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1. Introduction 1

1. Introduction

1.1 Aim of the Work

Increased lactate levels inside cells are closelgted to tumour growth according to the
Warburg hypothesis.? While an up-regulation of glycolysis can be observpyruvate
concentrations remain low, indicating that the tum@mploys either the glycolytic
pathway as a whole or other metabolic routes. Theuat of blood vessels built during
angiogenesis causes an oxygen gradient in tumdisr Gducose is converted to lactate in
order to produce more energy for carcinogeneskypoxic tumour cell$.In vivo studies
on rat brain, whose striatum contained C6 glioms ¢brain tumour), yielded a decrease
of glucose from 2.14 mM to 1.71 mM and an increabdactate concentrations from
0.86 mM to 1.65 mM compared to a control cell ffneactate, however, needs to be
withdrawn from cells due to intracellular homeoitas This is realized by a
monocarboxylate transportérThus, lactate is immediately taken up by aerobindur
cells and subjected to the citric acid cycle tonfoEQ, and NADH/H.” The latter is
oxidized to NAD and the emerging energy is harnessed by ATP-sy@atioaform ATP.

Enzymes are key players in carcinogenesis. In gbewel cancer, tumour growth is
regulated by DNAse X whereas metabolism is corddoby transketolase-like-1 (TKTL-
1)%. Both enzymes are overexpressed and high laetagésltogether with acetoin, diacetyl
and acetyl phosphate occur as result of a changgdbawlism. Therefore, TKTL-1 forms
an interesting target as information about enzyereattivity relates to tumour growth. The
metabolic products can be labelled with specificofescent probes that change their
spectral properties (fluorescence intensity ortiliie) upon attachment. Probes for
acetoiri, diacetyt’ and acetyl phosphdfeare known and may be subjected to tumour
imaging? by means of fluorescence microscopy in referencéhé pioneering work of
Weissleder et alThis group developed a method for imaging tumaseaiated lysosomal
protease activity in a xenograft mouse moutelivo™® They applied artificial enzyme
substrates based on a peptide chain that bearfiuarophores whose fluorescence was
guenched due to their proximity. Fluorescence e¢evered once the peptide is cleaved by
intracellular protease. This enables the detecfdomours even at an early stage.

Artificial enzyme substrates may alter the activatfy TKTL-1, which can result in
changes of glycolysis. Therefore, lactate is amredting target in tumour diagnosis.
Hence, novel luminescent probes and detection sehidor lactate were investigated in
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this PhD thesis. The first part constitutes theigiesand development of fluorescent
probes, which are attached to lactate via covatenhydrogen bonds or coordinative
interactions. Only one specific probe for lactats been reported so faillustrating how
challenging lactate detection is. In the presentkwa new approach should be performed
using phenylboronic acids as receptor. They werddoattached to fluorophores and
characterized regarding the change of spectrosgopjeerties upon interaction with both
lactate enantiomers. The interference of sacchapdethe boronic acid-lactate interaction
was to be considered as well.

The second part of the PhD thesis deals with theldpment of an enzymatic assay
for L-lactate. Lactate oxidase (LOx) catalyses tomversion of L-lactate to pyruvate
under release of hydrogen peroxide (HP). A new erav HP (HP Green) had already
been prepared by Martin Link within his PhD thesisf more detailed investigations
regarding the response of HP Green to HP in theepee and absence of horseradish
peroxidase (HRP) were to be performed here. Momed¥Ee Green was to be combined
with HRP and LOX. In the next step, glucose oxid@&®x) was to be utilized as a further
model for oxidase based assays in general owitigetdact that it is a very stable, easy to
handle enzyme that is inexpensive even in high tiftes) Finally, the L-lactate assay was
to be established based on all obtained resulisagdays require characterization with

respect to their dynamic range and their limit efedtion.
1.2 Theoretical Background

Fluorescence spectroscopy has become a powerfuhdam specific and sensitive method
in analytical chemistry® Parker's law expresses the correlation of fluenese intensity
and concentration of a fluorophore where F is theréscence intensity detected, | is the
intensity of the photo-exciting light,is the molar absorbance, c is the concentratidheof
fluorophore, d is the length of the optical pathywais the fluorescence quantum yield and

k is a factor regarding the specific instrumentdmetry:
F=Il[lelcldlg¢glk

Upon interaction of a fluorophore with an analydpectral changes on lifetiffe®’
quantum yiel® and/or fluorescence intensity respectively occur. The latter was

measured in the present work in order to prove euantmlyte interactions, establish
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calibration plots or determine the kinetics. Twag@sses that modulate intensity are
described below as well as a novel method for tleaalization of luminophores. More
details about probes for lactate and hydrogen paecere presented at the beginning of the

respective chapters.
1.2.1 Photoinduced Electron Transfer

Generally, photoinduced electron transfer (PET)ucedrom a PET donor to an excited
fluorophore (acceptor) that quenches its fluoreseeAll PET probes are based on three
components that can be combined depending on gieedapplication. A fluorophore acts
as a light-harvesting antenna and simultaneouslgnaslectron acceptor. The number of
appropriate dyes is virtually unlimited and covéne whole spectral range. Thus, the
choice of the fluorophore is governed by the regplgxcitation and emission wavelengths.
The spacer consists of at least one methylene gandseparates the fluorophore from the
receptor. This spacer facilitates the PET effecictvlis a long range proce&sThe ideal
number of methylene groups is 3 to 4 accordingniestigations on fluorescent PET
probes for alkali metal ions with different spasemgths? The third unit is the receptor
(electron donor) that binds or reacts with an aealthereby changing the PET efficiency.
The molecule of interest determines the constitutibthe receptor unft >* *PET probes
are mostly designed as “OFF-ON” fluorophores witv/ho fluorescence in the unbound

state and a strong fluorescence after bindingrtoe@ction with) an analyte (Fig. 1.%).

PET

e
Fluorophore | spacer Receptor

S
exc./ \q\em.

Analyte

PET

e Receptor
Fluorophore | spacer +

T Analyte
exr/ \em.

Figure 1.1.Interruption of PET after binding of an analytehe receptor unit.
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In the following, the PET effect is discussed byame of the “OFF-ON” principle,
however, cases are reported for “ON-OFF” fluoropisoas welf® Usually, the analyte-
free receptor is bearing free electron pairs, & guitrogen or oxygen atoms. One of these
electrons can be transferred to the partially uapsd HOMO of the photoexcited
luminophore. Back-electron transfer then can taleee from the excited state of the
luminophore to the HOMO of the receptor. This leta radiationless deactivation of the
excited state, and fluorescence is quenched. #nafyte binds to the receptor, the PET is
interrupted and fluorescence is turned on (Fig). Irtmost cases, the free electron pair of
the donor is removed or blocked by the analyteeeithrough oxidatioi* % covalent
binding® % or noncovalent interactioffs

OFF-mode ON-mode

LUMO

|

|

1

LUMO —I— |Lumo —— |
1

|

qé HOMO —H— HOMO |
1

1

|

I

|

|

|

:ﬂw
oo o

Fluorophore* Receptor
(acceptor) {donor)

HOMO —I— HOMO —%

Fluorophore* Receptor Fluorophore Receptor
(acceptor) (donor) (acceptor) (donor)

+
Analyte

Figure 1.2. Simplified molecular orbital energy diagrams shagvihe relative energetic
dispositions of HOMO/LUMO of the fluorophore and MO of the donor involved in
PET. The asterisk (*) symbolizes the excited flydrore®*

In the unbound state, the energy of the HOMO ofréoeptor lies between the energy
levels of HOMO and LUMO of the fluorophore. The e¢Ban of the receptor with the
analyte shifts the energy of its HOMO to lower wduthereby stabilizing it. Ideally, it lies
energetically lower than the HOMO of the fluorophoin this case, the PET effect is
completely suppressed (ON-mod&)*! The comparison of the redox potentials of receptor
and dye gives information about the energetic kwélthe involved HOMOSs according to
the HOMO/LUMO concept. This is a useful criterioor fthe design of such triad
molecules. Welléf has derived a quantitative approach to predict Bffi€iency. In all

cases, PET occurs fast and fully reversible.
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In case of HP sensitive receptors, their oxidatleereases the energy level of the
HOMO. Soh et af® proved this assumption by energy level calculatiarsing a
diphenylphosphine moiety as a receptor and itsesponding oxide as a model PET
system (Fig. 1.3). The probe DPPEA-HC (7-hydroxe@-N-(2-
(diphenylphosphino)ethyl)-2H-chromene-3-carboxarmidecontains a  redox-active
diphenylphosphine group that is spaced from thenawin fluorophore by two methylene
groups. It shows a maximum in absorption at 405amah emits blue fluorescence with a
maximum at 449 nm. Following the oxidation by HIRg tfluorescence intensity is
switched on with a 137-fold increase after a resctime of 60 min at 37 °C. The dynamic
response ranges from 0 to 20 uM of HP. Some ROB8 ascsuperoxide (O and NO
increase the fluorescence intensity to an extemiai to HP, while ONOQ OCI, OH, or
ROO do not interfere significantly. Accordingly, theumarin based probe was the first

HP sensitive PET probe that was applicable in aggisolution.

oUe ¢
- -

O\\ /NH —_— O\\/NH
= O = 0
0 0]
OH OH

Figure 1.3.DPPEA-HC (left) reacts with HP to DPPEA-HC oxidigl{t).

Up to now, no PET probe for lactate is mentionedwéver, manifold other
fluorophores with PET are described in the litertdor instance for H** Na',% K*®
ca* ® Mg?* ¥ Ag* %8 zn** ¥ HPQ,,*° uronic acid and glucosé® **The latter makes use
of boronic acid moietié§, which partly quench fluorescence. Upon interactigith
glucose, PET is suppressed and emission is enhakiogd details on the mechanism are
described in chapter 4. PET probes based on ndphitthes and ruthenium(ll) complexes

are presented in this dissertation.
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1.2.2 Internal Charge Transfer

Spectral properties can also be altered by applgingnternal charge transfer (ICT).
Common ICT fluorophores consist of electron-dorgt{d’) and electron-accepting )
terminal groups that are connected via a deloahliesystem. Furthermore, they contain
heteroatoms (non hydrocarbons), which increaseathghiphilic character resulting in a
more pronounced dipole moment of the “push-pullsteyn. Upon excitation, this dipole
moment increases as electron density is being trifited™ and microenvironmental
changes can be detected by absorption and/or f#cenee. Fluorescence is mostly red-
shifted with increasing solvent polafifypbecause dipole-dipole interactions of fluorophore
and solvent stabilize the excited Sate, thus lowering its enerdfyOptical detection of
solvent vapours applies environmentally sensitiV& fluorophores like Nile Red, which
was embedded in different polymers to be placedip of an optical fibré® 4’
Furthermore, the large dipole moment of ICT fludropes renders them suitable for
indicators of quickly occurring changes in the meanle potentiaf®

ICT probes for charged or neutral analytes addifignafford a receptor in order to
increase the number of target species in the mMmertmmment which can exert stronger
electric fields than solvent molecules. The intezptafluorophore-receptor system is the
most common structural principle which features shme backbone of electron-donating
and electron-withdrawing terminals but the recepsointegrated in one terminal or in
between. Both, the wavelengths of absorption andsom are up to changes upon analyte
capture depending on the position of the recep. (1.4)*° Binding of a cation, for
instance, is likely to result in a blue shift insabption and emission when the receptor is
connected to the electron-donating terminal. Thrilsve forces between the positively
charged guest and té-end of the fluorophore destabilize the electracited S state,
thus increasing its enerdy.The extent of the blue-shifted bands is relatedthe
concentration of the cation, enabling a ratiomeamnalysis’ In contrast, fluorescence is
red shifted when the electron-accepting end isyragrthe cation receptdf. PET probes

for cations do not display such shifts offering @niéerion for discerning PET and ICT.
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Analyte

Figure 1.4.Change of spectral properties in ICT probes upodibg of an analyte to the
receptor unif?

Up to now, no ICT probe for lactate has been regbtowever, various other species
are targeted like Zi,>* CU/** > saccharided ** pyrophosphate and cyanid®. In case of
HP, the ICT probe Peroxy Lucifer 1 (PL1) undergohanges of emission colour upon
reaction with HP (Fig. 1.5). PL1 displays absorption and emission maxima at &b
475 nm, respectively. The boronate-based carbapratecting group is cleaved off by a
chemoselective reaction with HP. The electron-pdonor becomes an electron rich
amine, which causes a red shift in absorption dadrdscence (to 435 and 540 nm,
respectively). Ratioed emission intensities dis@ay2-fold increase after 2 h of reaction
when 200 uM HP was added to 5 puM PL1. The probe sumsessfully subjected to
ratiometric imaging of HP in living cells. ICT preb based on hemicyanines and

aminocyanines were prepared in this work.

Figure 1.5.Peroxy Lucifer 1 (left) reacts with HP to an ammaphthalimide (right).
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1.2.3 Red-Green-Blue Readout of Digital Cameras

Photometers, fluorimeters and other optical insents like microscopes are well known
and established for the determination of analytiaegets. They remain mostly at a fixed
position which affords the user to prepare samiplgsoximity or to transport them to the
device. In-field measurements however, need minmdd systems that are easy to
transport and to handle. Despite electrochemicéhauks, small optical tools or sensors are
known. A recent trend in sensor technology makes afsdigital cameras to substitute
classic instrument® The core of modern digital cameras consists tieeia CCD (charge
coupled device) or a CMOS (complementary metal @x3démiconductor) chip, which
contains small spots (pixels) with defined aread #re sensitive to light. A Bayer filter is
placed in front of every pixel, which allows trariseion of either only red (R), green (G)
or blue (B) light of the visible spectrut.Therefore, data are recorded in three separate
channels and the final colour picture is a supetiposof all three RGB data sets. The
RGB sensitivity of the camera covers the wholeblgsispectrum (Fig. 1.6) and colour

information is given as brightness values in thenfof histogram§®

6.00

5.00

i\

ALY
AN
AFEFAYIA
LN N A

350 450 550 650 750 B350 550
Wavelength

¥>7//
/f
f

Figure 1.6. Spectral response of the Canon EOS 50D CMOS chgwisg the
sensitivities of the red, green and blue (RGB) de#s(image taken from referent
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Smart sensor design affords fluorophores, whoserdkcence matches the RGB
channels. Data evaluation follows a reverse pragediihe picture is split and colour
(=analytical) information of the respective chan@eiistogram) can be obtained by using
software like Adobe Photoshop or ImageJ. Besideavomiour system&" 6% 3t is more
common to utilize a dual colour system consistihg sensing and a reference dye in order
to enable ratiometric read-out. It is importanttthath fluorophores can be excited at the
same wavelength and display different Stokes” sh&t that the emissions are stored in
different memories of the RGB camera. The meanegbf the histograms of sensing and
reference channel, respectively, are divided tcaiobtatiometric evaluation. Methods
based on this principle have been successfully Idped for oxygerf, imaging of
intracellular oxygeff or biogenic aminé8 as well as a dual RGB sen%dfor oxygen and
pH. The latter was used to monitor progress in wotealing, where small cameras
simplify measurements in-field instead of bulky trasnents like fluorimeters or
sophisticated imaging set-ups.

In the present work, a RGB digital camera was usefbllow changes of a mono-
colour system in normal rat kidney (NRK) cells ugonoubation with hydrogen peroxide.
The fluorescence intensity was recorded in thergodmannel and analysis was performed

with ImageJ (see chapter 2.8).
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2. Development of Fluorescent Probes for Hydrogendproxide

2.1 Introduction

Hydrogen peroxide (HP) belongs to the class ofdhalled "reactive oxygen species”
(ROS), which also include species such as singlggen, hydroxy radicals, superoxide
anions, or nitric oxide. These are associated watipus functions in (patho)physiological
processes.? If exposed to oxidative stress, cells can be sultisily damaged if the levels
of ROS exceed the tolerable physiological rahd#P also is vasoactive and plays key
roles in inflammation and hypoxia-reoxygenation tisisues” ®> Despite its hazard to
organisms, HP is ubiquitous as it is a by-proddichany metabolic reactions and acts as a
messenger in cellular signalifig” ® HP also is a widely used bleaching agent and its
toxicity towards microorganisms is harnessed forppses of cleaning and disinfection.
Furthermore, it is used in the production of exples and as a rocket fuel.

Common detection schemes for HP are based on ethetrochemical or optical
methods. Amperometric methods are widely used [secBilP is monitored (continuously)
either via anodic oxidation or cathodic reductidhe resulting current is dependent on the
concentration of HP. Recent approaches combinereiftapheneor silver nanoparticlé$
with classical electrode materials. Optical methadsan attractive alternative and widely
used in the fields of imagiffor high-throughput screenitfy Optical methods based on
photometry” are interesting candidates but fluorometry displaigher sensitivity and can
be applied to coloured and scattering media suates and tissueMaeda et al* have
synthesized a number of pentafluorobenzenesulfdlugdresceins, so-called “off-on”
fluorophores. The fluorescein backbone is connectéad a quenching
pentafluorobenzenesulfonyl group which is cleavéidby HP via perhydrolysis, thus
regenerating the phenolic group of fluorescein.tB€3D values are 4.6 pmoles of HP.
Boronic acid pinacol esters are a very promisinggraftive for switching off the
fluorescence of fluorescefi.Upon perhydrolysis, non-toxic boronic acid is feunand
fluorescence restoréf.!” While the selectivity and sensitivity of these Ipes is excellent,
their synthesis is (partly) time consuming and fadags. EuTc, an Eu(lll) complex with the
antibiotic tetracycline (Tc) as a ligand is easytepare and displays emission at 616 nm.
A 15-fold increase in fluorescence intensity is iaeed when HP replaces a water
molecule from the coordination site, and the LODLi8 uM. However, phosphate and
citrate interferé® ' 2% Z’Amplex Red is the most common used probe fofHB: %1t is
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non-fluorescent but converted into a fluorescemdpct after reaction with HP in the
presence of peroxidase. It has a very low LOD (8 and is widely applied in microtiter
plate based schemes, e.g. to determine the aabividxidases or the concentration of their
substrates. Assay kits are commercially availdbl@ther probes for HP are based on the
photoinduced electron transfer (PET) eff€cDPPEA-HC, for instance, possesses a
diphenylphosphine moiety as a receptor group thapaced from a coumarin fluorophore
by two methylene group.The fluorescence intensity of the probe dependtherPET
effect exerted by the diphenylphosphine donor oa toumarin acceptor. Once the
diphenylphosphine moiety is oxidized, electron $fan (and thus quenching) is blocked
and fluorescence restored. The state of the aftuorescent probes for HP has been

reviewed recently®

2.2 Synthesis and Characterization of HP-Probes wit Redox Active p-
Anisidine and N,N-Dimethylp-phenylene Diamine Head Groups

The aminonaphthalimide fluorophore was chosen ksecatiits spectral characteristics and
relatively facile preparation. Manifold derivativese described in literature, e. g as an
acceptor in PET probes for sensing alkaline 318 or as an intracellular mark&r.3* 3
Such naphthalimides have moderate molar absorb@n@0 L*mol**cm™), but can be
photoexcited with blue light, display strongly gneand pH-independent fluorescence
under physiological conditions, and a large Stokdsft. Then,p-anisidine and N,N-
dimethylp-phenylene diamine, respectively, were chosen asqEnchers that are easily
oxidized by HP but are otherwise stable on air.nB&clox active group was synthetically
spaced from the naphthalimide fluorophore by twahylene groups. In addition, the
fluorophore was equipped with a C-6 linker carryagerminal carboxy group to impart

better water solubility and to enable covalent inbitipation>*
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2.2.1 Synthesis of an HP Probe with Redox Actiy@ Anisidine Group

o OMe
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® D4 —
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Figure 2.1.Synthetic pathway to compoudd“HP Green”).

