+ S

dex=525 nm hee=470 nm

Et,N 0] NEt;
? O O ? }"em=585 nm }\’em=506 nm
N

Au3+

Aex= 525 nm
no emission

Aex=470 nm
no emission

Aey= 525 nm

Aem= 585 nm
Aex= 470 nm

no emission

Figure 2.10. Response of probe towards the addition of Au’" and Hg?" ions
(Source: Karakus, Uglincii, and Emrullahoglu 2014)
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Same year, a probe that includes a C=N bond was synthesized via the
derivatization of BODIPY fluorophore with 2-hydrazinopyridine. Before the addition
of Au** ions, the probe had no fluorescence signal for the reason mentioned above. Au**
ions made coordination with both nitrogens of pyridyl and imine group then formed an
intermediate. Hydrolysis of the intermediate caused the cleavage of the C=N bond thus,
the emission property of BODIPY dye was recovered. The probe showed high
sensitivity and selectivity to Au®" ions over other metal ions. The cell imaging of the
developed probe was carried out with A549 lung adenocarcinoma cell lines (Figure

2.11) (Ugiincii and Emrullahoglu 2014).

intermediate complex

Figure 2.11. Gold mediated hydrolysis of probe
(Source: Ugiincii and Emrullahoglu 2014)

In 2016, inspired from Emrullahoglu research groups sensor approach, two
probes were constructed by embedding 2-hydrazinopyrazine and/or 2-acetylpyrazine
moieties to the BODIPY core with a C=N bond as a spacer. Recognition of Au*" ions
by the probes was proceeded by the irreversible C=N bond hydrolysis. 2-

hydrazinopyrazine derivative showed a fast response, good stability in increasing pH
19



and temperature compared to the 2-acetylpyrazine derivative. The bioimaging of the
two probes was performed in PCI12 cells. Additionally bioimaging of 2-
hydrazinopyrazine derivative was examined in zebrafish. These applications were
resulted in excellent cell membrane and organism permeability (Figure 2.12) (E. Wang

et al. 2016).

Fast Response Slow Response

Figure 2.12. The proposed mechanism of probes with Au**ions
(Source: E. Wang et al. 2016)

2.2. Coordination Based Probes

The main challenge of designing gold ions sensors is to differentiate them from

the other alkynophilic metal species such as Hg, Pd, and Ag. In order to overcome this
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drawback, scientists construct probes by using the coordination of gold ions with the
heteroatoms.

The first example of this strategy was reported by Wang et al. in 2011. The probe
was synthesized from the condensation of rhodamine 6G hydrazide and 8-
hydroxyquinoline-2-carbaldeyde followed by reduction in acetic acid with the zinc
powder. The recognition was achieved by the interactions between the gold ions and
heteroatoms of the probe. These interactions induced the ring-opening cyclization
reaction of spirocyclic rhodamine. This probe exhibited high selectivity to Au*" ions
among other metal ions. To determine whether the sensing mechanism was reversible
or irreversible, an excess amount of CN™ was added to the solution. As a result, the pink
color of the solution evanesced and no fluorescence signal was observed; this proved
that a reversible reaction took place in the sensing system. The probe was also
successfully applied to HeLa cells by excellent cell membrane permeability (Figure

2.13) (J. Wang et al. 2011).

Figure 2.13. Proposed mechanism for the fluorescent changes of sensor upon the
addition of Au*"ions
(Source: J. Wang et al. 2011)

In more recent example reported by our research group, a probe was designed

and constructed by integrating a pyridylethenyl moiety as the recognition site to a
BODIPY-based fluorophore. The synthesized BODIPY derivative had faint
21



fluorescence emission resulting from a photoinduced intramolecular electron transfer
from the pyridylethenyl unit to the BODIPY moiety. When Au®** ions were added to the
system, the lone pair electrons of the recognition site made a coordination with Au**
ions. Therefore, the PET process could not occur hence, distinct fluorescence of the
BODIPY unit was observed. The treatment of CN ions to the solution reduced to the
fluorescence intensity of the solution, therefore, the process was considered to be

reversible (Figure 2.14)(Ugiincii, Karakus, and Emrullahoglu 2015).