Compound4 was synthesized in four steps using affordabldisgamaterials (Fig. 2.1,
developed by Martin LinK). p-Anisidine andN-(2-bromoethyl)phthalimide were reacted,
by analogy to a related protoc8lfo give compound. Its phthalimide protective group
was then cleaved off by hydrazinolysis in boilirtganol to yield the primary amiriz In
parallel, 4chloro-1,8-naphthalic anhydride and 6-aminocaproic Hcidere reacted to
obtain the corresponding naphthalimi8e Substitution of the chloro group B by the
amino group of in the presence of diisopropylethylamine (DIEAgIdied probet in the
form of a yellowish solid, which is called HP GreeRecrystallization yielded all
compounds in high purity and in 44 to 78% yield® Breen is stable for months if stored
under inert gas. It is well soluble in halogenatedanic solvents, ethyl acetate or polar
aprotic solvents like DMF or DMSO. Aqueous stockusons were prepared by diluting
solutions in DMSO with water or buffer (usually @phate buffered saline, PBS). The dye
is soluble in water in concentrations of up to 508. A 100 uM stock solution in
PBS/DMSO (9:1, v/v) is stable for more than two ksee
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2.2.2 Synthesis of an HP Probe with Redox Active N;Dimethyl-p-phenylene

Diamine Group
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Figure 2.2.Synthetic pathway to compougd

A different synthetic route than the one for HP &ravas performed to yield a derivative
with the N,N-dimethylp-phenylene diamine redox group (Fig. 2.2). Effaagprepare the
compound in a parallel fashion were only successfatil the last step due to
decomposition processes. Therefore, a step-bygstepcol (developed by Martin Lidk
and the author of this dissertation) was followeda first step, compoun8was prepared
from 4-chloro-1,8-naphthalic anhydride and 6-amapmoic acid in DMF. The
esterification of the carboxylic acid group was éon boiling ethanol with concentrated
H,SO, as catalyst to obtain the ester Then, the spacer was introduced by reacting

compound5 with ethanolamine in presence of triethylamindMSO to give compound
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6. The hydroxy group 06 was substituted in presence of €&hd PPhin acetonitrile to
obtain compound (with the corresponding chloro derivative). lniscessary to transform
the free carboxylic acid into the ester becauseelpype of reactions may occur with
carboxylic acids, too, thereby forming an acyl cile>® Finally, the chloro group if is
replaced by an iodine atom via situ Finkelsteijn reaction with Nal in ethyl acetate to
improve the electrophilicity of the carbon atom.bStitution of the iodo group by the
aromatic amino group of N,N-dimethglphenylene diamine in the presence of potassium
carbonate as scavenger for HCI finally yields pr8lzes ochre solid. Recrystallization was
used for purification and yielded all compounds high purity and in excellent to
acceptable yields with the exception of the lasipstHere, work-up with column

chromatography on silica resulted in low yield @9 however, prob&8 showed high

purity.
2.2.3 Spectroscopic Characterization — UV, Fluoresace and Effect of pH

Table 2.1. Structure, chemical and spectroscopic data4 cdnd 8, respectively,in

phosphate buffered saline (PBS) of pH 7.4 (10 mMgss noted otherwise.

X 4, HP Green 8
formula Ca7H29N305 C3oH36N404
M.W. (g/mol) 475.22 516.27
INH R=H R = CHCH;5”
HN X OCH; N(CHs)2
OO Aaps(NM) 456 452
Aem (NM) 534 534
o N o e (L*mol*cm™) 7,600 13,700
¢ 0.0032 0.014
OR

O
a) H: free carboxylic acid. b) GBHs: ethyl (ester). ¢) Quantum vyields (QY) were defeed in agqueous

solution with 1 % (v/v) DMSO against the referemye fluorescein whose QY is reported to be 0.95 in
0.1 M NaOH.
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The absorption spectrum of HP Green in agueoudigolof pH 7.4 has a maximum at
455 nm and the molar absorption coefficieris 7,600 L*mol*cm™ which is typical for
aminonaphthalimide¥: “°Its green fluorescence has a main peak at 53& aike peak at
580 nm. The quantum yield is 0.0032. Pr@bdisplays the same emission maxima at 534
and 581 nm like HP Green but its absorption maxsnslightly blue shifted to 452 nm.
Furthermore, dy@® possesses higher values of molar absorbar{td,700 L*mot**cm™)
and fluorescence quantum yiepq0.014). The large Stokes' shift of both probe8@+nm)

is favourable in terms of separating (scattered)tation light from fluorescence (Tab. 2.1
and Fig. 2.3A). The fluorescence of both probestnsngly quenched due to photoinduced
electron transfer (PET) from the redox moietiegsh® naphthalimide luminophore. [
anisidine or N,N-dimethyp-phenylene diamine is oxidized by HP (as shownhtunt
below), PET is suppressed and fluorescence infemsiteased. The mechanism of the
oxidation of the probes by HP is unclear yet. Bglagy to the electrochemical oxidation
of p-anisidiné* we assume that an instable radical cation is bieimged. At pH values of

< 6, the PET effect is suppressed (Fig. 2.3B) dugradonation of the amino group pf
anisidine or the secondary amino group of N,N-dhykep-phenylene diamine, while
fluorescence is constant in the pH range from @, thereby rendering both probes suitable

for experiments at physiological pH values.
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Figure 2.3. A: Absorption and emission spectra of HP Green @anotbe8 (10 1M, each)
in phosphate buffer of pH 7. B: Effect of pH on therescence (534 nm) of HP Green
and probe3 (10 uM, each) after excitation at 450 nm.
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2.3 Hydrogen Peroxide Assay using HP Green

2.3.1 Which Probe to use for the Hydrogen Peroxidassay?

A 20
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Figure 2.4. A: Time traces of the fluorescence intensity of i Green (10 uM) in air
saturated phosphate buffered saline (PBS), p8old® M) in (b) nitrogen saturated PBS
and (c) air saturated PBS. B: Cyclic voltammograhs$iP Green and prob& (50 uM,
each) in PBS of pH 7.4.

It was successfully demonstrated by Martin Eitkat HP Green reacts with HP and that it
can act as probe for HP determination. Pr8bis a derivative of HP Green and it is
determined here, whether it is a potential alteveatAlthough the fluorescence intensity
of probe8 increased after reaction with 1 mM of HP (Fig.[®).5a stable blank signal is
more important, which is necessary for the develapnof an HP assay. Therefore, the
fluorescence intensity of both probes (referencgairet its starting value at t = 0, Fig.
2.4A) in PBS was followed over time under constarsdiation. In case of HP Green, a
weak, but continuous increase in fluorescence sitigris observed (1§l = 1.03 after
30 min), which is caused by photooxidation fronfudifng oxygen from ambient air (trace
a). The fluorescence intensity of proBehowever is strongly affected: It is raised by a
factor of 18, which is higher more than 17-fold nthiea case of HP Green (trace c).
Nitrogen saturated PBS and sealed cuvettes redateqxidation of prob& significantly
but the fluorescence is still increased up tep #11.45 (trace b). It can be concluded that
probe 8 is more easily oxidized than HP Green, which wasfarmed by cyclic
voltammetry (Fig. 2.4B). The potentials of HP Gremrd probe8 are 184 and 472 mV,

respectively, and were measured against a sillkavsichloride reference electrode.
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Furthermore, the cyclic voltammograms of both peollestrate an irreversible oxidation
because no reduction peak was detected. In coonluiP Green is preferably chosen as
probe in assays for HP because its fluorescenceainemstable and effects by

photooxidation are low.
2.3.2 Response of HP Green to Hydrogen Peroxide Absence of Peroxidase

The response towards hydrogen peroxide in the abseh peroxidase was studied by
adding HP (in final concentrations of 500 or 250)uMa 10 uM solution of HP Green in
PBS at 25 °C. Fig. 2.5A depicts the resulting titmaee of the emission at 534 nm over
30 min. Fluorescence intensity increased lineasxtgraime (30 min) indicating a slow
reaction of HP Green with HP (b and c). Trace ffafig. 2.5B shows the signal of a blank
solution containing HP Green in buffer only. A wedkit continuous increase in
fluorescence intensity is observedy Kl 1.04 after 45 min), which is likely to be caudsd
autoxidation or photooxidation. A similar behaviouas reported byoh et af’ for the
DPPEA-HC probe. Traces (b) and (c) show that HP lsandetected with sufficient
sensitivity after a 30 min reaction time. This gla calibration plot for HP (Fig. 2.5B)
over the concentration range from 10 to 250 uM. flogcan be described by the equation
Y = Yo + Ar*exp(-x/ty), with values of 1.115 £ 0.003, -0.113 + 0.003 &8dt 5 for y, A;

and t, respectively. The correlation coefficienf{fs 0.97.
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Figure 2.5. A: Time traces of fluorescence intensity afteriadd of (a) 0, (b) 250 uM
and (c) 500 uM of HP (final concentration, eachH® Green (10 uM) in PBS of pH 7.4
at 25 °C. B: Relative signal change of the fluoesme intensity (14) of probe HP Green
at 10 uM in the presence of 0, 10, 40, 75, 1252&@duM HP after 30 min.
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2.3.3 Response of HP Green to Hydrogen Peroxide lftesence of Peroxidase

The slow reaction of HP Green with HP and the tesylmodest increase in signal
suggested the use of horseradish peroxidase (HRP, E11.1.7). HRP is a heme
peroxidase that can oxidize a wide range of phemudsaniline$? **The assay developed
here follows a protocol of a ready-to-use?RiHHP Green was dissolved in PBS of pH 7.4
(in a final concentration of 10 uM) and various igittes of HP (in final concentrations of
0 — 30 uM) were added in the presence of 0.1 U/RIPHEmission and excitation spectra
were recorded after 10 min of incubation at 30F{gg. 2.6 and 6.5A).
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Figure 2.6. Excitation (left) and emission spectra (right) /P Green (10 uM) after
incubation for 10 min with HRP (0.1 U/mL) and HPt@30 uM) at pH 7.4 and at 30 °C.

In both cases, an up to 11-fold increase of flumerse intensity occurs at 534 nm,
which is also reflected by an increase in quantigtdyfrom 0.32% to 4%. The maxima of
the fluorescence spectra remain at 534 and 580 raespectively, but the absorption
maximum is blue-shifted from 456 to 443 nm. The an@bsorption coefficient decreases
from 7,600 to 5,500 L*mafcm™ (see Tab. 2.2). Upon addition of catalase (E.C1.1.6,
oxidoreductase, CAT) to a sample containing HP, HIR& HP Green, HP is decomposed
to water and oxygen. Concomitantly the oxidatiortH&f Green is stopped (Fig. 2.7). This
experiment illustrates that the fast increaseunréscence is due to oxidation of HP Green
by HP.
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Table 2.2.Spectroscopic properties of HP Green before atedt efaction with hydrogen
peroxide (10 uM) and horseradish peroxidase (OmL)/

Aaps(NM) Aem (NM) e (Lmol'cm™) @ (%)
before 456 534 7600 0.32
after (15 min) 444 534 5500 4
12—-
150 pM HP

and 0.1 U/mL HRP
104

150 uM HP, 0.1 U/mL HRP
and 90 U/mL CAT

171, (534 nm)
?

41 Addition of CAT

21 0.1 U/mL HRP

0 5 100 15 20 25 30 35 40 45

time / min

Figure 2.7. Time trace of fluorescence intensity of HP Grekdh (M), HRP (0.1 U/mL)
and HP (150 puM) in PBS of pH 7.4 at 30 °C. Additmincatalase (CAT, 90 U/mL) after

6 min of reaction time will stop the oxidation oPH>reen.

The kinetics of the reaction of HP Green and HPresence of HRP was studieid
time trace measurements and by referencing agtiestorresponding initial emission
intensity (I/b) (Fig. 2.8A). First, the fluorescence of HP Gré&é0 pM) was monitored
over 30 min at 30 °C in the presence of HRP (0.ml)/ but without HP (plot a). The
signal is virtually stable in that yincreased by 4% only, probably due to photooxadati
Upon addition of various concentrations of HP, fkerence intensity increases
significantly. In case of 1 uM of HP, the reactimncompleted after 10 min (plot b).
Higher concentrations of HP require longer timasefguilibration, for example 30 min in
case of 5 uM HP (plot ¢). HP in concentrations df®>uM cannot be determined because
no further increase of signal is observed (plo@nd e, respectively). In a kinetic assay

format, 10 min of incubation is adequate for a g@nd sensitive determination of HP.
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Figure 2.8.A: Time trace of the fluorescence of the systemGitBen (10 uM) and HRP
(0.1 U/mL) at pH 7.4 and 30 °C in presence of (a)® 1, (c) 5, (d) 10 and (e) 20 uM of
HP (final concentration, each). B: Calibration plot I/l (after 11 min)vs the

concentration of HP.

Calibration plots for the kinetic assay of HP wesgablished using a microtiterplate
(MTP) reader. All solutions and the MTP were stoed30 °C before the assay was
performed so to minimize the effects of temperathifé¢ Green (in a final concentration of
10 uM) and HP in various concentrations were plasezhch well and diluted with PBS of
pH 7.4. The reaction was started by addition of HRRa final activity of 0.1 U/mL) and
incubating at 30 °C for 10 min under exclusion ight. A delay time of 1 minute was
chosen for the time between sample preparatiorstartof measurement thus resulting in
an overall incubation time of 11 min. The resultogjibration plot (Fig. 2.8B) shows the
probe to have a dynamic range from 0.1 to 5 uM Bf Hhe limit of detection (LOD,
defined as 8) is 64 nM, which equals 16 pmols of HP per weB{2.L). The calibration
plot can be described by the equation y=+yA;*exp(-x/ty), with values of 9.70 £ 0.03,
-8.73 + 0.03 and 3.29 + 0.03 fog, YA; and {, respectively. The correlation coefficienfR
is 0.997.

2.4 Enzymatic Assay for D-Glucose

Most optical enzymatic detection scheffidsr glucose are making use of glucose oxidase
(GOx, E.C. 1.1.3.4), which is a stable, easy tadl@and inexpensive enzyme. It catalyzes
the conversion oB-D-glucose into D-glucono-1,5-lactone. Hydrogengxéte is formed

as a reaction product and its concentration canmmsasured and related to the
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concentration of glucose. To prove the principlejcgse (in a final concentration of

100 uM) and GOx (1 U/mL) were added to a solutiorH® Green (10 uM) and HRP

(0.1 U/mL) in PBS of pH 7.4 at 30 °C. The concetitres of dye and HRP equal those of
the experiments related to Fig. 2.8. Fluorescenceeases immediately upon injection of
glucose (Fig. 6.5B). The kinetics of the enzymagiaction was investigated via time trace
measurements (Fig. 2.9). The fluorescence of HRIGIe the presence of HRP and GOx
served as a blank signal. Its intensity was folldweer 30 min (trace a). An increase by
22% is found, probably owing to photooxidation (se®ove). The addition of various

concentrations of D-glucose induces a distinctaase of fluorescence intensity. The
reaction is not completed after 30 min as satunaonot reached for any amount of D-

glucose added except for 1 uM (trace b).
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Figure 2.9. Time trace of the fluorescence of HP Green (10 ,uMRP at 0.1 U/mL and
GOx at 1 U/mL at pH 7.4 and 30 °C in presence pD(gb) 1, (c) 20 and (d) 100 uM of

D-glucose (final concentration, each).

A calibration plot was established under the saoraitions as for the HP calibration
(see above) after an 11 min incubation time anctuegclusion of light in the plate reader.
The resulting graph (Fig. 2.10) shows a dynamigeaitom 2 to 30 uM of glucose. The
LOD (30) is 644 nM, which equals 161 pmol of glucose pel {250 pL). The calibration
plot can be described by the equation y =M)/(1+exp((x-%)/dx)) + A, with values of
-1.66 £ 1.12, 8.32 + 0.18, 6.81 + 1.50 and 6.5@900or A, Ay, Xo and dx, respectively.
The correlation coefficient @is 0.996.
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Figure 2.10. Calibration graph (including standard deviations h = 8) obtained by
plotting I/lp (after 11 min)s the concentration of D-glucose.

2.5 Enzymatic Assay for L-Lactate

An assay for L-lactate was developed to illustritat HP Green is also suitable in
combination with less stable oxidases like lactatielase (LOx; E.C. 1.13.12.4).LOx is

a flavine type enzyme that converts L-lactate ipiyruvate and HP under aerobic
conditions. It is much less stable than GOx. Ldget(20 uM) and LOx (1 U/mL) were
added to a solution of HP Green (10 uM) and HRP (UmL) in PBS of pH 7.4 at 30 °C.
The concentrations of dye and HRP equal thoseeoéxperiments related to Figs. 2.8 and
2.9. Fluorescence intensity increased immediatiédy anjection and reached its maximum
after 30 min (Fig. 6.5C). The kinetics of the enzyim reaction was investigateth time
trace measurements (Fig. 2.11). The intensity) (0l the blank (trace a) increased to reach
an almost constant level after 15 miny(¥l 1.8). Photooxidation of HP Green is probably
the reason. The addition of various concentratairislactate causes a distinct increase of
fluorescence intensity, which reaches a constamed k&fter 15 min for all quantities of L-
lactate added, with the exception of 1 uM (trace F)rthermore, the signal hardly
increases further if lactate concentrations exca@qiM. Therefore, 20 uM of L-lactate

may be interpreted as the upper limit of the dymarange (traces c and d).
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Figure 2.11.Time trace of the fluorescence of HP Green (10,4#RP at 0.1 U/mL and
GOx at 1 U/mL at pH 7.4 and 30 °C in presence pD(gb) 1, (c) 20 and (d) 100 uM of

D-glucose (final concentration, each).

A calibration plot was established in MTPs at tame conditions of probe, HRP and
enzyme as in the case of the glucose assay. Fusmes intensity was measured after
incubation for 6 min in the dark at 30 °C. A pldtlb, vs. concentration of L-lactate (Fig.
2.12) resulted in a dynamic range from 0.5 to 10 INe limit of detection (LOD, defined
as d) is 162 nM, which equals 41 pmol L-lactate perlW2b0 uL). The plot can be fit to
the equation y =g+ Ar*exp(-x/ty) with values of 5.54 + 0.07, -4.50 + 0.07 and 45014
for yo, A; and §, respectively. The correlation coefficientjRs 0.998.

17, (535 nm)
®

c(L-lactate) / uM

Figure 2.12. Calibration graph (including standard deviations h = 8) obtained by

plotting I/lp (after 6 min)vs. the concentration of L-lactate.
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2.6 Effect of Oxygen Ingress

Fluorescence of HP Green displays certain sertgittei oxygen that diffuses into the
(aqueous) reaction mixtures from ambient air. Was observed for blank measurements
of HP Green (10 uM) with HRP (0.1 U/mL) and oxidg&eU/mL) in case of the D-
glucose and L-lactate assays (Fig. 2.13). In gheexnents, fluorescence increases due to
autoxidation or photooxidation. The effect of oxggagress, however, can be reduced by
the use of cuvettes closed with a stopcock. In chdke glucose assay after 10 min, the
effect is reduced by 3.3% (§/1.20vs.1.16) (Fig 2.13A). The fluorescence of HP Green is
even more affected in the L-lactate assay (Fig3R)1where the ratio llin closed
cuvettes is reduced by almost 50%,(BL61 vs. 1.86) after 10 min. Sealing minimizes
further oxidation of HP Green by dissolved oxygen allows a higher dynamic range.
Despite of these effects the D-glucose and thectata assay described in the previous

sections can be successfully performed in MTPsawitlsealing.
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Figure 2.13 Time trace measurements of HP Green (10 uM), KRP U/mL) and
oxidase (1 U/mL) in PBS of pH 7.4 at 30 °C in eitlcbosed or not closed cuvettes. A:
GOx; B: LOx.

2.7 In-vitro Imaging of Hydrogen Peroxide in NRK Cdls

The ability of HP Green to act as amvitro probe for HP was examined by incubating
NRK cells with a 50 uM solution of the probe for 80n at 37 °C. Excess dye was then
removed by washing the cells which afterwards wplgced under a fluorescence
microscope. Following photo-excitation with a megcwapour lamp through a 465 to
495 nm bandpass filter, images were acquired one. tHP Green is easily internalized
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and mainly located around the nucleus and its gfleenescence remains almost constant
during recording. The presence of 100 uM conceantratof HP in the extracellular matrix
causes a strong increase in brightness over timge ZF4A). The images at the beginning
of the experiment reveal a homogenous distributbnhe probe around the nuclei. Its
brightness is low but increases by 35% after 75 asna result of oxidation by HP
according to the mean values of the histogramsaefig fluorescence intensity (Fig.
2.14B, plot b). These observations are supportednayyzing the histograms of the total
images. They are shifted to higher values of taaalations in the presence of HP (Fig.
6.6). The increase in signal is retarded with respéthe HP assay in solution, obviously
because of slow transport of HP through the mengbgaud by partial decomposition of HP
by intracellular catalase. No significant changeoisserved in case of the control
experiment (Fig. 2.14B, plot a). Higher concentnasi of HP Green are not recommended
because it may be cytotoxic, whilst lower onesdyiahages of reduced contrast (Fig. 6.7).
All fluorescence images are given in the experiralgpart (Figs. 6.8 and 6.9).

A 0 min time 75 min
hydrogen
peroxide
control
B Figure 2.14.Intracellular imaging of HP
381 ] in NRK cells with HP Green as the probe.