Figure 2.14. Reversible interaction of probe with Au*"ions
(Source: Ugiincii, Karakus, and Emrullahoglu 2015a)
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CHAPTER 3

EXPERIMENTAL STUDY

3.1. General

All reagents were purchased from commercial suppliers (Merck) and used
without any purification. '"H NMR and '3C NMR were measured on a Varian VNMRIJ
400 Nuclear Magnetic Resonance Spectrometer and chemical shifts were calibrated
using residual solvents signals (CDCls: 6 (H): 7.26, 6 (C): 77) or TMS. All spectroscopic
measurements were performed by using DUETTA Fluorescence and Absorbance
Spectrometer. Samples were contained in 10.0 mm path length quartz cuvettes (2.0 mL
volume). Upon excitation at 480 nm, the emission spectra were integrated over the range
of 495 nm to 750 nm. The slit width was 3 nm for both excitation and emission. The pH
was measured by the HANNA HI-8014 instrument. The fluorescence images were

acquired through a ZEISS Axio fluorescence microscope.

3.2. Determination of Quantum Yield

The fluorescence quantum yield of probe was determined by using an optically
matching solution of Rhodamine 6G (Or= 0.95 in ethanol) as a standard. The quantum
yield was calculated according to the equation given below. Where Orf is the
fluorescence quantum yield, A is the absorbance at the excitation wavelength, F is the
area under the corrected emission curve, and n is the refractive index of solvents used.
Subscripts S and X refer to the standard and the unknown, respectively (Figure 3.1)
(Brouwer 2011).
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P~ Pp(s) X

Figure 3.1. Formula of quantum yield
(Source: Brouwer 2011)

3.3. Determination of Detection Limit

A minimum quantity of detectable amount of analyte by an instrument or a
technique is called as the detection limit and is calculated based on the fluorescence
titration method. In order determine the detection limit, firstly, the emission intensity of
the probe was measured ten times without metal ion to calculate the standard deviation
of blank measurements. Under the optimum measurement condition, a good linear
relationship between the fluorescence intensity and metal ion concentration could be
obtained in the 0,1-1 equivalents. The detection limit is calculated by the following
equation: detection limit = 3cbi/m, where obi is the standard deviation of blank
measurements; m is the slope of the trend line drawn by fluorescence intensity versus

metal ion concentrations (Tiwari, Singh, and Sawhney 2005).

3.4 Cell Imaging

A549 Human Lung Adenocarcinoma cell lines were grown in DMEM
supplemented with 10% FBS (fetal bovine serum) in an atmosphere of 5 % CO» at 37°C.
The cells were plated on 12mm cover glasses in 6-well plate and allowed to grow for
24h. Before the experiments, the cells were washed with PBS buffer, and then the cells
were incubated dye molecule (5 pM) for 20 min at 37°C then washed with PBS three
times. After incubating with Au*" ions (50 pM) for 20 min at 37°C, cells were rinsed

with PBS three times, and DAPI for 10 min at 37°C then washed with three times. Then,
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the fluorescence images were acquired through an ZEISS Axio fluorescence

microscope.

3.5. Synthesis Section

The synthesis pathway for the probe molecule BDP consists of three parts. By

using literature procedures, reactive unit, BODIPY based fluorophore part and the

integration of them was achieved.

3.5.1. Synthesis of the Reactive Unit

Treatment of propargyl alcohol with in-situ generated Hlg) was procured RU-1.

RU-1 was coupled with phenylacetylene according to the Sonogashira coupling

protocol to give RU-2. In the last step, alcohol group of RU-2 was transformed to allylic
bromide (RU) by the Appel reaction (Figure 3.2).

OH

Y

RU-1

phenylacetylene
Pd(PPh;),Cl,

Cul OH
e —
N
in degassed Et;N ‘
at 65°C
RU-2
CBry, PPh,
in dry DCM
at 0°C
Br
N
RU

Figure 3.2. Synthesis of reactive unit
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3.5.1.1 Synthesis of RU-1

2-iodoprop-2-en-1-ol: RU-1 was synthesized according to the

OH literature procedure (Nicolaou et al. 2006). To a stirred solution of

I\H sodium iodide (2.5 g, 16.69 mmol) in acetonitrile (22 mL) at room

| temperature were added TMSCI (2.12 mL, 16.69 mmol) and distilled

water (0.13 mL, 8.35 mmol). After 10 minutes, propargyl alcohol (0.49

mL, 8.35 mmol) was added in one portion. After further mixing for 3 hours at room

temperature, the reaction mixture was diluted with dropwise addition of distilled water

(16 mL) and stirred for 30 minutes. Then, aqueous Na>S>03 (50 mL, 5%) was added.

Mixture was extracted with diethylether (3 x 50 mL). The combined organic extracts

were dried (Na2SOs), filtered, and concentrated under reduced pressure (at 25°C). The

residue was purified by column chromatography (Si0O, hexane/ethyl acetate 4:1) to give

RU-1 (921 mg, 60%) as a yellowish oil. 'TH NMR (400 MHz,CDCls) § 6.37 (q, J = 1.7

Hz, 1H), 5.83 (dt,J=1.9, 1.3 Hz, 1H), 4.13 (dd, J = 1.7, 1.2 Hz, 2H), 3.15 (s, 1H); 1*C
NMR (101 MHz, CDCls) 6 124.49, 110.36, 70.85.

3.5.1.2 Synthesis of RU-2

2-methylene-4-phenylbut-3-yn-1-0l: RU-2 was synthesized
QH according to the literature procedure (Hashmi et al. 2011). RU-1

4

| (438 mg, 2.38 mmol) and phenylacetylene (0.31 mL, 2.86 mmol)

were dissolved in degassed triethylamine (7.1 mL) under an Ar(g)
atmosphere. To this solution Pd(PPh)3;Cl> (42.11 mg, 0.006 mmol) was added. After 10
minutes, to this solution Cul (11.42 mg, 0.006 mmol) was added. The mixture was
heated at 65°C for 16 hours. After cooling to room temperature, the solvent was
removed in vacuo. The crude product was purified by column chromatography (SiO-,
hexane/ethyl acetate 4:1) to afford known allyl alcohol (245 mg, 65%) as a brown oil.
"H NMR (400 MHz, CDCl3) & 7.47 — 7.41 (m, 2H), 7.32 — 7.26 (m, 3H), 5.59 (q, J =
1.6 Hz, 1H), 5.56 (q, J = 1.4 Hz, 1H), 4.21 (t, J = 1.5 Hz, 2H), 2.32 (s, 1H); 3*C NMR
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(101 MHz, CDCl3) 6 131.67, 131.14, 128.49, 128.36, 122.76, 120.50, 90.83, 87.17,
65.15

3.5.1.3 Synthesis of RU

(3-(bromomethyl)but-3-en-1-yn-1-yl)benzene: By the use of
Br Appel reaction, RU was synthesized (Kawato et al. 2015).

V4

| Carbon tetrabromide (1.15 g, 3.46 mmol) in dry dichloromethane
(2 mL) was added dropwise to a solution of RU (345 mg, 2.18

mmol) and triphenylphosphine (855.2 mg, 3.27 mmol) in dry dichloromethane at 0°C.
After the addition, the cooling bath was removed and the reaction mixture was stirred
at room temperature. The reaction was monitored by thin layer chromatography (TLC)
until the reactant was completely consumed. Solvent was evaporated and the product
was purified by column chromatography (SiO2, hexane/ethyl acetate 10:1) to give RU
(193 mg, 40%) as reddish oil. 'H NMR (400 MHz, CDCl3) § 7.50 — 7.35 (m, 2H), 7.24
(tt, J=4.3,2.5 Hz, 3H), 5.54 (dd, J = 14.6, 3.9 Hz, 2H), 3.97 (d, J = 4.0 Hz, 2H); 1*C
NMR (101 MHz, CDCIl3) ¢ 131.82, 131.67, 128.76, 128.45, 128.34, 124.76, 122.63,
121.31, 90.95, 87.15, 34.72.