= blank (a) ®
0 HP(b)

%7 A: Temporal development of the

34

2 fluorescence of single cells. Bottom:

301 control (no HP). Top: exposure to HP

-(a): (contrast +10 by Adobe Photoshop); B:

28

histogramm mean values / a.u.

26 - - u

24

time dependent development of the mean

(I) lIO 2IO 3I0 4IO 5IO GIO 7I0 BIO 90
time / min values of the histograms.
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2.8 Discussion and Conclusion

HP Green and prob® are based on the yellow fluorophore 4-amino-1 8tmaalimide.
Their preparation is simple and their green fluceese can be photoexcited with mercury
and xenon lamps. (HP Green is mentioned furthealms of its use in the established
assays.) They show emission maxima close to theobfieorescein (534 nms.514 nm)
but a wider Stokes' shift (78 nas. 23 nm)*® The low molar absorbance (7,600 L*mol
*cm™) is a drawback but is compensated by its goodgstability (Fig. 2.5A, plot a).
Photooxidation can be minimized by appropriate ob®f instrumental settings such as
the bandwidth of excitation shutters.

The addition of HP in the absence of the enzyme HRE#ses a small increase of
fluorescence, indicating suppression of the PEEBaeffThe response to HP is much
stronger in the presence of HRP, and this hastessin fast and sensitive methods for the
determination of HP, D-glucose and L-lactate. UshtigP, the LOD for HP is 64 nM,
which is better by a factor of 28 than the onehaf probe EuT& (1.8 uM) and closely
matches the one of the well established Amplex RR&" (50 nM). The resorufin/HRP
system is reported to have an LOD as low as 9 nMidless often applied because of
intrinsic limitations like nonlinearity of the respse at high probe concentratidfs.
Recently reported terbium pro&sr HRP-modified gold nanoclustéfslisplay LODs of
3.7 nM and 30 nM, respectively. Commercially avaldgaassay kits (www.invitrogen.com)
for D-glucose using Amplex Red/GOx/HRP show lamdygmamic ranges but have a higher
detection limit (3 pM). Optimized protocols eversglay a LOD of 2 uNf, but the LOD
of HP Green in the GOx/HRP scheme is 3-fold lovie64 uM). In case of L-lactate, the
LOD of HP Green (162 nM) is more than 12-fold lowkan that of standard NADH
methods (2 pM§? Commercially available ready-to-use assay kits \fuliovision.com)
show larger dynamic ranges (0.001-10 mM) but LOies of 1 uM, only. The presence
of a hexanoic acid also will enable immobilizatminthe probe on solid supports to end up
with (bio)sensors for continuous monitoring of thepecies.

The use of HP Green to image HP inside cells is dEmonstrated. However, the
relative increase in fluorescence intensity wilineen modest as long as HRP cannot be
incorporated into the cells. Fluorescein derivaiwsith pinacol boronic acid esters
possibly are more attractive alternatives becabs# t(partly) quenched fluorescence
recovers upon perhydrolysis and does not requégtasence of an additional enzyhe.
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In conclusion HP Green is a viable probe for HP had very specific merits. It is

likely to be generally applicable in combinatiortlwother oxidases.
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3. Conception of a Reusable Hydrogen Peroxide Chesensor

3.1 Introduction

Detection schemes for hydrogen peroxide (HP) ateonly limited to assays in solution,
but can also be carried out by means of an opgias$ot or an electrochemical sen&oin
the former case, the probe is embedded into a molymatrix and the sensing layer is
spread on a polymeric support. The field of appilicapre-determines the properties of a
sensor, for instance the use of a flexible or rerilble support or the type of hydrogel.
Most HP sensors apply catalase that catalyzes ¢kengposition of HP to water and
oxygen. Thus an oxygen sensitive probe can servguemtify the amount of oxygen
released by this reaction. The concept of sensangoe applied to continuously monitoring
HP in a concentration range from 0.1 to 10 rmlternatively, horseradish peroxidase
(HRP) is used for the oxidation of substituted pilen(or its derivatives) to form a
fluorescent compound. This approach most promipeiettures homovanillic actd(4-
hydroxy-3-methoxy-phenylacetic acid) or lumihqB-amino-2,3-dihydrophthalazin-1,4-
dione). The latter is immobilized with peroxidaseainylon membrane to act as transducer
in a flow-cell sensor with a limit of detection bfuM at a response time below 10 Ehe
above mentioned chemosensors rely on the use oymmsz However, europium
tetracycline (EuTc) is one of the few alternatithat are applied as direct HP prdbe.
Changes in fluorescence intensity and in lifetimeun by substitution of water molecules
from the coordination sites of Eu(lll), thus beicgmpletely independent of oxidation. The
fluorescent probe was embedded in a hydrogel ansbselevices for flow-through cells
and microtiterplatéswere developed.

Here, a non-enzymatic approach similar to the Esdrtsor was developed using the
oxidation of HP Green by HP. The choice of hydraga the utilization of particles, onto
which HP Green is covalently conjugated, differgnirthe EuTc sensor. The response
towards HP was investigated as well as the po#abil of reusing the sensor by
regenerating HP Green with a reduction agent. gHa@isidine moiety is similar to the
hydrochinone-chinone redox system. The numberudaiele chemosensors for HP is low,
however sensors based on the Prussian White-PnuBkia redox pair can be regenerated

by ascorbic acid.
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3.2 Particle Preparation and Choice of Materials

:

| ) DCC

+  HO-N — |
e 0
H o
(@) (@) (@) N
(@) O
(@)

NHS
Figure 3.1.Generation of the NHS active ester of HP Greermpéaticle labelling.

Three types of particles were labelled with HP @rigeorder to identify which polymeric
support provides the highest fluorescence inten3iterefore, the carboxylic acid of HP
Green was activated by dicyclohexylcarbodiimide @Cand N-hydroxysuccinimide
(NHS)in situfor 18 h at room temperature to yield the NHSre@iig. 3.1)!° The solution
was added to suspensions of poly(acrylonitrile) NIPApolystyrene (PS) and cellulose
(AC) particles in 10 mM phosphate buffer at pH attwere functionalized with amino
groups on their surface thus forming an amide wiR Green. In addition, various
amounts of HP Green were applied to receive assefi¢theoretical) loadings of the dye
on the particles. The concentration of HP Greereligted to the weight of the particles.
After 24 h, the labelling was terminated and thetiglas were extensively washed with
water, ethanol and refluxing ethyl acetate to reenexcess probe followed by drying at
75 °C. The dry particles were resuspended in phaisgbuffered saline of pH 7.4 and their
emission was measured from 475 to 600 nm aftetadian at 450 nm (Fig. 6.10).

7 —m—PAN
—A— AC (with lower amplification)
n PS

N
| A\s\

T T T T
1% 2% 5% 10%
loading with HP Green (w/w)

fluorescence intensity (530 nm) / a.u.

Figure 3.2. HP Green conjugated to aminomodified PAN-, PS-A@-particles at

different concentrations (w/w) of loading. Plotflforescence at 530 nus. loading.
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The plot of fluorescence intensity at 530 s (theoretical) loading illustrates that
emission was quenched at high loading for all plagi (Fig. 3.2). PS exhibited the lowest
intensity but higher luminescence was obtained H&N particles. AC particles were
measured at a lower detector voltage becauseitheirsity was too high under conditions
used for PAN and PS. Therefore, the choice was nmafdour of the AC particles with a

theoretical loading of 1% (w/w).

3.3 Kinetics and Calibration
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Figure 3.3. A: Time traces of fluorescence intensity of theerdosensor after flushing
with (a) 0, (b) 0.25, (c) 1, (d) 0.5 and (e) 5 mKMHP in PBS of pH 7.4 at 25 °C. B:
Relative signal change of the fluorescence intgr{$ity) of the sensor in the presence of
0, 0.25, 0.5, 1 and 5 mM of HP after 16 min 40G0(s).

Initially, 6 mg of the dyed AC particles were susged in 1 mL of a 1 M N&,0O, solution

(in PBS) and were shaken at 40 °C for another 24 bompletely reduce HP Green.
Following work-up, the particles were added to & % (w/w) D4 hydrogel solution in
ethanol/water and spread on a poly(ethyleneglye@phthalate) transparent support and
dried at room temperature. Circular sensor spotse wenched out and stored in 1 M
NaS,0,4 to prevent oxidation by oxygen from ambient aiheTkinetics of the reaction of
HP Green and HP in the sensor membrane was studi¢ithe trace measurements and by
referencing against the corresponding initial istgn(l/lp). The wet sensor was fixed into
a flow-through cell and flushed with solutions ofdnogen peroxide of different
concentration (Fig. 3.3A). 507 nm was chosen a®adien wavelength because the

maximum of the emission spectra was blue-shifted2Bynm in the hydrogel matrix
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(compared to 534 nm for HP Green in solution). Fdgoence intensity increased over time
(25 min) but the signal displayed high noise arnteptnconvenient features like abrupt
increase of signal as depicted in trace (d) atredd@0 min. The reaction of the sensor with
HP (traces b to e) is slow because the extentgimasichange is low. The response time
was not determined as the signal increase of anthefsamples was finished within
25 min. Trace (a) in Fig. 3.3A shows the signathe sensor purged with buffer only. A
weak but continuous increase in fluorescence iitieis observed (14 = 1.02 after 20
min), which is likely due to autoxidation or phoxidation. The behaviour of HP Green in
the sensor membrane differs only slightly from tbaHHP Green and HP in solution in
absence of horseradish peroxidase (Chapter 23.@es (b) to (e) show that HP can be
detected with sufficient sensitivity after 1000fsr@action time. This yields a preliminary
calibration plot for HP (Fig. 3.3B) over the contration range from 0.25 to 5 mM. The
plot can be described by the equation y=\A;*exp(-x/t;), with values of 1.040 £ 0.002,
-0.039 = 0.002 and 1663 £ 293 fa, YA\, and t, respectively. The correlation coefficient
(R is 0.99. Efforts to reproduce the experimentiefaiTherefore, no standard deviations

could be calculated for the calibration plot.

3.4 Effect of Concentration of Labelled Particles
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Figure 3.4. Effect of oxygen on the blank sensor. A: Time @&0f the fluorescence at
505 nm after flushing with air saturated PBS of pH at (a) 4, (b) 6, (c) 2 and (d) 8 mg

including variation of the mass of the particlesHBlargement of trace (a).

As efforts of reproducing the results shown in ieec8.3 failed, the fluorescence of the
sensor was investigated with respect to the ma#isegbarticles, which were embedded in

2.5% (w/w) D4 hydrogel. Therefore, four sensor meanbs with varying amounts of
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particles from 2 to 8 mg were prepared following #ame protocol as described above.
The fluorescence of the sensors was investigated 7@ min upon flushing with 10 mM
PBS of pH 7.4 (Fig. 3.4A). The time traces revedlet emission initially decreases for a
certain time, e.g. 11.5 min for 6 mg of particlasthe sensor (trace b). After reaching a
minimum, fluorescence increased constantly. FigB3depicts an enlargement of time
trace (a) of the sensor with 2 mg of particlesisltobvious that two processes occur
simultaneously. First, HP Green was photobleachemhise the emission had the same
intensity after closing the excitation shutter 2omin before closing (at continuous buffer
flow). In case of leaching, a lower intensity was lbe expected. After 26 min,
photobleaching is compensated by oxidation of HRe@rfrom dissolved oxygen that
(constantly) penetrates through the sensor membiatensity increased although the
excitation shutter was closed for 2 min, indicatihgt autoxidation or photooxidation
likely had taken place. Furthermore, the emissipacta depicted a red-shift of the
fluorescence maxima. In case of 2 mg of AC padidle the sensor foil, the initial
maximum at 496 nm moved to 515 nm during 60 minateflushing with PBS (Fig.
3.5A). Emission spectra of a sensor with 15 mgigag (arbitrarily), however, had a
maximum at 525 nm which did not shift during theoesment (Fig. 3.5B). Therefore, a
mass of 15 mg of AC particles was chosen for thieviang investigations despite of the
fact that high amounts of particles favoured phwigation (Fig. 3.4, trace d). At this stage
of sensor development it was important to reprodugseilts in order to draw reliable

conclusions.
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Figure 3.5. Fluorescence spectra of the sensor foil (a) befmr (b) after 60 min of
flushing with PBS of pH 7.4. A: 2 mg of AC in 2.5 B¥ hydrogel. B: 15 mg of AC in
2.5% D4 hydrogel.
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3.5 Oxidation and Reduction

The ability to reuse the chemosensor was testegubging the sensor with HP and a
reductive agent in consecutive turns. Here, sodiithionite (NaS;04; 1 M in PBS of pH
7.4) was arbitrarily chosen and subjected to measents of sensor spots, which consisted
of 15 mg of dyed AC particles in 2.5 % (w/w) D4 hhgdel. First, the sensor was purged
with NaS;0,4 in order to reduce HP Green and to yield a basehith low intensity.
Fluorescence decreased immediately whenSp&a passed through the sensor layer
indicating that HP Green is reduced (Fig. 3.6,dray. Reduction was completed within
11 min and the fluorescence intensity was reduged3% from I/p = 1.04 to 0.8. Then,
NaS,04 was replaced by a 100 uM solution of HP upon wigigtission started to rise by
38% from I/b = 0.8 to 1.1. Consecutive turns of reduction axidation were repeated two
times. The sensor shows a response time of 70finddeas 4§s) for reduction. The one of
oxidation is 8 min 15 s. This large differenceimé is explained by the strongly different
concentrations of N&,O4 (1 M) and HP (100 uM). An important fact is thhetbaseline

continuously shifted to higher values after eveguction step.
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Figure 3.6. Time trace at 525 nm of the chemosensor displaysghgnges in

fluorescence upon consecutive reduction and oxidaif HP Green.

Furthermore, HP was replaced by PBS to check whetheot dissolved oxygen in

the buffer impacted the sensor. Solutions of3¥@, and PBS were added at the same time
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as in the previous experiment with HP. First, HRe&Br was reduced with O, as
emission decreased by 25% frony ¥l 1.01 to 0.76 within 10.5 min. When buffer passed
the sensor membrane, fluorescence increased by (6% I/lp = 0.76 to 0.87) within

14 min, which is due to dissolved oxygen. The respaime (defined asgs} for dissolved
oxygen is 16 min 10 s. The one for reduction is4As a consequence, no stable baseline
was obtained due to the sensor being oxidizedctrtain extent by dissolved oxygen.

3.6 Discussion and Conclusion

A low number of particles entails to noise on timet traces. Furthermore, the emission
maximum shifts to higher wavelengths during the sneament (Figs. 3.4A and 3.5A).
Hence, it can be assumed that the recorded ingedsit not exceed the instrument’s
background noise substantially. Therefore, the détkinetics and calibration of the HP
Green sensor membrane are not reliable despiteheoffact that distinct changes of
emission could be ascribed to different concemratiof HP (Fig. 3.3B). Higher amounts
of particles yielded a stable emission maximum aede not “falsified” by a shift. As a
disadvantage, the sensor displayed a higher cevsstiwity to oxygen in solution than
membranes with lower content of particles.

The high fluorescence at the beginning of the seaesperiments (Fig. 3.6) could be
reduced by Ng5,0,4, thus indicating that most of HP Green was presernts oxidized
state. Hence, a preliminary use of,8#, during sensor preparation can be avoided.
Furthermore, Ng,0, improved the response of the sensor for HP cordp#wethe
experiments in chapter 3.3. It was possible toiagidnd reduce HP Green in the polymer
matrix, which illustrates that, in principle, thensor can be recovered. Oxidation,
however, took place in the presence of HP or digsbloxygen, thus limiting the
sensitivity of the sensor for HP. ChemosensorgHBrthat apply the redox pair Prussian
White-Prussian Blue displayed similar time tracesHiP (increasing intensity) and the
reductive agent ascorbic acid (decreasing intendity showed no cross-reactivity to
oxygen? Furthermore, their response time for 100 pM of islRround 3 min, which is
5 min shorter than the one of the HP Green chensoseNo exact quantification can be
found in reference 9 besides a plot of response ¥gnconcentration of HP. It has to be
assumed that the authors usgads definition.

As conclusion, the chemosensor shows a fluorescémoease in presence of

hydrogen peroxide but the effect of dissolved oxygenders the device less practicable.
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Improvements may be achieved if HRP is co-immobdimto the sensor membrane. This

should yield much shorter response times and sd@hsiat lower concentrations of HP.

Furthermore, the effect of oxygen in the HP samdgsobably negligible due to strongly

enhanced fluorescence upon reaction with HP asdféointhe HP assay in solution (see
chapter 2.3).
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4. Optical Approach to the Detection of D/L-Lactatevia Boronic
Acids

4.1 Introduction

Lactate is the anion of lactic acid-fydroxypropionic acid; pK= 3.86) and contains an
asymmetric carbon atomTwo optically active isomers exist, and the L-€B)antiomer is
predominant in animal organiém®® and is produced under anaerobic conditions during
the final steps of glycolysfsThe D-(R) form is mainly produced in the metabolisf
microorganism&® and planty however, few occurrences are known for mamnfdfs.
Lactate - and also lactic acid - is ubiquitous wergday life. The latter acts as an additive
(E270) in food? or as a disinfectaht **in combination with detergents for dish-washing
and cleaning. In both cases it serves as an awidify decreasing the pH value to 3-4
which will prevent most microorganisms or bactdran growing. Furthermore, lactate is
produced naturally by lactic acid bacteria duriegnfentation in food and beveragdes.
There are numerous substrates that can be found.inlairy products, sourdough, wine or
beer, that are metabolized into pyruvate followicgnmon metabolic pathways like
glycolysis. In a final step, lactate dehydrogenéideH) transforms pyruvate to lactate
depending on the specifity of the enzyme for the@DL-enantiomer.

In the field of sports medicine, lactate conceitreg in blood are monitored during
exercise thus serving as an indicator for trairstajus and fithesS.The concentration of
lactate in blood gives information about the positof aerobic and anaerobic thresholds: a
significant increase of lactate from 2 up to 4 mMder physical exhaustion can be
observed/*®1° Additionally, lactic acid is used as a monomer fmiy(lactic acid), a
biodegradable, aliphatic polyester that undergogldiytic scission once imparted into
the body. Its ester bonds are cleaved thus relgasim-toxic lactic acid, rendering it
suitable for applications as a drug delivering sysin biomedicals. Both enantiomers can
be subjected to polycondensation whereas applyiifigreht ratios of these enantionmers
controls the properties of poly(lactic acid) likeling temperature for instanc®. 2> %

There is large interest in the detection of D- dattate because this important analyte
occurs in various media as stated above. Commarcti®mt schemes make use of lactate
converting enzymes, namely lactate oxidase (LOxpdiate dehydrogenase (D-LDH) and
L-lactate-dehydrogenase (L-LDH). All of them produpyruvate under either aerobic
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conditions (LOx) or anerobic conditions (D/L-LDH)Ox is a flavine type enzyme that
requires oxygen, LDH however, depends on the ogdlizmicotinamide adenine
dinucleotide (NAD) as cofactor to catalyze the conversion of thessate. Therefore,
lactate concentrations are determirvéal oxygen consumption or NADH production. An
alternative route ivia hydrogen peroxide that is produced by LOx, as .Wellommon
amperometric biosensors use immobilized LOx assttacer and detect changes in the
electric current following the reaction with L-laté. They provide rapid, simple and direct
measurements with low limits of detection (LOD) aadwide linear range. One such
sensor reaches a LOD of 0.8 uM and has a linegeraetween 2 and 1000 pM of L-
lactate” In contrast, D-lactate sensing can only be redlinéth D-LDH biosensors
because D-lactate is not converted by L&xAside from a lactate biosensor that utilizes
the intrinsic fluorescence of lactate monooxygefasemmon optical detection methods
combine the above listed enzymes with fluorophareprobes. One biosensor applies an
oxygen-sensitive ruthenium probe (Rufphen)’*), whose fluorescence is quenched by
oxygen. Inside the sensor layer lactate reacts @k, the oxygen concentration in the
microenvironment around Ru(gihen)®* is decreased and this induces an increase in
fluorescence intensity. The biosensor monitorsatectoncentrations between 0 to 5 mM
with a response time of 3 mifi Alternatively, LDH can be used as recognition sgsand
the optical characteristics of its reduced cofabl8DH serve as transducer. Following the
reaction with L-lactate, an increase in absorbaic@0 nm is obtained. The linear range
is between 0.2 and 1 mff.More sensitivity is achieved by measuring the ffaszence
intensity of NADH that emits at 460 nm after photogation at 360 nm. A recently
developed fibre optical lactate sensor shows atinesponse from 0.06 to 1 mM L-lactate
with a LOD of 20 uM and a response time of 1 stik@mmore, it was successfully applied
to single cell lactate detectiéfClassic cuvette tests provide another possitititdetect
lactate, e.gvia LDH and NADH?° Commercially available colorimetric assay kits are
widely applied in biochemistry or clinical chemistlue to the fact that they are easy to
handle, enable up to 96 assays simultaneouslyiafdirgliable result§’

All approaches mentioned above are well establigiretl so-called indirect methods
because the detection of lactate is carried outamiaher analyte. Hence, the need for a
probe that binds lactate selectively is very higbhduse this would enable new applications
for lactate quantization. The most important taskmaging of lactate in cells as a non-

invasive method, which could not be realized yetve®al receptors are discussed in the
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literature. Guanidinium groups show a strong imtéom with lactatd’ as guanidium-
containing arginine is located in the active ¥itef LDH.