3.5.2 Synthesis of the Fluorophore Unit

The synthesis pathway for BDP-NH: is shown in figure 3.3. Both molecules
were synthesized according to the literature procedures. BDP-NQ2 was converted to its
amine form using hydrazine hydrate as a reducing agent (Kusio et al. 2020), (Aydin

Tekdas et al. 2016).
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H 2

Figure 3.3. The synthesis pathway of BDP-NH:2

3.5.2.1. Synthesis of BDP-NO;

5,5-difluoro-1,3,7,9-tetramethyl-10-(4-nitrophenyl)-SH-4A*,5
M-dipyrrole[1,2-¢:2',1'-f][1,3,2]diazaborinine: To a solution
of 24-dimethylpyrrole (0.4 mL, 3.88 mmol) in dry
dichloromethane (30 mL), 4-nitrobenzoyl chloride (326 mg, 1.76

mmol) was added under argon atmosphere and the mixture was

stirred at room temperature overnight. After triethylamine (2.0 mL, 14.35 mmol) was
added to the mixture, and the reaction mixture was stirred for 1 hour. Finally, boron
trifluoride diethyl etherate(2.60 mL, 21.1 mmol) was added fast drop by drop and stirred
at room temperature for 1 hour. The resulting solution was extracted with
dichloromethane (3 x 30 mL) and dried over Na>SOs4. The crude mixture was purified
by column chromatography (Si0», hexane/ethyl acetate 4:1) to give BDP-NO2 (400 mg,
55%) as orange solid. 'H NMR (400 MHz, Chloroform-d) § 8.60 — 8.24 (m, 2H), 7.77
—7.39 (m, 2H), 6.02 (s, 2H), 2.56 (s, 6H), 1.36 (s, 6H); '*C NMR (101 MHz, CDCl;) &
156.66, 148.30, 142.51, 141.94, 138.30, 130.60, 129.63, 124.36, 123.92, 121.86, 14.7,
14.69.
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3.5.2.2. Synthesis of BDP-NH>

4-(5,5-difluoro-1,3,7,9-tetramethyl-SH-4A*,50*-dipyrrolo[1,2-

c:2'1'-f] [1,3,2]diazaborinin-10-yl)aniline: To a solution of
BDP-NO:; (100 mg, 0.27 mmol) was dissolved in ethanol (8 mL)
under argon atmosphere were added 10% Pd/C (29 mg, 0.27
mmol) and hydrazine hydrate (0.28 mL, 5.75 mmol, 98%). The

reaction mixture was heated at reflux temperature under argon

atmosphere for 2 hours, then it was cooled to room temperature
and filtered through the celite. The solvent was removed by rotary evaporation. The
resultant residue was purified by column chromatography (SiO», dichloromethane) to
afford BDP-NH3: as red solid (73 mg, 80%). '"H NMR (400 MHz, Chloroform-d) § 7.12
—6.93 (m, 2H), 6.77 (dp, J = 6.0, 2.1 Hz, 2H), 5.96 (d, J = 4.0 Hz, 2H), 3.89 (s, 2H),
2.54(d,J=4.0 Hz, 6H), 1.49 (d, ] =3.9 Hz, 6H); 3C NMR (101 MHz,CDCls3) § 154.91,
147.00, 143.18, 142.64, 131.99, 128.90, 124.62, 120.93, 120.90, 115.39, 14.62, 14.52.

3.5.3. Synthesis of Probe (BDP)

N-alkylation of the aniline moiety of the fluorophore unit was performed by the

literature procedure (Figure 3.4) (Y. Li et al. 2014).
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in dry DMF

RU BDP

Figure 3.4. Synthesis of Probe (BDP)

4-(5,5-difluoro-1,3,7,9-tetramethyl-SH-4A*,50*-dipyrrolo[1,2-¢:2',1'-
f][1,3,2]diazaboronin-10-yl)-N-(2-metylene-4-phenylbut-3-yn-1-yl)aniline: BDP-
NH:2 (150 mg, 0.44 mmol) was dissolved in dry DMF (3 mL). To this solution were
added RU (115 mg, 0.52 mmol) and potassium carbonate (70 mg, 0.50 mmol) under the
argon atmosphere. The reaction mixture was heated at 80°C for 24 hours. The mixture
was extracted with ethyl acetate (3 x 50 mL). The combined organic extracts were dried
(Na2S04), filtered, and concentrated under reduced pressure. The residue was purified
by column chromatography (SiO2, hexane/ethyl acetate 10:1) to give BDP (21 mg, 10%)
as an orange solid. '"H NMR (400 MHz, Chloroform-d) § 7.52 — 7.40 (m, 2H), 7.39 —
7.27 (m, 3H), 7.07 — 6.99 (m, 2H), 6.78 — 6.70 (m, 2H), 5.96 (s, 2H), 5.57 (dq, ] = 22.2,
1.4 Hz, 2H), 4.31 (s, 1H), 3.99 (d, ] = 1.5 Hz, 2H), 2.54 (s, 5H), 1.26 (s, 8H); 1*C NMR
(101 MHz, CDCls3) 6 154.86, 143.18, 142.74, 132.05, 131.61, 128.88, 128.54, 128.45,
128.35, 122.67, 120.89, 90.88, 87.64, 53.39, 31.90, 30.56, 29.68, 22.67, 14.59, 14.55,
14.53, 14.50, 14.10.
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CHAPTER 4

RESULTS AND DISCUSSION

In this thesis study, a novel BODIPY-based fluorescent chemosensor (BDP)
appended with an enyne moiety was designed, synthesized, and characterized, with the
expectation of generating non-fluorescent BODIPY derivatives due to the PET-based
(i.e., photo-induced electron transfer) quenching principle. Based on previous studies in
our research group related to gold ion sensors, we had the knowledge about the
alkynophilic property of gold ions. It is known from the literature that most molecular
sensors devised for gold ions use triple bonds as recognition site. In the light of this
consideration, enyne moiety which consists of a double and a triple bond was used as a
recognition site. The sensitivity and selectivity of the probe was carefully investigated.

Also, bioimaging application was performed successfully.

Figure 4.1. BDP

The spectroscopic investigations started with the evaluations of the optical

behaviors of BDP in different reaction mediums. Considering that probe BDP is not
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completely water soluble thus, EtOH/PBS (v/v, 1:1, pH = 7.0), EtOH/Phosphate buffer
solution (v/v, 1:1, pH = 7.0), and CH3CN/HEPES buffer solution (v/v, 1:1, pH = 7.0)
mediums were examined for the response to Au®* ions. The highest increment in
fluorescence intensity was observed in EtOH/PBS (v/v, 1:1, pH = 7.0) solvent system
for Au** ions. Moreover, the effect of the ratio of water in the EtOH/PBS medium on
the spectral behaviors of BDP was evaluated. EtOH/PBS (v/v, 6:4, pH = 7.0) medium
gave the highest fluorescence intensity when the probe excited at 480 nm. However,
EtOH/PBS (v/v, 1:1, pH = 7.0) was decided as a reaction medium because of the
applicability of the probe to cell imaging (Figure 4.2.a).

Then, the effect of pH was surveyed in the pH range 2-13. In the absence of Au**
ions, BDP was quite stable, even in strongly acidic and basic mediums. A spectacular
increase in fluorescence intensity was observed at pH 2-9 upon the addition of Au**
ions. The detection system did not work at pH 10-13 although Au®" ions were in

presence. Thus, the pH of the reaction medium was chosen as 7.0 for physiological

application (Figure 4.2.b).
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Figure 4.2. a) Effect of fraction of water on the fluorescence intensity of BDP (in PBS
buffer pH 7.0/EtOH) black line; in absence of Au**ions, red line; in
presence of Au*" ions (20 eq.) (hex: 480 nm, Aem= 515 nm at 25°C), b)
Effect of pH on the fluorescence intensity of BDP (10 uM) in EtOH/PBS
(v/v, 1:1, pH = 7.0) black line; in absence of Au’" ions, red line; in
presence of Au*" ions (20 eq.) (hex: 480 nm, Aem= 515 nm at 25°C)
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UV/Vis spectrum of free BDP in EtOH/PBS (v/v, 1:1, pH = 7.0) showed a
maximum absorption band at 498 nm, which belongs to the BODIPY core. After the
addition of Au*" ions, the absorption band decreased and shifted to 500 nm (Figure
4.3.a). As expected, the resultant compound was non-fluorescent due to the PET process
in EtOH/PBS (v/v, 1:1, pH = 7.0). The fluorescence spectrum of BDP collected upon
excitation at 480 nm exhibited a very weak emission band at 516 nm. However,
emission intensity was 11-fold increased at 515 nm after the addition of Au** ions (200
uM, 20 equivalents with respect to probe BDP). The remarkable change in emission of
the probe is the evidence of the blocking of the PET process (Figure 4.3.b).