Boronic acids are widely known to bind diols in aqus media which is primarily
used for saccharide detection. Both receptors wmmmbined in indicator-receptor
displacement assays to determine the binding cotsstaf some carboxylates armd
hydroxycarboxylates. These investigatiSmevealed that the receptors are not able to bind
lactate selectively because malate, tartrate amdteipossess higher binding constants.
The group of Parker developed a Eu(lll) complexhvaitigand consisting of a macrocyclic
cyclen that carries two glutarate substituents @mel azaxanthone moiety to facilitate the
lanthanide emission (Fig. 4.1). A change in lumoeege intensity is observed once lactate
enters the coordination sphere of Eu(lll). Citrateyever, causes minor interferences.
The use of lactate binding proteins like TTHAO786secondary transporter that was
overexpressed fromthermus thermophild$ or of genetically modified glucose/galactose

binding protein (GGBP) labelled with a fluoroph@iso was reported

N

Eu* ]
H '\_/N

OH

O
OH

Figure 4.1.Chemical structure of the Eu(lll)-chelate complexdetection of lactate and

citrate.

Boronic acids form five- or six-membered cyclic exst with bidentate chelating
ligands forming covalent bond8.The reaction is fast, reversible, and occurs ineags
media thus making them well suitable for applicasion the field of synthetic receptors.
Besides their widely investigated interactions wptblyols, in particular saccharides and
carbohydrated’” ' 3 boronic acids also react with diols, carboxylatesl a-hydroxy-
carboxylates, including L-lactafé. *° In case of phenylboronic acids, the trigonal®(sp
hybridized) boronic acid species is in equilibrivmith its cyclic boronate ester formed

upon addition of lactate. These considerationsatdake into account the existence of an
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anionic tetrahedral (Sphybridized) boronic acid species, whose concentrais low at
neutral pH and which reacts with lactate at slowe*taFig. 4.2). A holographic lactate
sensor based on this equilibrium was successflyeldped by the group of Christopher

Lowe** with low cross-reactivity towards pyruvate andagise.
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Figure 4.2. The equilibrium between a phenylboronic acid asdnegatively charged
boronate ester upon reaction with lactate at pH 7.

Our approach combines a phenylboronic acid asdabeptor with the use of red light
emitting fluorophores to obtain probes that areab#g of the detection of lactate levels in
the uM concentration range. The Ru(ll)- and hemaya fluorophores were chosen
owing to their easy preparation and well matchingecsral characteristics for
investigations on biological material (large Stokssift; Agps~ 460 nm,Aem = 610 nm).
Following syntheses, the response of the probeboth enantiomers of lactate was
analyzed. The results are compared with the heljpefollowing selectivity calculation:
The increases of fluorescence intensity (in pejdentoth lactate enantiomers are divided
at a given concentration in order to easily complaeeratio 1/h. The same equation is used
to compare the ratios §/bf fluorophores that carry either artho- or metaphenylboronic

acid group.

o Incr rth
Selectiviy,, ., = creas¢ortho)

Increas€L) Increasémetd

Selectiviy,,, = Increas¢D)

Finally, the cross-reactivity to sugars was invgsed in order to gain information

regarding their influence on the boronic acid-leetateraction.

4.2 Hemicyanine (ICT) Probe

Hemicyanine dyes are of high interest as electmuolr probes for analysis of membrane
potential. These molecules are amphiphilic becaarse end consists of a hydrophilic
pyridinium salt that is spaced by methine groupsmfrthe lipophilic aniline end.

Furthermore, both ends are modified to increasatmghiphilic character. The hydrophilic
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component often carries sulfonic acids while medlangth carbon chains are attached to
the aniline nitrogef> **In case of saccharide sensing, a phenylboronit \eas attached
to the polar end to create the pyridinium salt Wwhentails to a photoinduced internal
charge transfer (ICT) proBfe.The formation of a boronic acid saccharide esterses a
shift from electron deficient R-B(OkR)to electron rich R-HBsaccharide)(OH) thereby
modifying the electron-donating ability of the boio acid moiety’® This also results in an

increase or decrease of fluorescence intensityxpscted.

4.2.1 Preparation
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— MeCN (dry)

reflux, 5 h

(98%) molsieve

reflux, 6 h
9 6%) 10

Figure 4.3.Synthesis of hemicyanine probevith anortho-phenylboronic acid.

As reporte® 2-(bromomethyl)phenylboronic acid reacted via al@ophilic substitution
with 4-picoline to the 1-(2-boronobenzyl)-4-methyiidinium bromide9. In the final step,

9 was condensed with N-methyl-N-(2-hydroxyethyl)#taobenzaldehyde to the desired
hemicyanine dye (E)-1-(2-boronobenzyl)-4-(4-((2-topd/ethyl)(methyl)amino)styryl)-
pyridinium 10 (Fig. 4.3). The crude product was purified by pmepive HPLC to obtain
pure 10 due to the low yield (Fig. 6.2). Classic columrrazhatography on silica, basic
alumina or Sephadex LH20, unfortunately, did n@dldo the separation of unreacted
precurso® from the desired end product.

4.2.2 Spectroscopic Characterization — UV, Fluoresace and Effect of pH

The probe shows an absorption maximum at 467 nnmaaremission maximum at 610 nm

in phosphate buffer of pH 7, resulting in a Stokekift of 143 nm. The extinction
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coefficiente and quantum vyielth were determined to be 22,250 L*rit¢tm™ and 0.022,
respectively (Fig. 4.4A and Tab. 4.1). So its bimgiss (Bs) is rather weak (Bsgte =

500). Fluorescence depends on pH and increases lbasle conditions (Fig. 4.4B).

Table 4.1. Structure, chemical and spectroscopic datd®in aqueous media unless

noted otherwise. TFA: trifluoroacetate.

formula CosH26BF3N2O5
M.W. (g/mol) 502.29

O )\abs( nm) 469

—\@
l_D\_\ / \ NO /B_O‘| )\em(nm) 610
N4< >4 : HO
/ TFA e (L*mol ™ *cm™) 22,250

¢ 0.02Z

a) Quantum yields (QY) were determined in aqueolgisn with 0.5% (v/v) DMSO against the reference
dye Ru(bpy)Cl, x 6 H,O whose QY is reported to be 0.028 in air-saturatatbr.
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‘n"e /AIsua)ul 8ouasalon|4
1 (610 nm) / a.u.

Figure 4.4. Compound10 (100 uM) in phosphate buffered solutions (10 mN&)t:
absorption (A) and emission spectra (B) at pH ghtri plot of pH vs. fluorescence

intensity at 610 nm.
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4.2.3 Response to D-Lactate and L-Lactate
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c(lactate) / uM

Figure 4.5. Effect of the addition of D-lactate and L-lactate probel0 (100 pM) in
phosphate buffer of pH 7 (10 mM). All data are refeeed to a blank sample containing
10 only.

Solutions with varying concentrations of D-lactatel-lactate were added to prot® in
phosphate buffer (pH 7, 10 mM) at room tempera{@® °C £ 1 °C) (Fig. 4.5). The
fluorescence intensity at 612 nm of each samplemeasured after 5 min and referenced
against a blank containing0 (100 puM) only in phosphate buffer (pH 7, 10 mMhig
entails to an increase in intensity on all conaddns of analyte (1, 10, 100, 1000 puM)
with the highest for 1000 uM for both lactate emaners. However, the interaction of the
boronic acid receptor and the analyte is weak,rédoegnition of D-lactate occurs more
readily than in the case of the L-enantiomer. Thsmphasized by the selectivity 1 for
D/L-lactate (Tab. 4.2).

Table 4.2.Selectivity data 010 towards D-lactate enantiomers.
c(lactate) / uM 1 10 100 1000
Selectivity 49 32 4 2

The selectivity in the low uM range reveals thail@10 binds preferably to D-lactate
to give an increase in fluorescence intensity, Wheup to 49-fold higher than with L-
lactate. The selectivity for the D-enantiomer beesmlower with increasing lactate
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concentration. However, the ratiopldf 10 with 1000 uM D-lactate still doubled that of L-
lactate (9.4% compared to 4.8%). Consequently,dixta appears to form a stronger bond

although no binding constants were determined.

4.2.4 Interference by Saccharides

JINN RN N iy
EOBO \ \ \ § \ BGlucose
BN AN A A A
I \E \E \E = N\
0:20 % § § § §

c(saccharides)/ puM

Figure 4.6. Effect of saccharides when added to a mixturerob@10 (100 uM) and D-
lactate (1000 puM) in phosphate buffer of pH 7 (1P)mAIl data are referenced to a

blank sample containint0 only and D-lactate.

Boronic acids have been used as recognition uratelynfor sugars because of their strong
interaction. This has to be regarded as putativuecgsoof interference whel0 is applied to
real samples like cell extracts, yoghurt or blodterefore, the fluorescence intensity of
100 pM of 10 saturated with 1000 uM of D-lactate was inves@datipon addition of
saccharides of varying concentration (Fig. 4.6)allrcases (0.1, 1, 10, 100, 1000 uM) the
graph depicts an increase of luminescence up towbéh either glucose or galactose was
added. Even low concentrations of saccharides hadigh impact on the signal.
Furthermore, it was not possible to distinguishcghe from galactose with prok®. The
same experiment with L-lactate was not performedabse no different results were

expected regarding the responsd@fHence, although proldd shows significant binding



4. Optical Approach to the Detection of D/L-Lactata Boronic Acids 53

preference for D-lactate in the uM range, its g§gynbinding to hexoses prevents its
further use as an enantioselective probe for Datact

4.3 Ruthenium (PET) Probes

The spectral properties of ruthenium complexesganeerned by ligand-to-metal charge
transfer (LMCT) processes between the HOMO of mitna(ll) and the LUMO of the
ligands. Complexes have different colours dependimghe number of diimine ligands or
halides coordinated. Ru(bp®l, (bpy = 2,2 -bipyridine) and [Ru(phefij* display violet
and orange colours, respectively, and have intemsk broad absorption bands around
450 nm. Furthermore, they display an emission @ 6 and beyond. Numerous
compounds have been synthesized for applicatiotis asi sensing of oxygen, sugars and
anions in generdf. The latter require receptors that influence theMupon reaction
with the analyte. In case of sugars, phenylbor@uicls are linked via an aminomethyl
linker to a fluorophore. In the “analyte free” staft dative bond is formed between the
nitrogen to the boron atom because of Lewis acgd/lateraction. The intensity of the
excited fluorophore is decreased (PET ON). In #reatyte bound” state, the dative bond is
cleaved upon reaction with a sugar. The PET effectliminished and fluorescence
intensity thus restored (PET OFE)*° The same behaviour is expected to occur on binding

of both enantiomers of lactate (Fig. 4.7).

H HOJ\’&O |_\|

\ _ FLUOROPHORE . FLUOROPHORE
N o N
v/ — ©
B H7 B
/- P /
HO OH HO
o)
PET ON PET OH-

Figure 4.7.PET effect in aminomethyl-phenylboronic acids dedgo fluorophores.
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4.3.1 Preparation

O\
OH
HO- B HO™B
/\ H |
Ru(byp),Cl, N A
Na(CN)BH3 EtOH
Molsieve reflux, 6 h
MeOH (dry)
rt, 72 h e

11a,b 12a,b

Figure 4.8. Synthesis of Ru(ll) probes witbrtho- (128 and metaphenylboronic acid
(12b).

Compounds 11la and 11b were synthesized via reductive amination of 1,10-
phenanthroline-5-amine with 2- or 3-formyl-phenyiwoic acid. In a final step, the ligand
was complexed with cis-dichlorobis(2,2 -bipyridinghenium(ll)-dihydrate to yield the
fluorescent probed2a and 12b with the boronic acid receptor group antho and meta
position, respectively (Fig. 4.8). Compouh8a was obtained as dichloride in contrast to
12b, which was yielded as trifluoroacetate becaugeuafication via preparative HPLC in

order to remove impurities.

4.3.2 Spectroscopic Characterization — UV, Fluoresace and Effect of pH

The absorption and emission spectra show maximaaaelengths that are typical for
Ru(ll)-complexes, with a Stokes™ shift of 155 nnmeTlifetimet is similar for both probes
as well as the quantum yieqgand the extinction coefficiest(Tab. 4.3). Only a weak pH-
dependence of the emission is detectable, whidomstant for both probes within the

physiological pH-range (Fig. 4.9).
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Table 4.3. Structure, chemical and spectroscopic datdaa and 12b, respectivelyjn
phosphate buffer of pH 7 (10 mM) unless noted otise.

12a 12b
(ortho) (metg
LOH formula [C3gH32BN;O-RU](X):2
HHj@ M.W. (g/mol) 813.50  968.63
N X X=CP X=TFA®
Aabs (NM) 457 458
Aem (NM) 613 614
e (L*mol™*cm™) 8,600 7,900
¢  0.027 0.025
T(nsff 406 395

a) Cl: chloride. b) TFA: trifluoroacetate. c) Quamt yields (QY) were determined in aqueous solutiith
0.5% (v/iv) DMSO against the reference dye Ru(Bp)x 6 H,O whose QY is reported to be 0.028 in air-
saturated water. d) Luminescence lifetimBswere measured in 0.1 M NaOH solution with flueeia as

the reference.
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Figure 4.9. Compoundsl2a and 12b (100 uM), respectively, in phosphate buffered

solutions (10 mM); A: absorption (left) and emissgpectra (right) at pH 7; B: plot of pH

vs.luminescence intensity (610 nm).
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4.3.3 Response to D-Lactate and L-Lactate
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Figure 4.10.Effect of the addition of D-lactate and L-lactédeprobesi?a (A) and12b
(B) (5 uM), respectively, in phosphate buffer of BiLO mM).

Solutions with varying D- or L-lactate concentrasowere added to either probh2a or
12b dissolved in phosphate buffer (pH 7, 10 mM) atnmoemperature (29 °G 1 °C)
(Fig. 4.10). The luminescence intensity at 612 nimeach sample was measured after
5min and referenced against a blank containingeeit2a or 12b (5 uM) only, in
phosphate buffer (pH 7, 10 mM). An increase in nsiy was obtained for all

concentrations of analyte with exception I#a and 10 uM L-lactate (presumably an
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outliner). The titration of D-lactate with both fwes reveals an exponential character
although saturation is reached already for 250 |aktake in case oi2a and not at
1000 uM lactate. The reaction d2b with L-lactate gave signals exhibiting linearity i
contrast to the sigmoid character of the otheatiitn with12a (Fig. 4.10). The calculation
of selectivity values reveals thda and 12b differentiate both lactate enantiomers,
especially in the low uM concentration range (Tdkl). The two enantiomers can be
distinguished with prob&2aonly at 20 and 50 uM of lactate. Higher concerdrat show
similar selectivity values in contrast to prold® although both carried amrtho-
phenylboronic acid. Compound2b differentiated both lactate enantiomers at any
concentration present. However, it shows no preferdor one enantiomer over the whole
concentration range added. Here, L-lactate is gtyopreferred at concentrations from 20
to 50 uM (similar tol2a), but D-lactate seems to be bound better in cdretgmns from
500 to 1000 pM.

Table 4.4.Selectivity data ol2aand12b towards D-lactate.

c(lactate) / uM 20 50 75 100 250 500 750 1000
Selectivityl2a 6.1 1.8 0.8 1.0 0.9
Selectivityl2b 3.3E-4 0.5 0.7 1.1 1.3 1.2 1.3

It was expected that the receptor group with dhitbophenylboronic acid binds the
analyte stronger than timetacompound which was already proven in titrationglatose
to ortho-, meta andpara-derivatives of sugar prob&$Selectivity values (see Section 4.1)
were calculated to reveal the possible preferen€e and L-lactate, respectively for either
the ortho- (128 or meta (12b) phenylboronic acid receptor (Tab. 4.5). In casdDe
lactate, the selectivity values are all higher tdasuggesting that thertho-derivative
binds the analyte stronger than thetaderivative. For example, the ratioglbf 12a with
50 uM D-lactate doubled that @b (2.2 compared to 0.6). Finally, one can assume tha
L-lactate shows similar behaviour only for concatitms higher than 75 uM because,

here, the selectivity values are higher than one.

Table 4.5.Selectivity dataqrtho/metg towards D- or L-lactate, respectively.

c(lactate) / uM 20 50 75 250
SelectivityD 2,234 2.2 1.6 1.3
SelectivityL 0.12 0.6 1.3 1.6
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4.3.4 Interference by Saccharides
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Figure 4.11. Effect of saccharides when added to a mixturerob@l2a (10 uM) and
1000 puM of either D- (A) or L-lactate (B) in phosé buffer of pH 7 (10 mM). All data

are referenced to a blank sample contaididgand either D- or L-lactate only.
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Probel2awas chosen for the following experiments due toritse pronounced response
towards both lactate enantiomers. D-glucose, Dtfse or D-galactose (0.1, 1, 10, 100,
1000uM), respectively, were added to a solutionl@a (10 uM) saturated with D- or L-
lactate (100QuM) to test the interference of saccharides on théglactate-interaction. A
blank sample containing2a (10 pM) and D-or L-lactate (1000 pM) served azmefice
whereas signal changes of 10% were tolerated 4F1d.). In all cases, D-fructose strongly
interfered the lactate-boronic acid interaction, ichihis typical for probes sensing
saccharides with D-fructose binding strong&st.Surprisingly, the luminescence intensity
was quenched in the presence of D-lactate up to @86 4.11A) but increased with the
L-enantiomer up to 21% (Fig. 4.11B). Even small ants of D-glucose already changed
the starting signal by decreasing its intensitygddactose, however, interferes only at high

concentrations.

4.4 A Cyanine Probe for Lactate

The cyanines represent one big group of dyes pilyn@ut not exclusively) used for near
infrared (NIR) fluorescence spectroscopy. Theirogison lies in the near infrared region
of the electromagnetic spectrum and they displaykiyered shifted emission. NIR
fluorescence spectroscopy has the advantage tlcagroaind emission from biological
material is strongly reduced which is of high relege in e.g. cellular imaging. There is a
large number of dyes commercially available (Cy5;7)Cthat can be used in laser
applicationd® or bioanalysi¥. The most popular one is Indocyanine Green which i
widely used in medicine as an optical indicatordingnostics Cyanines with amino-
reactive chloro groups are used as biolabels foteprs (e.g. IR806) and change their
colour from green to blue when conjugated to primamino groups> Due to their easy
preparation, a phenylboronic acid moiety was linkecan amino reactive cyanine label.
The interaction with lactate and glucose was ingagtd regarding its influence on the
photoinduced charge transfer of the probe.
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4.4.1 Preparation

The commercially available near-infrared dye SOB&7&lective for compounds containing
a primary amino group. It has been applied asckattle fluorophore when conjugated to
azidopropylaminé® Here, the cyanine dye was reacted with 3-aminogheronic acid in

a nucleophilic substitution to yield the boronigdacarrying dyel3 (Fig. 4.12).

HO.__OH
B

Aoy, 1

NEt;

DMF ’g
Na rt, 12 h
® .