1.8 a) —— 10 uM BDP
1,6 - —— 10 pM BDP + 20 eq Au*"

1,41
1,21
1,0
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Wavelength (nm)
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—— 10 pM BDP + 20 eq Au™
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Fluorescence Intensity (a.u.)
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Wavelength (nm)

Figure 4.3. a)Absorption and b) emission spectra of BDP (10 uM) and Au*" ions (20
eq.) in EtOH/PBS (v/v, 1:1, pH = 7.0); (Aex: 480 nm, Aew= 515 nm at 25°C)
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The reaction time profile of the sensing event was examined by the addition of
Au** ions to the sensing media. The spectroscopic response of probe BDP was quite fast
(< 1 min), the highest signal intensity was observed at the 4th minute. The signal
intensity remained constant after 10 min, which was lower than the intensity at the 4th
minute. Based on these, all measurements were carried out after 4 min, allowing the
fluorescence signal to reach the maxima (Figure 4.4.a).

A systematic titration of BPD with Au®" ions indicated that emission band
intensity at 515 nm increases linearly with the increasing concentration of Au*" ions in
the range of 0.0-200 uM. The solution became saturated after the addition of 20 eq.
Au**ions (Figure 4.4.b).
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Figure 4.4. a) Time-dependent fluorescence change of BDP (10 uM) in the presence of
an 20 equivalent of Au** ions measured in EtOH/PBS (v/v, 1:1, pH = 7.0),
b) Fluorescence spectra of BDP (10 uM) in EtOH/PBS (v/v, 1:1, pH = 7.0)
in the presence of Au** ions (mole equivalents = 0-20), Inset: Calibration
curve. (Aex: 480 nm at 25 °C).
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Furthermore, the selectivity of BDP was determined by titrating it with various
metal cations under optimum conditions. The probe was proved to be highly selective
for Au®" ions. The higher response of Au* and Hg?" ions compared to other metal ions
can be explained by similar alkynophilic properties to Au** ions (Figure 4.5.a).

The interference of other metal ions in the detection of Au’" ions was
investigated. The results showed that BDP could smoothly detect the Au** ions in the

presence of other metal ions (Figure 4.5.b).
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Figure 4.5. a) Fluorescence of selectivity experiment of BDP (10 uM) + Au** ions (200
uM, 20 eq.), BDP (10 uM) + other metal ions (200 uM, 20 eq.) in EtOH/PBS
(v/v, 1:1, pH = 7.0) (Aex: 480 nm, at 25 °C). Inset: Bar graph notation, b)
Fluorescence of a competition experiment of BDP (10 uM) in EtOH/PBS
(v/v, 1:1, pH = 7.0) in presence of 20 equivalents of the cations (grey bar);
in presence of cations and Au’** ions
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Lastly, titration with lower concentrations was performed to determine the
detection limit of BDP towards Au®" ions. The increased emission intensity was directly
proportional to the amount of Au®* ions and the minimum amount of Au®" ions that can
be detected under optimum conditions was found to be 10 nM based on S/N =3 (R? =

0.994) (Figure 4.6).

350 y =249,56x + 72,127
R?=0,994

Fluorescence Intensity (a.u.)

0 0,2 0,4 0,6 0,8 1 1,2

Equivalents of Au3*

Figure 4.6. Fluorescence changes of BDP (10 uM) upon addition of Au** ions (0.1 to
1.0 eq.) in EtOH/PBS (v/v, 1:1, pH = 7.0), (Aex: 480 nm, at 25 °C)

Intramolecular hydroamination reaction took place with the treatment of BDP
with a catalytic amount of Au*" ions in ethanol and resulted in the appearance of a strong
green-fluorescent solution which is BDP-PYR including 2,4-disubstituted pyrrole
(Figure 4.7). Two major products with close Rf values were monitored by TLC and
separated by column chromatography. However, structural information of purified
products could not be determined by 'H NMR, instead, cyclization product was

characterized by HRMS.
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Figure 4.7. Proposed reaction mechanism for the detection of Au** ions

Figure 4.8.Fluorescence images of Human Lung Adenocarcinoma cells (A549).
a)Fluorescence image of A549 cells treated with BDP (5 uM) only; b)
Fluorescence image of cells treated with DAPI (control); ¢) Fluorescence
image of cells treated with BDP (5 pM) and Au*" ions (50 uM) (hex =
480 nm); d) merged images of frames b-c.
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Finally, the applicability of probe BDP for imaging Au*" ions in living milieu
was questioned relying on the extreme photochemical and physical properties of probe
BDP, including its rapid response time, unique gold ion specificity, low detection limit,
and high fold fluorescent change. To this end, firstly, Human Lung Adenocarcinoma
cells (A549) were incubated with probe (5 pM) at 37°C for 20 min. Then, 50 uM Au**
solution was added and the cells were incubated for 20 min. Finally, the cells were also
incubated for another 10 min after the addition of DAPI staining dye which stains the
nucleus of the cell. Fluorescence images of the probe were taken in the absence and

presence of Au" ions in the cell medium (Figure 4.8).
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CHAPTER 5

CONCLUSION

In this research, a novel “turn-on” fluorescent chemosensor was designed,
synthesized, characterized towards the detection of Au** ions, and its sensing capacity
to other possible reactive species was examined. The probe was designed based on the
alkynophilic property of Au®* ions. Therefore, enyne which includes the C-C triple bond
was combined with a fluorophore unit which was chosen as BODIPY. Resulting
chemosensor had non-fluorescent property because of the PET process. The addition
of Au*" ions activated alkyne moiety and induced intramolecular hydroamination
reaction. Therefore, the PET process was blocked, and strong green-fluorescent

emission was observed.

Solvent System: PBS/EtOH 1/1 pH= 7.0
Detection limit: 10 nM
Response time: 10 min (saturation)
Application: In vitro analysis

Figure 5.1. Properties of BDP

The photophysical properties of the probe, BDP, were systematically scrutinized
by the aid of UV/Vis and Fluorescence spectrophotometry. BDP has no fluorescent

emission (Or=0.0049) upon excitation at 480 nm. The probe showed distinct fluorescent
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response(®r=0.49) and extremely low detection limit (10 nM) toward Au** ions. The
probe selectively and sensitively detected Au®" ions without any interference of
competitive metal ions.

Apart from the rapid and specific response to Au®* ions in the solution, this probe

proved to be highly successful in imaging gold species in human lung adenocarcinoma
(A549) cells.
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APPENDICES

APPENDIX A:
"TH-NMR AND BC-NMR SPECTRA OF COMPOUNDS
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Figure 6. *C NMR of (3-(bromomethyl)but-3-en-1-yn-1-yl)benzene (RU)
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Figure 10.1°C NMR of 4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-dipyrrolo[ 1,2-
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Figure 11. "H NMR of 4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-dipyrrolo[ 1,2-
c:2',1'-f][1,3,2]diazaborinin-10-yl)-N-(2-methylene-4-phenylbut-3-yn-1-yl)aniline
(BDP)
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Figure 12. 1*C NMR of 4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-dipyrrolo[ 1,2-
c:2',1'-f][1,3,2]diazaborinin-10-yl)-N-(2-methylene-4-phenylbut-3-yn-1-yl)aniline
(BDP)
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APPENDIX B:
MASS SPECTRA OF COMPOUNDS
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Figurel. Mass Spectrum of 4-(5,5-difluoro-1,3,7,9-tetramethyl-5SH-41*5)4-
dipyrrolo[1,2-c:2’,1°-f][1,3,2]diazaborinin-10-yl)-N-(2-methylene-4-phenylbut-3-
yn-1-yl)aniline (BDP)
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Figure 2. Mass Spectrum of 5,5-difluoro-1,3,7,9-tetramethyl-10-(4-(4-methyl-2-
phenyl-1H-pyrrol-1-yl)phenyl)-5H-4)% 5A*-dipyrrolo[ 1,2-¢c:2”,1 -
f][1,3,2]diazaborinine
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