SOy4 SO3 SOy SO3

S0378 13

Figure 4.12.Synthesis of cyanine proldi& with metaphenylboronic acid.
4.4.2 Spectroscopic Characterization — UV, Fluoresace and Effect of pH

Compoundl3 shows an absorption maximum at 690 nm and thesenignaximum at
784 nm in the near infrared (NIR) resulting in @k&ts™ shift of 94 nm. The extinction
coefficient is 95,400 L*mét*cm™ in phosphate buffer of pH 7, and as high as 150,00
L*mol*cm™ in dry methanol (Fig. 4.13A and Tab. 4.6).
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Table 4.6.Structure, chemical and spectroscopic datha3ah phosphate buffer of pH 7

(10 mM) unless noted otherwise.
HO- B/OH formula Cjs3Hs:BN3NaGsS,

M.W. (g/mol) 835.31
O X D)
Aem(NM) 784
Vi
AL

e (L*mol™*cm™) 95,400 (buffer)

Na 150,000 (MeOH)
®
T (psf 265
SOy SO
a) Fluorescence lifetime was determined in aqueous solution against glytcofe= 25 mg/mL) as
scatterer.
100 -
A » B
2 | =
o 0.04 60 2 . o
< a S 604 S o
S ® 8 =
S 40 2 =3
£ 0.02- z. 5 40+ o
Z '02 O [¢]
20 o =
< 20
0.00 u
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A/nm pH

Figure 4.13. Compound13 (10 uM) in phosphate buffered solutions (10 mM);, A
absorption (left) and emission spectra (right) Bt 5 B: plot of pHvs. fluorescence

intensity (784 nm) at 0 and 4 h.

The fluorimetric pH titration of a freshly preparedmple ofl3 in phosphate buffer
(10 mM) displayed an emission maximum around 780 whose intensity was increasing
with acidic pH. The signal was nearly constant av&ide region from pH 4 to 8. After 4
hours, however, a loss of intensity was detectéiole the acidic to neutral pH region
whereas slightly basic conditions values causedaigoificant change (Fig. 4.13B). The
appearance of a second, blue-shifted band, in Bb#worption (527 nm) and emission
(594 nm) spectra were reason for the changes ab€Rig. 4.14). The emission around

594 nm Qexc. = 527 nm) was of low intensity. The isosbesticng®iaround 570 nm (UV)
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and at 710 nm (emission) indicated the presence difal system of a blue and a purple
chromophore, which are transformed into one anothdras been publishéf that the
blue shifted bands are formed upon protonatiorhefriesenitrogen atom resulting in an
equilibrium of two protonated forms. The additionbase, however, could neither stop the
reaction nor shift the equilibrium back to the bilomophore which hints at the reaction
being irreversible. This is further supported bg fact that the new absorption band at
527 nm appears (to a lesser extent) even at sliglthline pH. The observations led to the
suggestion that a hydrolysis, that is catalyzedplytons is taking place instead of an

equilibrium between two protonated forms.
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Figure 4.14.Effect of pH on absorption (A) and emission (Bg¢sjpa of13 (10 uM) after
4 h in phosphate buffered (10 mM) solutions from4td 9 upon excitation at 527 nm.

4.4.3 Response to D-Lactate and L-Lactate

The effects of agueous media and pH value werestgated to determine the most
suitable conditions for the reaction of prak#@with D- and L-lactate. The emission D3

(1 uM) in phosphate buffered solution was measoxen 60 min. A pH of 7, 9 and 11 was
chosen to minimize the rate of hydrolysis. A contins decrease in fluorescence intensity
is obtained for all blank samples, which is suppos®ebe the slowest at pH 11 at first
glance (Fig. 4.15). Referencing all intensities iagfathe corresponding starting value
(I/1g), however, reveals that the loss of intensity imilar at all pH values regarding
measurement uncertainty. Neither the addition ombr L-lactate influenced the signal
significantly. The addition of 100 uM D-lactate@ 9 shows different behaviour but the

effects also may be caused by measurement undgr{@ab. 4.7).
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Figure 4.15. Time trace measurements of the decompositiob3dfl M) in phosphate
buffered solutions (10 mM) at pH 7, 9 and 11 ow@ngn.

Table 4.7. Loss of fluorescence intensity at 784 nm over tilData were referenced

against the starting value at t = 0 min. Specteagaren in Experimental Part, Fig. 6.11.

I/lpat pH 7 I/bat pH9 I/bat pH 11
time/min blank D L blank D L blank D L
0 1 1 1 1 1 1 1 1 1

1 097 0.95 0.94 0.98 1.02 0.93 0.95 0.94 0.94
10 0.93 0.86 0.90 0.93 0.98 0.89 0.89 0.91 0.90
30 0.77 0.82 0.86 0.86 0.92 0.83 0.78 0.85 0.84

4 .4.4 Reaction with D-Glucose

The interaction of the boronic acid receptor andcgée was investigated because a
significant change of signal was expected due &4dinong binding. The reaction was
carried out in phosphate buffer of pH 11 to redueedia influence on the emission
maximum to a certain extent. Furthermore, the sgfrdvasic pH provided optimal
conditions to form the boronic acid-saccharide redtSurprisingly, the addition of 1 mM
D-glucose to 1 pM13 did not significantly alter the signal. Contrarilg continuous
decrease was detected, which also occurs with &k tdample at this pH. Finally, the
reaction was performed in dry DMSO, however, ndedént observations, could be made
(Fig. 4.16).
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Figure 4.16. Emission spectra of proki3 after addition of D-glucose over time upon
excitation at 690 nm; A: 1 uMI3 and 1 mM glucose in phosphate buffer of pH 111®:
UM 13 and 500 uM glucose in dry DMSO. Excitation wadq@ened at 690 nm.

4.5 Discussion and Conclusion

The experiments prove that all fluorophores - viith exception of cyanine dyi8 - are
capable of binding lactates via their phenylboraga moiety. A preference for the non-
physiological D-enantiomer was observed for all poomds as higher changes in
fluorescence intensity were detected. Furthermthe, position of the receptor group
proved to be ambitious for the detection. Compotd (with an ortho-phenylboronic
acid) displayed a higher response to low conceatratof D-lactate as thmetaderivative
12b although the latter can be used for a larger rapg® 1000 uM (Tab. 4.5). In general,
high values of selectivity were obtained for low pééncentrations of both lactate
enantiomers (Tab. 4.4).

The calibration plots revealed a linear, sigmoidalexponential behaviour of the
fluorescence signal with an increase of up to 18%r ¢he addition of 1 mM D-lactate to
12b (Fig. 4.10B). Although the interaction between ptoe and target was weak, different
fluorescence intensities were obtained in a comatah range for D-lactate between 0 to
250 pM. All probes, [Ru(ll) 12a and 12b); hemicyanine 10)] display comparable
responses to D-lactate but very different oned ftactate. Compound2a, with anortho-
phenylboronic acid, differed at distinguishing ta® enantiomers, although it carried the
same receptor group d9. The influence of water and pH value must be takea

consideration for the cyanine dyiE8. Its decomposition commenced immediately in
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agueous media even at neutral pH. Therefore itdcoat be used as a reliable NIR probe,
but was successfully applied in a disposable sdosa@cidic gases (see Chapter 5).

Finally, the effect of saccharides as major intanfg agents was investigated. In
general high concentrations of D-fructose, D-gleécasd D-galactose strongly interfered
with the signal of the probe, in presence of eitberor L-lactate. The most significant
alterations (up to 40%) were obtained 16rand both galactose and glucose. The Ru(ll)-
probe 12a differed in its response towards the sugars ad@esknching (up to - 25%)
occurred in all five cases fdr2a saturated with D-lactate. In the presence of ltal&g
however, the addition of D-glucose and D-galactpsenched the luminescence intensity
whereas D-fructose increased it for all concerdreti

In conclusion, the experiments hint at boronic adding suitable for the detection of
lactate levels by fluorescence spectroscopy. Aedifitiation between the two enantiomers
is possible at concentrations from 20 uM to 75 i &00 pM to 1000 uM for probes
12aand12b (Tab. 4.4), and 1 uM to 1000 uM for prob@ (Tab. 4.2). The presence of
sugars should be avoided owing to their strongfetence. This problem cannot be solved
easily, but requires the design of a more spepgfoeptor for D- or L-lactate, respectively.
Boronic acids with sterically hindered groups liét@iral N-heterocycles were introduced
by the group of Anslyn?®® The response of severathydroxycarboxylic acids towards
various receptors were investigated in indicatgpllicement assays with a preference for
citrate, malate and tartrate.The use of chiral N-heterocycles in combination hwit
phenylboronic acids may offer a possibility to detactate, however their incorporation to
hemicyanine or phenanthroline moieties is not afivBwitching the fluorophore scaffold

(e.g. naphthalimides) may enable a successful pagpa.
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5. Aminocyanines as Blue to Purple Probes in Irrevsible

Sensors for Acidic Gases

5.1 Introduction

Cyanine$ constitute one group of fluorophores that belanghe class of longwave dyes
besides porphyrin, squaraine and BODIPY derivatiié®ey absorb and emit light in the
VIS to near-infrared (NIR) region and have high amohbsorbance and photostability.
These characteristics render them suitable fluergsprobes and labels for biomedical
applicationd and bioimaging schemesecause background emission from biological
material is prevented. Some of them perfectly matoh NIR “diagnostic window”,
ranging from 700-900 nm. Here, light can deeply gteate tissue because endogenous
absorbers like oxy- and deoxyhaemoglobin exhibihiaimum of absorbanckln this
context, Indocyanine Green (absorption around 86%) is most prominently applied as it
is clinically approved for photodynamic therapy amghthalmology. Moreover, it is used
in fluorescent studies of enzymes and prot&ifid.Next in line are the so-called Cy dyes.
These consist, e.g. of two indole or benzoxazolvdgves which are linkedvia a
polymethine bridge to create a symmetric fluoroph&ach heterocyclic aromatic N-atom
is bound to an alkyl chain, which results in a pesly charged, quaternized N-atom. The
charge is delocalized along the polymethine chegdating a conjugated system. (General
building blocks of cyanines are displayed in theature of S0378 in Fig. 5.1). Numerous
Cy fluorochromes are derived from this scaffold, ifcstance Cy5 and Cy7. Here, five and
seven C-atoms, respectively, condense both ind@times. This entails to a red shift on the
absorption maximum from 647 nm (Cy5) to 753 nm (CyFurthermore, the type of
condensed heteroaromatic moieties determines treetrap properties® Synthetic
modifications increase the functionality of cyarste *? rendering them suitable for

1 and imagin§® applications or as NIR probes for fHand reactive

lase
oxygen/nitrogen species such as hydroxyl radicalrégen peroxide or hypochlorité.

A large number of functionalized cyanines are used fluorescent labels for
biomolecules? One example illustrates the conjugation of cyamirgsuccinimidyl esters
to oligonucleotides, whose hybridization was stddidga FRET afterwards®? Other
functionalized cyanines display alterations in tentre of their conjugated-electron

system containing a reactive (chloro) group andua-fto six-membered aliphatic/aromatic
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ring with the latter facilitating the substitutiomf the (chloro) leaving group
(www.licor.com)?® The labels preferably reacia Sy1 type mechanism with the sterically
hindered ring preventing nucleophilic attaska Sy2. The temporary carbocation is
stabilized by the carbon double bonds of the cyaognyl or -hexenyl moiety. Upon
conjugation to amines (or thiols), the probes ugddaue shifts in absorption and emission
because the electron withdrawing chloro atom isssuwited by an electron donating
amine® The hypsochromic shift is more pronounced forahsorption maximum than for
the emission resulting in Stokes” shifts of mo@nth00 nm. So-called aminocyanines are
characterized by broad absorption bands, high nmaddaorbance and strong fluorescence
between 750 and 800 nm. Protonation of the fluonophn aqueous media switches off
one part of the chromophoric system. This resalta further blue shift of both absorption
and emissio It has been proposed that the protonation ofitesenitrogen atom yields
an equilibrium of two protonated forms thus resgtiin the blue shifted barfd.The
addition of a small volume of aminocyanine in phHese buffer of pH 4.3 to a buffer of pH
9.4 had no influence on the intensity of the NIRis=mion which indicates that the
protonation is irreversibl& Recent studies of the Nagano group, however tidtss that
these effects are mostly be given in presence oio@mine moieties and can be suppressed
by the attachment of diamine groups. For instameeno-N-protected piperazine was
conjugated to the NIR probe IR-786, which then lkdigp stable NIR fluorescence at
789 nm under acidic conditions. Several NIR fluoegg aminocyanine pH probes were
prepared based on this principfeStable NIR fluorescence of aminocyanines is also
demonstrated by the Weck grotipTheir novel optical NIR imaging strategy combines
aminocyanines with polyamide dendrons.

A detailed account on the spectral changes of muim@aconjungated cyanines are
yet to be published in literature. Therefore, theekics of the reaction of aminocyanines
with protons was examined here more closely. Theewas investigated at different pH (4
to 9) for two types of monoamine substituents. Rtt@mine and 3-aminophenylboronic
acid (compound.3 from Chapter 4.4) were each reacted with dye S@8itBthe temporal
development of their spectral characteristics wevestigated and compared. Despite of
the fact that aminocyanines cannot act as revergHl indicators, a different application
was found. They can be employed as colorimetric diyex disposable, irreversible sensor
for acidic gases when embedded in a hydrogel ma@aorimetric gas sensors are known,
e.g. for hydrochlorit® and acetic acfd, ammonid’ and oxygefl but only HCI was

investigated in the present work.
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5.2 Synthesis and Characterization of NIR Probes fAHCI Gas

5.2.1 Preparation

_.R
Crf L5 Orf A3
=N - N S N
HN-R N
NEt:
H) H) DVE H) Na H)
'\éa rt, 12h
) o5

SOz SOs SOz

S0378 1314
HO. __OH

13:R= 14: R= "4

Figure 5.1. Synthesis of aminocyanine dy&8 and14 with either 3-aminophenylboronic

acid or ethanolamine groups.

The preparation of each of the two dyes was peddrnm one step and by a simple
protocof? using affordable starting materials. Cyanine dy@878, which undergoes
specific reactions with primary amirfésvas reacted with 3-aminophenylboronic acid or
ethanolamine. The precursors were dissolved in M excess triethylamine (NfEtvas
added, which acts as scavenger for hydrochlorid aad deprotonates the amine (Fig.
5.1). The colour of the solution changed from greeblue and the end of the reaction was
monitoredvia thin layer chromatography. The products precipddtom tert.-butylmethyl
ether (TBME) in high yield (> 90%) and purity. Bo#minocyanine dye&3 and 14 are
blue and black solids, respectively and display@alour in solution.

5.2.2 Spectroscopic Characterization — UV and Fluascence

The absorption 013 in phosphate buffered solution at pH 7 displayskgeat 690 nm and
at 527 nm (weak). The spectrum bf is characterized by two peaks as well, which are
blue-shifted to 652 nm and 512 nm. The extinctioefficients of 95,000 and 109,000
L*mol*cm™ are characteristic for aminocyanines. Followingigtion at 690 nm and

652 nm, respectively, both dyes emit near-infraligdt with maxima at 784 nm and
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778 nm and with a very short decay time (Tab. %d Big. 5.2). All data were obtained
after immediate measurements of freshly preparetpbks. The spectral characteristics

change dramatically when exposed to aqueous mediaime (see below).

Table 5.1.Structure, chemical and spectroscopic dati3adnd14 in phosphate buffer of
pH 7 (10 mM) unless noted otherwise.

13 14
HO< B/OH
R /© "oH
Na Aabs (NM) 690 652
© Aem(nm) 784 778
SOy SO e (L*'mol™™cm™) 95,000 109,000
T (ps) 265 n.d.

a) Fluorescence lifetime& was determined in aqueous solution against glyco@e= 25 mg/mL) as

scattering sample.
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Figure 5.2. Absorption (A) and emission (B) spectra of commb@B and14 (10 uM) in
phosphate buffered solution (10 mM) at pH 7.
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5.3 Effect of pH

5.3.1 General Observation

sy V‘Uv

R L i i)

O

Figure 5.3. Aminocyanines (10 pM) in

phosphate buffered solutions of increasing

pH value. A: image ofl3 after 4 h. B:

E 40 __d 1600 gol
g 0 m 3 .
g . o laoo 5 image of 14 after 4 h. C: plot of
—- 20- =
o %200 fluorescence intensity of13 (black,
Ho—"° —0—14-4h
o {0 784 nm) and14 (blue, 778 nm)vs. pH
A S after O h and 4 h.

Freshly prepared solutions of both dyes displagréscence around 780 nm. The intensity
of 13 and 14 differs slightly from pH 4 to 11 (Fig. 5.3C). Chges in the chromogenic
system occur upon exposure to agueous media wihicheasily be seen by eye vision.
Images of both dyes were taken after 4 h (arbifrarigh a common digital camera. In
general, the colour of the solution remains bluelfasic pH values whereas it becomes
purple in the acidic to neutral pH region. In caseompoundl3, mixed colours of purple
and blue between pH 5 and 7 indicate, that the @@ of the fluorophore has not been
completed yet (Fig. 5.3A). Contrarily, it seemsttbampoundl4 was transferred into its
purple counterpart within 4 h completely at acidit (Fig. 5.3B). Fluorescence spectra of
13 and14 at 784 nm and 778 nm respectively, reflect thdssekvations, too. A loss in
intensity occurs for both probes at almost all piues, however, it is higher pronounced
in the acidic region (Fig. 5.3C). In case of commib®4, a plot of fluorescence intensity
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vs. pH has a sigmoidal shape with low luminescenceadic pH values, but high
luminescence in the basic region. Additionally, batyes were subjected to cyclic
voltammetry measurements against a silver/silvelorcie electrode (Ag/AgCl) in
phosphate buffer of pH 9.5. Potentials were deteechito be 336 mV for prob&3 and
400 mV for probel4, respectively (Fig. 6.1). No changes in absorbdook place during
oxidation at 400 mV over 10 min. Therefore, all &p@l changes are induced by the

aqueous environment and do not originate from dxidgrocesses.
5.3.2 Characterization of Probe 13 in Aqueous Solian

A more detailed investigation aimed at the timed phl-dependence of the colour change.
Compound13 was dissolved in aqueous solution with pH valuesnf 4 to 9, and
absorption spectra were recorded from 350 to 85after 4 h. Again, the UV spectrum
exhibited two characteristic peaks at 690 nm antirsg, but their intensities changed with
respect to their starting levels (Fig. 5.4A). At gHthe absorption peak at 690 nm vanished
completely and only the peak at 527 nm remainauil&i observations were made for pH
5 and 6, however, some absorbance at around 69®awstill detected, which explained
the colour on the respective samples (Fig. 5.3/nt@rily, low changes of absorption
occurred under neutral and basic conditions. ThHecefof pH further influenced the
emission characteristics. Following photoexcitatian 527 nm, a second emission at
595 nm was detected besides the one at 784 nm5Big).
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Figure 5.4.Compoundl3 (10 uM) in phosphate buffered solution (10 mMnfrpH 4
to 9. A: Absorption spectra after 4 h. B: Emissspectra after 4 h following excitation
at 527 nm.
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The acidic conditions caused an increase of fluemse intensity at 595 nm
comparable to the characteristics of the absorpdjmectra. The fluorescence at 784 nm
disappeared almost completely at pH 4 but not ineatral and basic environment.
Isosbestic points in both absorption and emissipactsa at 577 nm and 708 nm,
respectively, indicate that a two component sysexists, which consists of the blue
starting chromophor#3 and its purple counterpart.

Compoundl3 was subjected to kinetic studies in phosphateebedf solutions at pH 4
and 9 and both emissions (at 784 nm and 595 nmg waced over time. All emission
spectra at pH 4 exhibited changes in fluorescememsity that occurred continuously until
the conversion was completed (Fig. 5.5A). The eimisat 784 nm almost fully vanished
after 4 h and only the red emission at 595 nm reethiThe overlap of all spectra revealed
an isosbestic point around 710 nm that occurreattoer acidic pH values, too (Fig. 6.12).
Changes of fluorescence intensity within 4 h wds® aepicted for emission spectra at
pH 9. However, these were restricted to the emissib 784 nm only (Fig. 5.5B).
Furthermore, no isosbestic point was obtained, lwhitdicated that the conversion

proceeded primarily under acidic conditions.
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Figure 5.5. Emission spectra o0f13
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Additionally, the kinetics of the conversion B8 was studied for each pH value using
the fluorescence intensity ratio (FIR) of both mggies at 784 nm and 595 nm,
respectively.

FIR = 754

595

The dual-wavelength emission of the system enablesintrinsically referenced
fluorimetric evaluation, thereby minimizing interémces that may originate from sample
preparation or the instrumental set*djRatiometric analysis of all spectra showed that th
FIR decreased in general over time. The ratio isgmily influenced by an acidic
environment in analogy to the emission spectra. &iC). A less pronounced decrease is
obtained for pH values from 7 to 9. Both observaiandicate that the rate of conversion

is high in acidic environment and low under basinditions.

5.3.3 Characterization of Probe 14 in Aqueous Solign
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Figure 5.6. Spectra of compounil4 (10 pM) in phosphate buffered solution (10 mM)
from pH 4 to 9. A: Absorption spectra after 4 h.Bnission spectra after 4 h following
excitation at 512 nm.

The same experiments were performed for compduhds described for compouric.
First, 14 was dissolved in phosphate buffered solutions wihvarying from 4 to 9, and
absorption spectra were then recorded from 3500t r8n after 4 h of incubation. The
most significant changes, again, occurred at pHhd % Here, the absorption band at

652 nm disappeared completely and the one at 512nomased. At pH 7, however, a
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relatively high absorption at 652 nm remained. Lolaanges were obtained in basic
environment (Fig. 5.6A). The effect of pH on theadiescence intensity was examined
after 4 h (Fig. 5.6 B). Following photoexcitationzl2 nm, all spectra showed behaviour
similar to those of compourtB. The emission at 778 nm decreased in intensityeadsea
blue-shifted band below 600 nm appeared which gainensity at low pH values. It has
to be noticed that the extent of increase below B@0obviously does not follow the
scheme pH 4>5>6>7. Although isosbestic points wedetected around 560 nm
(absorption) and 660 nm (fluorescence), respegtivietould not be concluded that a dual
system of two chromophores is present after 4 s ather likely that further processes
caused decomposition of the purple counterpartogsipeat pH 4.

Finally, compoundl3 was subjected to kinetic studies in aqueous swistiat pH
values from 4 to 9 (Fig. 5.7 and Fig. 6.13). Bdtlofescence intensities around 600 nm
and at 778 nm were followed over 4 h.

—— 0 min
4 —— 10 min

fluorescence intensity / a.u.
fluorescence intensity / a.u.

550 600 650 700 750 800 850 900 550 600 650 700 750 800 850 900
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Figure 5.7. Emission spectra ofl4
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All emission spectra at pH 4 display changes iorfiscence intensity that occurred
continuously until the conversion was finished (Fig7A). The emission at 778 nm
vanished completely after 4 h and only the red armnd 600 nm was detectable. Its
maximum, however, did not stay on a fixed wavelbngtwas slightly blue shifted during
the measurements thus preventing the determinaftican isosbestic point. Changes of
fluorescence intensity within 4 h were depicted éonission spectra at pH 9, however,
these were not restricted to the emission at 778Ameak additional band between 650
to 700 nm decreases, as well (Fig. 5.7B). The kisetas studied for each pH value using
the fluorescence intensity ratio (FIR) of both mggies at 778 nm and around 600 nm,
respectively (Fig. 5.7C). Ratiometric analysis bfspectra showed that the FIR decreased
in general over time. The ratio is primarily infamed by acidic environment in analogy to
compoundL3. A less pronounced decrease was obtained for @thd 9. Again, both
observations indicate that the rate of convers®mhigh in acidic environment and low

under basic conditions.

5.4 Isolation and Attempted Characterization of thePurple Product

Decomposition of aminocyanines has been reptttdthut no exact chemical structure of
a decomposition product has been determined yetddmify the product, compount#
was stirred in aqueous HCI for 6 hours and the eqpmduct was subjected to HPLC/MS
analysis (Fig. 6.4). The choice was made in favolucompoundl4 as boronic acids
(compoundl3) are more difficult to analyzeia mass spectrometry. The chromatogram
reveals the presence of several components. Howewvigrthe one with a retention time of
10.3 min displays the desired absorbance at 534 Time. product was isolated by
preparative HPLC but yields were very low afterrgvein, rendering an exact structural
characterization almost impossible. The spectrascpmperties and the mass to charge
ratio (m/z), however, were determined (Tab. 5.2)e T/z value of the purple product is
754.319, which is an increase of 16 compared topooamd14. The absorption peaks at
534 nm instead of formerly 512 nm and features mmextinction coefficient of 47,200
L*mol*cm™. Upon excitation at 530 nm, two emission bands d@eected at 547 and
588 nm, respectively (Fig. 5.8A). The fluoresceguantum yieldp is 1.4%. Furthermore,
both emissions are affected by pH. The intensity4at nm follows a sigmoid curve with
high fluorescence intensity at low pH (Fig. 5.8B)pK, of 7.3 was determined when the

data were fit. Furthermore, IR spectroscopy ofghple decomposition product displayed
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an additional band at 1,673 ¢reompared to the IR spectrum of compouddd This wave
number is characteristic far--unsaturated ketones and it could not be assigmedhy

other functional group.
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Figure 5.8. The purple product (3 uM). A: Absorption and enassspectra in phosphate
buffer of pH 7; B: Effect of pH on the fluorescentgensity in phosphate buffered

solutions of pH 4 to 9.

Table 5.2.Chemical and spectroscopic data of the purpleymbih phosphate buffer of
pH 7 (10 mM) except noted otherwise.
m/z Aabs (NM) e (L*mol *cm™) Aem (NM) ¢
754.319 534 47,200 547 and 588 1.4%

a) determined in air-saturated ethanol againstafezence Rhodamine 6G, whose quantum yield isrtego

to be 0.95 in air-saturated ethafiol

5.5 A Colorimetric Sensor Membrane for Acidic Gases

As the blue to purple switch @f3 and14 is catalyzed by protons, the dyes are well suited
for sensing acidic gases. They cannot be used amgieators in solution because the
reaction time is by far too slow compared to clasadicators like phenolphthalein or
congo red, which change their colour instantangoatUdifferent pH. In accordance with
earlier publicatiors, the decrease in the NIR absorptiorl8fand14 is irreversible which
enables the detection of the presence of acidiesgasa certain closed environment. Upon
embedding into a cocktail and deposition on a parent support, the sensor foil can
display clear information whether acidic gases hageurred or not. Hence, an
irreversible, disposable sensor layer may be useahandicator for inappropriate storage
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conditions and to detect exposure to acidic gass&lé packaging or in context with

occupational health.
5.5.1 Choice of Materials and Experimental Setup

Aminocyanineld was chosen for the sensor preparation becausietiease of its FIR in
buffered solution at pH 4 remains almost the saftee 80 min instead of 45 min for probe
13 (Fig. 5.9A). The next step requires the dye teefmedded in an appropriate polymer,
which is permeable to gases but blocks humiditynfrair. The use of water must be
avoided already at the stage of sensor preparbgocause a cocktail of hydrogel and dye
in water/alcohol mixtures causes colour changesorbefsubmitting the sensor to
application. Polystyrene (PS) was found to be ingyppate for sensor preparation because
aminocyaninel4 precipitated from dissolved PS in many organiveiols. Therefore, PS
is used as top layer of the sensor but anothempaiyor embedding the probe is needed.
Various hydrogels have been describetf, but most of them have to be dissolved in
water/ethanol mixtures in order to be processedpadyhydrogel, a block-copolymer
consisting of hard and lipophilic domains of polgdenitrile as well as soft and
hydrophilic blocks of polyacrylamide, is insoluble water and many other organic
solvents except for dimethylsulfoxide (DMS&)Covalent attachment of compoutd is

not needed because the sensor is not supposecikpbsed to water.
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Figure 5.9.A: Plot of FIRvs.time for compound.3 and14 in buffered solution at pH 4;

B: Sensor composition and experimental setup.
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The sensor consists of two membranes, which aeaddayer by layer with a knife-
coating device on an optically transparent supfidsiiar™, ethyleneglycol-terephthalate
polyester). The sensor foil is placed in a des@mcabove acid/water mixtures of various
concentrations. Once the equilibrium is reachedéen liquid and gas phase, the resulting
vapour pressure of acid can be related to a cedanctentration of gas at constant

temperature (Fig. 5.9B5.

5.5.2 Response to Gaseous Hydrochloric Acid

The high molar absorbance of the cyanine dgealong with the use of a transparent
polyester support (Mylar) enables photographinghaf sensor foils so to quantify the

changes caused by acidic gases (Fig. 5.10). Theoseras fixed with Tesa stripes on the
inner side of a desiccator and its reactive mendraas exposed to the vapour of a 24%
(w/w) water/hydrochloric acid mixture, resulting anpartial pressure of 1.3 mbar of HCI.

Hydrochloric acid was chosen arbitrarily as a reprgative for acids with appropriate

vapour pressure. Images were taken over time throlug glass of the desiccator with a
digital camera in order to give sharp-contrast iesa@-ig. 5.10). Desiccator and camera
were placed in a room with only artificial lightéa temperature kept at 20 °C.

15 min 20 min 30 min 40 min 50 min

Figure 5.10.Images displaying the temporal development ofcbleur of the sensor in
presence of 24% (w/w) HCI in water at 20 °C. Thasresponds to a vapour pressure of
HCI of 1.3 mbar.

The initial image revealed a heterogeneous didiahwf the probe because dark blue

dots were sprinkled over the turquoise sensor. Witlventy minutes of exposition, the
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sensor changed its colour from turquoise over Itueurple, which was similar to the
observations in water. Longer reaction times reagtdlleaching of the sensor as the pale
purple background vanished on the right part ofith@ges. The temporal development of
the colour of the sensor was also followed photometry. In this case, the sensor spots
were put onto the removable platform above mixtuoéshydrochloric acid/water.
Repetitive fixing and removing of the sensor frame tinner wall of the desiccator over
more than four hours would cause damages on tleserembrane and therefore was not
chosen for this experiment. The sensors were placqdartz cuvettes (d = 2 mm) and the

absorbance was measured from 400 to 800 nm (Hidy).5.
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Figure 5.11. Absorption spectra illustrating the temporal depehent of the sensor in
presence of (A) 32% (w/w) and (B) 2% (w/w) HCI irater at 25 °C, which corresponds

to a vapour pressure of 43 mbar and 0.1 pbar of HCI

At the beginning of the experiment, the UV spedaifathe sensor in presence of
43 mbar HCI (32% (w/w) mixture) were characteriigdtwo maxima at 665 and 505 nm
(Fig. 5.11A). Both values differ from the ones oblpe 14 in solution. The red absorption
band was red shifted (665 nva.652 nm) and the green one was blue shifted (50v31m
534 nm). After exposition to HCI gas for 60 mingthand at 665 nm decreased and the
absorption at 505 nm increased. Both absorptionimeaxvere red shifted to 668 and
527 nm, respectively. The change from blue to pugdso revealed the presence of an
iIsosbestic point around 565 nm. After two hours ted absorption band vanished
completely and only the one at 527 nm remained.nJjpother exposition to the acidic
environment, almost no absorption was measuredhaikim accordance with the expected

bleaching of the sensor. The sensor's reactivityatds 0.1 pbar HCI (2%, w/w) was also
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investigated, but changes in colour occurred méoelg (Fig. 5.11B). The absorption
spectrum after 45 min of exposition was nearly shene as compared to the start. The
absorption at 668 nm decreased slightly, but theeairb05 nm remained unchanged. After
two hours, the red absorption band split and twaima at 667 and 615 nm were detected.
Both bands lost intensity over time and nearly plsmred after fifteen hours. The
absorption at 505 nm increased over time and twallomaxima appeared at 528 and

540 nm, respectively. Isosbestic points are locatednd 567 and 575 nm, respectively.
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Figure 5.12. A: sensor membrane before (a) and after (b) reactith HCI| gas. B:
Sensor membrane in presence of (a) no, (b) 0.1arzh(c) 43 mbar HCI at 25 °C. Plot of
the ratio of the red and the green absorbasdeme. Each curve is illustrated with its fit.

The spectral changes of both sensors were anabydividing the absorbances of the
maxima of the red (around 660 nm) and green (ar&@lddnm) band (Fig. 5.12B). A high
ratio displayed high absorbance around 660 nm amddne around 515 nm, which is
typical for the beginning of the experiment. In efose of HCI gas, the sensor did not
change its ratio thus displaying a stable basdtnaee a). Upon exposition to HCI gas, the
ratio decreased in both cases over time becausedhabsorbance became lower and the
green one increased. The sensors had comparabimgsteatios, but the presence of
43 mbar HCI altered the ratio more rapidly. Hehe tatio decay followed an exponential
curve and stopped after two hours, which indic#tes the sensor had fully reacted with
the gas (trace c). In case of 0.1 pbar HCI (trgcethmnges occurred more slowly and the
ratio decreased linearly. After four hours, theorad comparable to that at 43 mbar HCI.
According to the decay curves, the sensor foilitable to follow long-time processes and
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ingress of an acidic gas. Therefore, it is suit@seolorimetric indicator for inappropriate
storage conditions (e.g. for corrosive materiadsyapid determination method of acidic

gases is feasible at high concentration within angd®incubation time.

5.6 Discussion and Conclusion

The preparation of both aminocyanines followed evimusly published protoct! with
comparable yields and purity. The absorption maxmaf probe 13 is red shifted
compared to probd4 (690 vs. 652 nm) which can only be explained by a different
mesomeric (M) effect induced on the groups attadbethe amino group. The aromatic
amine has a —M-effect due to its boronic acid waetée aliphatic amine possesses a +M-
effect causing a hypsochromic shift on the fluomeh Upon protonation, the colour of the
aminocyanines changes from blue to purple. Thesectsgscopic changes of
aminocyanines have already been described in thetire for similar compound$?
Ratiometric analysis of the kinetics, however, was performed for pH from 4 to 9 by
other working groups. Furthermore, the effects lrescence of an aliphatic and an
aromatic amine moiety were not compared. The flsmerce intensity ratio (FIR) at pH 4
(Fig. 5.9A) illustrates that the rate of transfotioa is similar for both probes within the
first 30 min. The FIR after 10 min is around 60%itsfstarting value (63%s. 61% for
probesl3 and14) and decreases further to 20% (19%620% for probed 3 and14) after
30 min. Longer reaction times do not reduce the &flRrobel4 further, however, the one
of probel3 has only 16% after 1 h. This may explain the faat more nuances in colour
can be detected.

The starting chromophor&4 reacted irreversibly to give a purple product, sdo
molecular weight increased by 16 g/mol accordingness spectrometry (MS). Although
the molecular mass of the decomposition produdt3ofould not be determined, it can be
concluded that transformation b8 yields the same purple fluorophore. Changes kegyli
to occur along the polymethine chain of the chrohawp and not on the amine moiety.
Probably, aro--unsaturated ketone has formed according to IRtsysaopy. Therefore,
a structure for the purple product is proposed.(bi§3), which contains a keto group at
C7 of the polymethine chain, thus shortening th@rciophoric system. A sum formula of
CsoHsoN30gS," was calculated from the HR-MS software, whose mds weight
conforms the experimentally obtained by 97%. kxpected that the transformation1#

results in the same chromophore.
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Figure 5.13. Suggested structure of th OH
purple  decomposition product o H j
compoundl4. O N" O O
=/~ N
N ‘ C7 N
SO;H SOzH

Aminocyanines can act as irreversible indicatorsafodic gases when embedded into
a polymer. The disposable sensor prepared makesf tise blue to purple switch d# in
order to detect different partial pressures of bglHloric acid. The sensor changes its
colour from turquoise to purple but bleaches upother exposition to gas. The rate of the
transition from blue to purple depends on the phrpressure of HCl gas. As a
disadvantage, the probe is distributed heterogeshgoin the sensor membrane.
Furthermore, DMSO as solvent for the Hypan hydragj@rds a long drying time. The
utilization of aminocyanines without sulfonic acigl increase solubility in more volatile
organic solvents (e.g. ethanol, THF) and may endbé use of humidity blocking
polymers like polystyrene or poly(vinylalcohdf.

The spectral properties of aminocyanines can bdieappo the detection of acidic
environments. The irreversible, disposable sereyarlis intended for use as an indicator
for inappropriate storage conditions and to dez@pbsure to acidic gases in the context of
occupational health. Up to now, no structure or maetsm has been determined that
would help to explain the transformation of the slyeto their purple counterparts. It is
only reported that this problem can be solved Ibgching diamines to the centre of the
polymethine chai® The development of the sensor is not completehiat stage. A
homogeneous distribution of the dye in the sensembrane has to be achieved, and the
experiments have to be performed with other gaseoigs, such as acetic acid. Then, a
complete evaluation may tell if the sensor candedifor acids in general or is restricted to
hydrochloric acid, only.
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6. Experimental Part

6.1 General

Chemicals, enzymes and solvents were purchasedSrgma-Aldrich/Fluka (www.sigma-
aldrich.com), Merck (www.merckchemicals.com), FEWw{v.few.de) and ABCR
(www.abcr.de). All were of analytical grade and diseithout further purification.
Commercially available O-(2-aminoethyl)-celluloseamino-modified polyacrylonitrile
(PreSens GmbH, www.presens.de) and aqueous suspensf amino-modified
polystyrene beads with diameters of 500 nm (Potysms, www.polysciences.com) were
used for polymer labelling with HP Green. The pHpblosphate buffer solutions was
adjusted on a CG 842 pH meter (Schott, www.sclumtt)c Deuterated solvents were
obtained from Deutero GmbH (www.deutero.de). Spscipic measurements were
performed in cuvettes made from quartz glass (Hellmww.helma-analytics.com) or
PMMA (Brand, www.brand.de). UV spectra were recoram a Cary 50 biophotometer
(Varian, www.varianinc.com). Fluorescence excitatmd emission spectra were acquired
on a FP-6300 spectrofluorometer (Jasco, www.jaggmd on an Aminco Bowman AB2
luminescence spectrometer (SLM  Spectronic  Unicamwwwgpectronic.co.uk).
Fluorescence lifetime was determined on a K2 mralfjiency phase fluorometer (ISS,
www.iss.com). pH was measured with a CG 842 pH-metéchott,
www.schottinstruments.de). NMR spectra were reabradm an Avance 300 MHz
spectrometer (Brukewww.bruker-biospin.com). Chemical shif®) @re given in parts per
million (ppm) using solvent signals as the refeeer@oupling constants (J) are reported in
Hertz (Hz). Splitting patterns are designated aisglet), d (doublet), t (triplet), m
(multiplet). IR data were collected with an ExcalibFTS 3000 spectrometer (Biorad,
www.bio-rad.com) equipped with a Golden Gate Diath&ingle Reflection attenuated
total reflection (ATR) system (Specac, www.speaamc Mass spectra were acquired
with a Thermoquest Finnigan TSQ (LC-ESI), a Finni¢#AT 95 (HR-EI), Finnigan Mat
SSQ 710 (CI-El) mass spectrometer (Finnigan Magnigm, Germany) as well as on an
Agilent 6540 (HR-ESI) mass spectrometer (Agilentywvagilent.com). Curve fitting was
done with Origin 6.1 from OriginLab Corporation (waoriginlab.de). Centrifugation of
the particles in 1.5 or 2 mL cups (Eppendorf, wwpendorf.de) with a speed of
8000 rpm for 10 min was performed on an EBA 12 ke (Hettich, www.hettich-
zentrifugen.de). The particles were suspended polgurethane hydrogel Hydromed D4
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(Cardiotech, www.cardiotech-inc.com) and spreacdh vét knife coating device on the
polyester support Mylar (product number 124-098®606pdfellow, www.goodfellow.de).
Hypan (HN80) hydrogel was purchased from Hymediwwhymedix.com).

Phosphate buffer was prepared by dissolving 6.899% NaHPO, x H,O in 4.99 L of
bidistilled water. The pH was adjusted with hydrocic acid (0.1 M or 1 M) and sodium
hydroxide solutions (0.1 M or 1 M), respectivehherbuffer was filled up with bidistilled
water up to a volume of 5 L. In case of phosphaftebed saline (PBS), 37.497 g of NaCl
was added.

6.2 Synthesis and Sensor Preparation

6.2.1 Synthesis and Characterization of (1)

O_
o) o
Br K,CO5 (1 eq)
N X AR q
| N~ - | 0
S / DMF A .
o) 90°C,20h | N
NH, _
o)
C1oHgBINO, CgH 1Ny C17H16N203
254.09 g/mol 123.15 g/mol 296.32 g/mol
1eq 1eq 1

4 g (32 mmol) ofp-anisidine, 8.26 g (32 mmol) of N-(2-bromoethyl)plimide and
4.48 g (32 mmol) of KCOs in 24 mL of DMF were heated at 90 °C for 20 h. Teaction
mixture was poured into 350 mL of ice water. Thevian-white precipitate was filtered off
after 2 h, washed with cold water and dried ove€lga vacuum. The crude product was
recrystallized from ethanol. Yield: 1.4 g (4.7 mmbb %), off-white crystals, fH16N20s,
melting point 101 °C. ESI-MS: m/z (M- cation) for G/H:7N,Os, calculated 296.1,
found 297.0H-NMR (300 MHz, CDCY): § (ppm) 3.4 (t, 2H, J = 6.32 Hz), 3.7 (s, 3H),
3.94 (t, 2H, J = 6.31 Hz), 6.6 (dd, 2H, J = 6.58 P12 Hz), 6.75 (dd, 2H, J = 6.59 Hz, 2.2
Hz), 7.7 (dd, 2H, J = 5.49 Hz, 3.02 Hz), 7.85 (@H, J = 5.49 Hz, 3.02 Hz}*C-NMR
(300 MHz, CDCY): 6 (ppm) 37.62, 43.76, 55.80, 113.96, 114.93, 123123,33, 132.01,
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134.05, 141.81, 152.21, 168.66. The compound waihegized according to the literature

and all NMR data are analogue.

6.2.2 Synthesis and Characterization of (2)

: O
i HoN-NH, @

A~ —~NH _

P EtOH NH
reflux, 4 h J/
S H>N
C1gH19N302 CgH14N,0
296.32 g/mol 166.22 g/mol

2 g (6.7 mmol) oflL were dissolved in 40 mL of boiling ethanol and 426(8.8 mmol) of

hydrazine monohydrate were added to the brownisalith one portion. The mixture was
refluxed for 4 h upon which a white solid precipgid The mixture was cooled to room
temperature and 10 mL of concentrated hydrochlacid (37 %) were added. After 1 h,
the precipitate was filtered off, the filtrate cemtrated half to its volume and the pH
adjusted to around 10 with agueous NaOH. The swlutias extracted with diethyl ether
five times, the combined extracts dried over,®@;, the solvent removed, and the
remaining brown oil left for crystallization in theefrigerator over night. The brown solid
was used without further purification. Yield: 407gn(2.45 mmol, 36%), brown solid,
CoH14N20. *H-NMR (CDCL): § (ppm) 2.95 (t, 2H, J = 5.22 Hz), 3.15 (t, 2H, 5.22 Hz),

3.75 (s, 3H), 6.61 (d, 2H, J = 2.2 Hz), 6.78 (d, 2H= 2.2 Hz).*C-NMR (300 MHz,

CDCls): 6 (ppm) 41.32, 47.59, 55.84, 114.32, 114.92, 142162,17. The compound was

synthesized according to the literature and all Ndéfa are analogue.
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6.2.3 Synthesis and Characterization of (3)

Cl
% NH,
XX J) Zn(OAc), (cat)
P

DMF
J\ /L e rt, 18 h 0P N0
0”0 0 80°C,1h

OH
o]
C..H_ClN, C_H._NO- C..H.-.CINO .
“12i5Vivg “63IN2 18BN Y4
231.99 g/mol 131.09 g/mol 345.08 g/mol
1eq 1.3 eq 3

2.2 g (9.5 mmol) of 4-chloro-1,8-naphthalic anhgéti 1.62 g (12.3 mmol) of 6-
aminocaproic acid and a catalytic quantity of zatetate were dissolved in 70 mL of
DMF. After stirring at room temperature for 18 hetyellow suspension was heated to
80 °C for 1 h and then poured into 350 mL of coldtev. After 2 h, the resulting pale
yellow precipitate was filtered off and washed wabld water. The crude product was
dissolved in 100 mL of boiling ethanol and filterledt. The yellow crystals were filtered
off the filtrate solution, washed three times wétild ethanol and dried in a desiccator over
solid KOH. Yield: 2.1 g (6.2 mmol, 64 %), pale y»il solid, GgH16CINO,. ESI-MS: m/z
(M-H*, cation) for GgH17CINO,", calculated 346.1, found 346.tH-NMR (300 MHz,
DMSO-d6)6 (ppm) 12.0 (s, 1H), 8.46 (s, 1H), 8.42 (d, 1H, 1.65 Hz), 8.28 (d, 1H, J =
7.96 Hz), 7.9 (d, 2H, J = 7.95 Hz), 3.9 (t, 2H, 7.24 Hz), 2.2 (t, 2H, J = 7.41 Hz), 1.55
(m, 4H), 1.3 (m, 2H)*C-NMR (300 MHz, DMSO-d6) (ppm) 24.1, 25.9, 27.0, 33.4,
39.5, 121.1, 122.4, 127.4, 128.0, 128.1, 128.3,7,2880.6, 131.3, 137.2, 162.4, 162.7,
174.3. The compound was synthesized accordingeditérature and all NMR data are

analogue.
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6.2.4 Synthesis and Characterization of (4; “HP Gren”)

Cl O/ NH
\ I
| HN
% DIPEA (2 eq)
)\ A . i
0~ "N” 0 NH

|
T O &
J/ 90 °C, 18 h
H,N
OH
o)

\([)]/U

C1gH16CINO4 CoH14N20 Co7H29N305
345.08 g/mol 166.22 g/mol 475.21 g/mol
1eq 2 eq

438 mg (1.27 mmol) 08 and 423 mg (2.54 mmol) @ were dissolved in 10 ml of DMSO
and 432 pL (2 mmol) of diisopropylethylamine (DIEWas added as a base. The mixture
was stirred at 90 °C for 18 h and poured into 50 oflice water. The emulsion was
centrifuged and the oil collected, dissolved inyeticetate, washed two times with water
and dried over N&O,. The solvent was evaporated to obtain a tawnywbilch was
purified by column chromatography on silica witthexane/DCM mixtures (gradient from
2:8 to 1:99, v/v), DCM and DCM/MeOH mixtures (gradi from 98:2 to 9:1, v/v). Yield:
100 mg (0.21 mmol, 17 %), ochre solidz78,dNs0s. ESI-MS: m/z [M-H, cation] for
CoH3oN3Os", calculated 476.22, found 476 H-NMR (300 MHz, Acetone-d6)s (ppm)
1.45 (m, 2H), 1.7 (m, 4H), 2.3 (t, 2H, J = 7.41 HZp5 (t, 2H, J = 6.04 Hz), 3.75 (m, 2H),
4.3 (t, 2H, J = 7.41), 6.65 (d, 2H, J = 9.06 Hzy%6(d, 2H, J = 8.78 Hz), 6.9 (d, 1H, J =
8.51 Hz), 7.05 (m, 1H), 7.65 (t, 1H, J = 8.23 H&B5 (d, 1H, J = 8.51 Hz), 8.38 (d, 1H, J
= 7.41 Hz), 8.55 (d, 1H, J = 8.51 HZJC-NMR (600 MHz, Acetone-d6¥; = 25.38, 27.28,
28.61, 30.30, 30.43, 30.55, 34.01, 40.09, 43.48433.56, 43.61, 55.80, 104.77, 104.81,
110.32, 114.62, 115.56, 121.47, 121.52, 123.76,2P29.28.27, 130.71, 131.39, 134.86,
143.65, 151.17, 151.25, 152.83, 164.11, 164.82,.4674pm. The compound was
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synthesized according to the literature with theegtion of the workup with column
chromatography. All NMR data are analogue.

6.2.5 Synthesis and Characterization of (5)

Cl Cl
CC e
EtOH
0~ N O reflux, 24 h 0~ N "0
OH o~
o] O
345.08 g/mol 373.11 g/mol

4 mL of concentrated sulfuric acid was dropped foake yellow suspension of 3.77 mg
(10.9 mmol) of3 in 200 mL of dry EtOH. The suspension was refluted 24 hours,
cooled to room temperature and the volume was egtitee 20 mL. 50 ml of ethyl acetate
are added and the organic layer was washed twas timin 50 mL of water, 50 mL of
brine, dried over N&O, and reduced to dryness. The remaining oil soédifin the
refrigerator over night and was then recrystallifein MeOH and dried over solid KOH
in the desiccator. Yield: 2.64 g (7.1 mmol. 65 ¥gllow solid, GoH2:CINO,. ESI-MS:
m/z (M-H', cation) for GeH1:CINO,", calculated 374.1, found 37418-NMR (300 MHz,
DMSO0-d6)6 (ppm): 1.15 (t, 3H, J = 7.14 Hz), 1.3 (m, 2H), 16, 4H), 2.3 (t, 2H, J =
7.14 Hz), 4.0 (m, 4H), 7.9 (m, 2H), 8.3 (m, 1H)58m, 2H). The compound was
synthesized according to the literature and all Ndéfa are analogue.
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6.2.6 Synthesis and Characterization of (6)

J/OH
cl HN
| I NEt; (2 eq) I I
o TN oy
O~ N O DMSO O~ N O
| 90°C, 18 h '
o o~
o) o}
373.11 g/mol 61.05 g/mol 398.18 g/mol
1eq 2 eq

A yellow solution of 2 g (5.36 mmol) d, 647 pL (10.72 mmol) of ethanolamine and
1.486 mL (10.72 mmol) of triethylamine in 20 mL BMSO was stirred at 90 °C for 18
hours. The hot brown solution was poured into 1%0afcold water, after three hours the
resulting precipitate was filtered off and washkoeé times with cold water. The brown
crude product was recrystallized from ethyl acetdtee crystals were filtered off the
solution, washed with cold ethyl acetate and daeer solid KOH in a desiccator. Yield:
1.53 g (3.84 mmol, 72 %), brown-yellow solid;.B8,6N.0s, melting point: 110 °C. ESI-
MS: m/z (M-H', cation) for G,H»7N,Os", calculated 399.2, found 399.8H-NMR (300
MHz, CDCE) § (ppm): 1.2 (t, 3H, J = 7.13 Hz), 1.45 (m, 2H), In¥, 4H),2.3 (t, 2H, J =
7.41 Hz), 3.1 (s(b), 1H), 3.7 (m, 2H), 4.1 (m, 68)9 (m, 1H), 6.6 (d, 1H, J = 8.5 Hz),
7.45 (t, 1H, J = 7.96 Hz), 8.0 (d, 1H, J = 8.23 H&}?5 (d, 1H, J = 8.23 Hz), 8.4 (d, 1H, J =
7.13 Hz). The compound was synthesized accorditigetditerature and all NMR data are

analogue.
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6.2.7 Synthesis and Characterization of (7)

J/OH J/C|
HN HN
| A AN |
s¥e
¥z NN MeCN
SONy ) (I
PY rt,1h
- refiux, 3 h
07 N Yo LJ 07 NS0
NS
WYOV Imov
O 0
C22H26N205 C1gH15P CopHy5CIN,O,4
398,18 g/mol 262,09 g/mol 151,88 g/mol 416,15 g/mol
1eq 1.4 eq 2.6eq

A suspension of 4.0 g (10 mmol) 6f 3.69 g (14 mmol) of triphenylphosphine and
2.513 mL (26 mmol) of tetrachloromethane in 30 nfLacetonitrile was stirred at room
temperature for one hour and refluxed for threerbiafterwards. The solution was cooled
to room temperature, the golden precipitate wasrét off and washed three times with
cold acetonitrile. The crude product was recrystadl from ethyl acetate. The golden
crystals were filtered off the solution and drieckosolid KOH in the desiccator. Yield:
2.135 g (5.13 mmol, 51 %), golden powdepHBsCIN,O4, melting point: 150 °C*H-
NMR (300 MHz, DMSO-d6)Y (ppm): 1.1 (t, 3H, J = 7.14 Hz), 1.3 (m, 2H), 1§ 4H),
2.3 (t, 2H,J =7.13 Hz), 3.8 (q, 2H, J = 5.49 H¥.25 HZz), 3.9 (t, 2H, J = 6.32 Hz), 4.0 (m,
4H), 6.85 (d, 1H, J = 8.51 Hz), 7.6 (m, 1H, P(Q)PR.7 (t, 1H, J = 8.24 Hz), 7.9 (t, 1H, J
= 5.49 Hz), 8.25 (d, 1H, J = 8.51 Hz), 8.42 (d, IH; 7.13 Hz), 8.65 (d, 1H, J = 7.68 Hz).
The compound was synthesized according to thatuer and all NMR data are analogue.
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6.2.8 Synthesis and Characterization of (8)

| ~NT 1) Nal (cat.) NH

ethyl acetate J
OO . reflux, 4 h HN
2) K,CO3
O "N~ 0 NH, ethyl acetate
K reflux, 16 h

07 N0
O\/
0]
O _-
i
O
C2oH25CINO4 CgH12N> C30HaeN4O04
416.15 g/mol 136.10 g/mol 516.27 g/mol
1eq i.2eq

120 mg of7 (0.29 mmol) and a catalytic quantity of sodiumidtedwere dissolved in ethyl
acetate and the mixture was refluxed for 4 h. Tdlet®n was filtered to remove sodium
chloride. 47 mg of N,N-dimethyp-phenylene diamine (0.35 mmol) and 48.4 mg gC&;
(0.35 mmol) were added and the mixture was reflured 6 h afterwards. After cooling to
room temperature, ££0; was filtered off and the solution was evaporatedriness. The
crude product was purified by column chromatogra¢thgm diameter, 20 cm length) on
silica with n-hexane/DCM (1:9, v/v), DCM and DCM/Kdél mixtures (gradient from 99:1
to 95:5, v/v). Yield: 28 mg (0.054 mmol, 19 %), oelsolid, GoH3sN4O4, melting point:
64 °C. HR-EI-MS: m/z [M, radical cation] for HzsN4O4", calculated 516.27366, found
516.27345'H-NMR (300 MHz, DMSO-d6)5 (ppm) 1.15 (t, 3H, J = 6.86 Hz), 1.33 (m,
2H), 1.57 (m, 4H), 2.27 (t, 2H, J = 7.41 Hz), X76H), 3.5 (d, 2H, J = 2.75 Hz), 3.55 (m,
3H), 4.0 (m, 4H), 5.1 (t, 1H, J = 6.04 Hz), 6.58 281, J = 9.06 Hz), 6.63 (d, 2H, J = 9.06
Hz), 6.8 (d, 1H, J = 8.5 Hz), 7.68 (t, 1H, J = 4192), 8.25 (d, 1H, J = 8.51 Hz), 8.42 (d,
1H, J = 7.14 Hz), 8.7 (d, 1H, J = 8.51 HAC-NMR (600 MHz, DMSO-d6)5 = 14.06,
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24.18, 25.90, 27.30, 33.31, 41.72, 42.21, 42.316(59103.81, 107.73, 113.46, 115.34,
120.15, 121.84, 124.26, 128.57, 129.40, 130.67,2P34140.65, 143.05, 150.64, 162.88,
163.72, 172.80 ppm.

6.2.9 Synthesis and Characterization of (9)

C.)H
B.
B = OH
™ oH |
N B e 1 g©
| J \OH MeCN - y Br
= * reflux, 5 h [@j
i \I//
C6H7N C7HSBBr02 C13H1sBBrN02
93.06 g/mol 213.98 g/mol 307.04 g/mol
1.2eq 1eq 9

117 pL (2.2 mmol) of 4-picoline was slowly addedat@olourless suspension of 214 mg
(2 mmol) of 2-(bromomethyl)phenylboronic acid in bL MeCN. After the reaction
mixture was refluxed for 5 hours it was cooled ¢tmm temperature, the solvent was
evaporated and dried in vacuum. The crude prodas washed three times with cold
ethyl acetate and dried in a desiccator over 0. Yield: 301 mg (8.13 mmol, 98%),
colourless powder, 8H1sBBrNO,; *H-NMR (300 MHz, DMSO) (ppm): 2.6 (s, 3H), 5.9
(s, 2H), 7.3 (d, 1H, J = 7.2 Hz), 7.5 (m, 2H), 1 1H, J = 7.1 Hz), 8.0 (d, 2H, J =
6.3 Hz), 8.6 (s, 2H), 8.9 (d, 2H, J = 6.6 Hz). TWoenpound was synthesized according to
the literature and all NMR data are analogue.
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6.2.10 Synthesis and Characterization of (10)

(I)H
B
= N
| OH /ﬁ\
HO NN o
HO — —
\ Br NEt; (0.6 eq) /_<_\®
— O N _
N_/\_/\_/\/ cfeY MeCN @) N\ /=N /7 \ N . g o
A = — NN /T TFA
6h
C10H13N02 C13H1SBBTN02 C25HZBBF3N203
179.09 g/mol 307.04 g/mol F.W. 389.27 g/mol
Zeq 1eq M.W. 502.29 g/mol

200 mg (0.65 mmol) o9, 233 mg (1.3 mmol) of N-Methyl-N-(2-hydroxyethy)-
aminobenzaldehyde and 54 pL (0.39 mmol) of triethnyhe were placed in a 50 mL round
bottom flask. Some molsieve (3 A) was added andcthmpounds were dissolved in
15 mL of dry MeCN. After the reaction mixture haafluxed for 6 hours it was cooled to
room temperature, filtered off, evaporated andddrre vacuum. The crude product was
purified by preparative HPLC. Yield: 5.6 mg (0.01mm, 2 %), red solid,
CosH26F3BrN,Os; *H-NMR (300 MHz, CRCN) § (ppm): 3.1 (s, 3H), 3.5 (t, 3H, J = 6.0
Hz), 3.7 (t, 2H, J = 6.0 Hz), 5.8 (s, 2H), 6.8 28], J = 9.1 Hz), 7.0 (d, 1H, J = 16.2 Hz),
7.4 (d, 1H,J=7.1Hz), 7.5 (t, 2H, J = 8.2 Hzh &, 1H), 7.6 (s, 1H), 7.7 (d, 1H, J = 16.2
Hz), 7.8 (d, 2H, J = 6.9 Hz), 8.0 (d, 1H, J = 7 H&p (d, 1H, J = 7.1 Hz); IR (cnmY):
1439 (B-0O). The compound was synthesized accoririge literature with the exception
of the workup with preparative HPLC. All NMR dateeanalogue.

6.2.11 Synthesis of Pinacol Boronic Esters for MSharacterization

The respective boronic acid (1 eq), pinacol (1at) excess calcium sulphate are placed
in a flask and 10 mL of acetonitrile/toluene (2i) is added. The mixture is refluxed for
3.5 h, filtered off to remove calcium sulphate ahe filtrate is evaporated to drynéesa.

small amount is submitted to mass spectrometryyaisal
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6.2.12 General Procedure for the Synthesis and Chaaterization of ((1,10-
Phenanthrolin-5-ylamino)methyl)phenylboronic Acids

OH
X o) HO-B
I = N 2
NaCNBH3 | A
N~ | NH; 9\ OH (1.5eq) N__~ HM@
~ + | _.B\ |
N N OH Molsieve N P
| MeOH (dry) |
rt.,72h 7z
C12HgN; C7H7BO3 C1gH16BN30,
195.08 g/mol 150.05 g/mol 329.13 g/mol
1eq 1.3 eq 1 1 Ib
d

800 mg (4.1 mmol) of 1,10-phenanthrolin-5-amine,873ng (4.92 mmol) of
formylphenylboronic acid and molsieve (3 A) weraqad in a 100 mL two-necked flask
and were dissolved in 50 mL of dry MeOH. The yellsuspension was stirred for 5 hours
at room temperature to form the imine. Afterward386 mg (6.15 mmol) of
sodiumcyanoboron hydride was added in four portiand the solution was stirred for
further 67 hours. The reaction mixture was filtesdtito remove the remaining molsieve
and the filtrate was evaporated. The crude prosad purified on basic alumina with
DCM and DCM/MeOH mixtures (95:5, 93:7, 90:10 and280 v/v) to yield a solid after
solvent removal and drying over solid KOH in a deator. In case dfla the product was

crystallized from chloroform/acetonitrile (8:2, y/v

(@) 2-((1, 10-phenanthrolin-5-ylamino)methyl)phéygronic acid11a)

Yield: 371.9 mg (1.13 mmol, 28 %), yellow solid;o8:16BN30,; Elemental analysis Calc.:
C 69.33 %, H 4.90 %, N 12.77 %; found: C 69.06 %4.B8 %, N 12.88 %; EI-HR-MS:
m/z (M, cation) for GsH,sBN3O. pinacol ester derivative, calculated 411.2118ntbu
411.2118H-NMR (300 MHz, DMSO-d6¥ (ppm): 4.7 (d, 2H, J = 5.48 Hz), 6.65 (s, 1H),
7.1 (t, 1H, J = 5.49 Hz), 7.2 — 7.3 (m, 2H), 7.418, J = 7.14 Hz), 7.45 (dd, 1H, J = 4.4
Hz), 7.55 (d, 1H, J = 6.86 Hz, 1.37 Hz), 7.75 (Hd, J = 4.12 Hz), 8.0 (d, 1H, J = 7.96 Hz,
1.65 Hz), 8.25 (s, 2H), 8.65 (d, 1H, J = 4.11 HB41Hz), 8.8 (d, 1H, J = 8.78 Hz, 1.37
Hz), 9.05 (d, 1H, J = 4.11 Hz, 1.37 HFC-NMR (300 MHz, DMSO-d6§ (ppm): 46.99,
98.93, 122.05, 122.14, 123.17, 125.73, 126.35,6628.30.25, 130.31, 133.10, 133.18,
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140.46, 141.56, 142.58, 144.93, 145.95, 1492B:NMR (400 MHz, DMSO-d6)&

(ppm): 32.7 (s(b)); IRV (cm™): 1397 (B-0), 1223 (B-N).
(b) 3-((1, 10-phenanthrolin-5-ylamino)methyl)phdmyionic acid11b)

Yield: 339.3 mg (69 %), orange solid;d8:6BN:O»; ESI-MS: m/z (MH, cation) for
CasH26BN3O, pinacol ester derivative, calculated 412.22, fouri®.0; *H-NMR (300
MHz, DMSO-d6)§ (ppm): 4.6 (d, 2H, J = 5.49 Hz), 6.6 (s, 1H), (18 2H), 7.5 (m, 2H),
7.7 (t, 1H, J = 5.21 Hz), 7.78 (q, 1H, J = 4.67 BB1 Hz), 7.98 (d, 1H, J = 8.23 Hz), 8.65
(d, 1H, J = 4.12 Hz), 8.9 (d, 1H, J = 8.51 Hz),59(A, 1H, J = 4.39 Hz)*C-NMR (300
MHz, DMSO-d6)6 (ppm): 46.65, 98.61, 121.97, 123.20, 127.00, 127128.27, 128.81,
130.38, 132.40, 132.56, 137.99, 140.32, 141.53,864445.95, 149.30.

6.2.13 Synthesis and Characterization of (12a)

2Cr
]
”/\ H /\| ~ SN ”/\ . /\|
N~ NN ”\%N ‘ _N_~ N X
Ru(bpy),Cly x 2 H,0  + SR
.B. N 2 _B.
N HO™~“OH EtOH A N ‘ N HO” B OH
| reflux, 6 h | |
% N NG S
| -
CooH20C1202N4Ru C19H16BN30, (C39H32BN7O,RU)(C)2
484.35 g/mol 329.13 g/mol F.W.: 743.17 g/mol
1eq 1.2eq M.W.: 813.50 g/mol
11a 12a

198 mg (0.38 mmol) of cis-dichloro(2,2"-bipyridimebhenium(ll) and 150 mg (0.46
mmol) of 11awere dissolved in 15 mL of dry ethanol and refllixer 6 hours. The solvent
was evaporated, the remaining oil was dissolve® mL of ethanol and poured into 100
mL of cold tert. butylmethyl ether (TBME). The pigitate was filtered off, dried at 70 °C
and was pure enough for further application. Yidlé8 mg (0.21 mmol, 45 %), red solid,
[CagH32BN7O-RU](Cl);; *H-NMR (300 MHz, CRCN) § (ppm): 5.6 (s, 2H), 7.14 (s, 1H),
7.20 (m, 3H, J = 6.04 Hz), 7.40 (m, 3H), 7.46 (M, 1 = 5.22 Hz), 7.53 (m, 2H, J = 5.76
Hz, 8.78 Hz), 7.65 (m, 2H, J = 5.21 Hz), 7.80 i, 3 = 6.59 Hz), 7.95 (t, 3H, J = 7.7 Hz),
8.04 (m, 3H, J =5.5 Hz), 8.07 (m, 1H, J = 1.23,H&)7 (d, 1H, J = 8.2 Hz), 8.47 (m, 5H,
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J = 8.8 Hz, 3.3 Hz), 8.60 (d, 1H, J = 8.5 HZE-NMR (400 MHz, CRCN, EbOxBF;
external)§ (ppm): 43.5, 104.4, 124.98, 125.09, 125.11, 125195.20, 125.76, 126.80,

128.35, 128.43, 128.45, 128.50, 132.48, 133.84,7P34.38.57, 138.69, 138.71, 142.92,
145.49, 145.50, 148.48, 149.29, 152.78, 152.86,9852153.13, 158.02, 158.04, 158.26;
B-NMR (400 MHz, CRCN, EtOxBF; external)s (ppm): -0.52.

6.2.14 Synthesis and Characterization of (12b)

HO. __OH (TFA)
0.0 _ HO. .OH

iy 2\ . SN .
[ H 0 H
N AN LN | N~ N
Ru(bpy),Cla x 2 H,0  + Spe®
N EtOH /\N/! SN
L N

reflux, 6 h % U
| G

CooH20C1202N4Ru C19H16BN30, {C39H32BN7O,RUNC205F3)2
484.35 g/mol 329.13 g/mol F.W.: 743.17 g/mol
1eq 1.2eq M.W.: 968.63 g/mol

161 mg (0.31 mmol) of cis-dichloro(2,2"-bipyridimethenium(ll) and 85 mg (0.26 mmol)
of 11b were dissolved in 15 mL of dry EtOH and refluxed 6 hours. The solvent was
evaporated, the remaining solid was dissolved itew&H,PF was added in excess and
the precipitate was filtered off. The red solid wasified on basic alumina with n-
hexane/DCM (25:75, 10:90, v/v), DCM and DCM/MeOHxtares (95:5, 93:7, 90:10 and
80:20, v/v) to obtain a red solid after removing #olvent and drying over solid KOH in
the desiccator. Finally, the product was purifiethwpreparative HPLC to remove
impurities that could not be removed by column amtography. Yield: 25 mg (0.26
mmol, 10 %), red solid, [§H3BN;O,RuU](CO.F3),; ESI-MS: m/z (M, cation) for
CusH4:BN7O,Ru pinacol ester derivative, calculated 824.35unth412 (m/2z)*H-NMR
(400 MHz, DMSO-d6, TMS externaf) (ppm): 4.5 (m, 2H), 6.85 (s, 1H), 7.35 (m, 3H),
7.65 (m, 7H), 7.8 (m, 4H), 8.05 (m, 3H), 8.15 (h);38.8 (m, 5H), 9.1 (m, 3H}*C-NMR
(400 MHz, DMSO-d6)6 (ppm): 46.7, 98.5, 123.9, 124.3, 124.4, 124.9,.1,2627.7,
131.6, 132.6, 133.6, 137.6, 137.8, 140.6, 143.8,24147.6, 151.1, 151.3, 151.7, 156.5,
156.6, 156.8*'B-NMR (400 MHz, DMSO-d6, TMS externaf) (ppm): 28.2.
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6.2.15 Synthesis and Characterization of (13)

_OH
HO\B

cl HO. _.OH HN©
O e / = i NEts O Y N
N /© (1,2eq) ,\(19 ‘

N N

.
DMF
H
2N rt,12h Na
Na H20 ®
@

SOy SOz o SO5
C37H44C|N2NQOGSZ CGH1oBN03 C43H51 BN3N30882
734.22 g/mol 154.96 g/mol 835.31 g/mol
1eq 1.2eq
FEW S0378 13

500 mg (0.68 mmol) 0650378 126.5 mg (0.82 mmol) of 3-aminophenylboronic acid
monohydrate and 115 pL (0.82 mmol) of triethylamumere placed in a 50 mL round
bottom flask. The green solution was stirred forHfirs at room temperature thereby
changing its colour to blue. Then it was poured iBO mL of tert.-butylmethyl ether
(TBME) and the product precipitated. The precigitaias filtered off, washed three times
with 10 mL TBME and dried over solid KOH in the desator. Yield: 550 mg (0.66 mmol,
97 %), blue solid, &Hs:BNsNaQsS,, thermal decomposition 200 °C; ESI-MS: m/z (MH
cation) for GsHs:BN3OsS,", calculated 813.3, found 813 #-NMR (300 MHz, DMSO-
dé) 6 (ppm): 1.3 (s, 11H), 1.7 (m, 9H), 2.8 (s(b), 4B (m, 4H), 5.65 (d, 2H, J = 13.18
Hz), 7.0 (t, 2H, J = 7.41 Hz), 7.18 (d, 2H, J =6719z), 7.25 (t, 2H, J = 7.69 Hz), 7.4 (d,
2H,J =7.41 Hz), 7.5 (d, 2H, J = 6.58 Hz), 7.652d, J = 13.18 Hz), 7.8 (d, 1H, J =5.76
Hz), 7.9 (s, 1H)®*C-NMR (300 MHz, DMSO-d6)5 (ppm): 8.4, 22.4, 25.4, 25.5, 27.0,
42.0, 45.0, 47.0, 51.0, 97.0, 109.0, 122.0, 1232¥.0, 127.4, 128.01, 128.02, 129.0,

131.0, 132.5, 135.0, 140.0, 143.0, 162.0, 167.07 IRm*): 1378 (B-O).
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6.2.16 Synthesis and Characterization of (14)

¢
%

o - - g
SOy SOz SOy SOz
C37H45C|N2N80682 CzH7NO C39H51 N3Na0782
735.22 g/mol 61.05 g/mol 760.30 g/mol
1.012 g/mL
1eq 3eq
FEW S0378 14

500 mg (0.68 mmol) 0ofS0378 123 uL (2.04 mmol) of ethanolamine and 283 puL
(2.04 mmol) of triethylamine were dissolved in 1Q of DMF. The solution was stirred at
room temperature for 12 h and at 90 °C for 1 h. Bbkition was cooled to room
temperature, poured into 100 mL of cold tert.-bugthyl ether (TBME) and the resulting
precipitate was filtered off, washed three timethvdd0 mL of cold TBME and dried in a
desiccator over solid KOH. Yield: 479 mg (0.63 mmd3 %), black solid,
CsoH51N3NaO;S,, HR-LSI-MS: m/z (M, cation) for GgHsN30,S,", calculated 738.3241,
found 738.32603'H-NMR (300 MHz, DMSO-d6)5 (ppm): 1.6 (s, 12H), 1.75 (s(b), 8H),
2.7 (s, 4H), 2.85 (t, 1H, J = 5.49 Hz), 3.6 (m, 1BIB (s(b), 4H), 3.92 (s(b), 4H), 5.15 (m,
1H), 5.35 (s(b), 1H), 5.6 (d, 2H, J = 12.62 HzP5/(t, 2H, J = 7.41 Hz), 7.35 (d, 2H, J =
7.96 Hz), 7.28 (t, 2H, J = 7.41 Hz), 7.45 (d, 24 3.13 Hz), 7.85 (s(b), 1H), 7.95 (d, 2H,
J = 12.62 Hz), 9.0 (s(b), 1H}*C-NMR (300 MHz, DMSO-d6)5 (ppm): 22.53, 25.28,
25.91, 27.55, 41.08, 42.16, 42.24, 46.96, 48.5815%7.34, 59.65, 96.16, 108.99, 109.30,

121.91, 122.17, 125.89, 127.99, 139.75, 142.87,3168.66.05. IRv (cm™): 3417-3264
(O-H and N-H), 3052 (C-H unsaturated), 2928 (C-Hussded), 1604-1484 (C-H,
aromatic), 1381-1269 (S-O, sulfonic acid), 11303 Ssulfonic acid).
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6.2.17 Attempted Purification of the Purple Decompsition Product

J/OH
N HN =
/ P PN PYAY, HCI (aq)
\9&&9/)\/\&_7/ \/KN)\/ DMF (cat) 2
Na H,0
® /H rt.6h
éO3_ SO3-

C39H51 N3NaO782

F.W. 736.96 g/mol
M.W. 760.30 g/mol

14

200 mg (0.26 mmol) of4 were dissolved in 1 ml of DMF and the solution vadsled to a
mixture of 10 mL of bidest. water and 1 mL of 37&w) hydrochloric acid. The solution
was stirred at room temperature for 6 hours, exswpdrand purified with preparative
HPLC (details see below). Yield: 1.2 mg, HR-ESI-M8/z (MH", radical cation) for
Cs3oH52N308S,, calculated 754.3196, found 754.3190.17{F(cm'1): 3400-3200 (O-H and N-
H), 3060 (C-H, unsaturated), 2929 (C-H, saturatédy3 (C-O, ketone), 1625-1523 (C-H,
aromatic), 1389-1265 (S-O, sulfonic acid), 11323 Ssulfonic acid).

6.2.18 Preparation of the HO, Sensor

(a) Activation of HP Green

4 mg of HP Green, dissolved in 100 uL DMSO, waseddd a solution of 2.6 mg of DCC
in 100 pL DMSO. Then, 1.5 mg of NHS in 100 pL DM$@s added to the reaction
mixture and was shaken for 18 hours at room tenyerdo form the NHS active ester.
The solution was used as obtained.

(b) Immobilization on O-(2-aminoethyl)-cellulosetivil% (w/w) HP Green

200 mg of O-(2-aminoethyl) cellulose was placed nmound bottom flask and suspended in

10 mL of phosphate buffer (pH 9, 10 mM). The suspamwas put in an ultrasonic bath
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for ten minutes and 150 pL of the activation cotkt@as added. The reaction mixture was
incubated for 24 hours at 37 °C. Then, the padielere centrifuged and washed three
times with bidistilled water. The particles weresgended again in ethyl acetate and
refluxed for 24 hours. Finally the particles weentifuged, washed three times with ethyl
acetate and dried at 50 °C.

(c) Immobilization on polystyrene particles (P&esb pm) with 1% (w/w) HP Green

2 mL of a PS suspension (50 mg/mL) in PBS was elilwith 3 mL of phosphate buffer
(pH 9, 10 mM) and 100 pL NaOH (0.1 M). Then, 75 gfiL.the activation cocktail was
added and the reaction mixture was incubated fdnd#s at 37 °C. Finally, the particles

were centrifuged and washed three times with hil@idtwater and ethanol.

(d) Preparation of the sensor membrane

The corresponding amount of particles is placednnEppendorf cup and suspended in
1 mL of a 0.1 M Ng5,0, solution and incubated at 37 °C over night. Theiglas were
centrifuged and washed two times with bidistilledt&r and ethanol. Afterwards 1 mL of
Hydrogel D4 (2.5 % w/w in ethanol/water) was added the particles were placed in an
ultrasonic bath for 20 minutes. The sensor cocktai$ spread over Mylar with a knife
coating device and dried at room temperature fantw minutes. Circular sensor spots
(20 mm in diameter) were punched out and storddNhN&S,0, solution over night.

6.2.19 Preparation of the Sensor for Acidic Gases

2.5 g of Hypan hydrogel were added to 47.5 g of @WSO to obtain a 5% (w/w) stock
solution that was stirred for 20 h at 80 °C. 1 ¢°& was dissolved in 21.3 mLJ {9 g at
20 °C) of anhydrous THF to give a 5% (w/w) stockuion. For the sensor cocktail, 2 mg
of aminocyaninel4 were dissolved in 900 pL of dry DMSO and 100 pLtteé viscous
Hypan solution was added. The cocktail was shake®0a°C for twenty minutes and
spread on Mylar with a knife-coating device. Theetivsensor was dried for twenty
minutes at room temperature followed by 18 h atG0The PS layer was directly spread
on the Hypan layer with the knife-coating deviceneTsensor was dried at room

temperature and stored at 50 °C. Each layer haislaness of around 6 pum.
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6.3 Sample Preparation, Instrumentation and Additimal Data

6.3.1 Cyclic Voltammetry (CV)

Cyclic voltammograms were acquired on a CHI 660&mimostat (CH Instruments,
www.chinstruments.com) with homemade electrodes.n@®asurements were performed
against a silver/silver chloride reference elearedth a platin counter electrode and a
platin auxiliary electrode. Concentrations of thaofophores and parameters are given
below.

() HP Greenand probe3

10 mL of 50 uM stock solutions of HP Green and pr8in PBS of pH 7.4 (10 mM,;
154 mM NaCl) were subjected to CV measurementarieters: Init E (V) = 0.2; High E
(V) = 0.8; Low E (V) = -0.2; Init P/N = P; Scan RafV/s) = 0.1; Segment = 6; Sample
Interval (V) = 0.002; Quiet Time (sec) = 2; Sensiyi (A/V) = 1e-4;

(b) Aminocyanine fluorophores3 and14

10 mL of 500 uM stock solutions of prold& and 14 in phosphate buffer of pH 9.5
(25 mM; 100 mM NacCl) were subjected to CV measumr@seParameters: Init E (V) = 0;
High E (V) = 1; Low E (V) = -0.8; Init P/N = P; SoaRate (V/s) = 0.1; Segment = 6;
Sample Interval (V) = 0.002; Quiet Time (sec) =Sensitivity (A/V) = 1e-4;

0.3+
0.2
0.1+

0.0+

current / mA

-0.1q

-0.2

T T T T T T T T T T
-800 -600 -400 -200 O 200 400 600 800 1000
potential / mV vs Ag/AgCl

Figure 6.1.Cyclic voltammogram of probds3 (black) andl4 (grey) in buffer of pH 9.5.
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6.3.2 High Performance Liquid Chromatography (HPLC)

Analytical RP-HPLC was carried out on the Agiledi00 series (Waldbronn, Germany)
consisting of a binary pump (G1312A), an autosam{@d.313A), a DAD detector (DAD
G1315B) and a Luna C18(2) column (particle sizewr8, 150 x 2.00 mm) from
Phenomenex (Aschaffenburg, Germany). A small amofiotude or purified product was
dissolved in MeOH[{ = 1 mg/mL). A binary elution system consisting(8) TFA/H,0
(0.0059%, w/w) and (B) TFA/MeCN (0.0059%, w/w) wased with the following
gradient: 5-98% B in 20 min at a flow rate of 0.8/min.

Preparative RP-HPLC was carried out on the Agil@h00 series (Waldbronn,
Germany) consisting of two separate pumps (PrepRafr861A), an autosampler, a Luna
C18(2) column (particle size 10n, 250x 21.2 mm), a DAD detector (DAD G1315B) and
a fraction collector (AFC G1364A). The crude produ@s dissolved in the respective
solvent and filtered through polytetrafluoroethyesyringe filters (0.2 pum). A binary
elution system consisting of (A) TFA{B (0.0059 w/w) and (B) MeCN was used at a flow
rate of 21 mL/min. The fractions (6 mL) were cotegt and, after evaporation of MeCN,

the product was lyophilized (more details are giaethe respective chromatogram).

(a) Hemicyanine dy&0: 3 = 40 mg/mL in MeOH; Gradient: 3% B for 5 min, 3998 in
15 min, 98% B for 10 min. Detection: 254 nm in ajpgion (blue) and 600 nm in

fluorescencelexc. 476 nm, red).

MWDL1 A, Sig=220,10 Ref=off (GROEGEL\L1770_00.D)
MWD1 B, Sig=476,10 Ref=off (GROEGEL\L1770_00.D)

~8.653

506

40§

20g

T T T T T T T T
0 2 4 6 8 10 12 14 mi

Figure 6.2. Analytical chromatogram of the crude productl@fbefore purification by

preparative HPLC.
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(b) Ruthenium(Il)-probd.2b: B = 1 mg/mL in MeCN; Gradient: 3-98% B in 20 min.

Cuzrzent Chreomate i=)
[ Raf=Cf (GROSGELL 1807_GOD0uZ.0)
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Figure 6.3. Analytical chromatograms of the crude productl@b before purification
with preparative HPLC. A: Detection at 220 nm (U\étector, blue). B: 612 nm

(Fluorescencéexc. 457 nm, blue).
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(c) Purple decomposition produ@:= 5 mg/mL in MeOH; Gradient: 5-98% B in 20 min.

UV detection was done at the absorption wavelengt220 and 534 nm.

Ham

241

J-P"UJJ\; |

P

g, P S ST p—

MULJF\J

e 3

[ERLOLET = a0 _E00a Y D)

T DROTE. $igmki, 10 fvkon i ROESELLTEG_ S00001 by

Figure 6.4. Analytical chromatograms of the purple producthwitetection at\,ps =
220 nm (blue) and4ps= 534 nm (red). A: crude product; B: purified puotl Background
signal at t=21.0 — 21.5 min.
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6.3.3 Experimental Procedure for the Spectroscopi€haracterization of HP Green
and Probe 8

(a) Preparation of stock solutions of the dyes
Stock solutions of all compounds were preparedhfyesn 10 mM phosphate buffered
saline (PBS) of pH 7.4 with the exception of HP &reand probe, which were each

dissolved in PBS/DMSO (9:1, v/v).

(b) Sample preparation for fluorescence spectraiam@traces/Additional spectra

A 1204 B 120+
] time
100+
. 3
g f 80 ——30 min
> 2 15 min
2 2 ——10 min
2 2 604 5 min
|5 £ ——1min
= Q
° 2 404 blank
o @
g g
g 2 N
5 2 _/K
2
= 0 T T T T T T T T
480 500 520 540 560 580 600 620 640
A/nm
A/ nm
C D =
100 time 28 )
2% time
g 80 S gg 45 min
= ——30min s ——30min
% 15 min 2 20 20 min
g 60 —— 10 min 2 18 ——10min
E 5min o 16 5min
© ——1min £ 14 ——1min
:cj 404 — blank 8 12 —— blank
3 & 10
g 2
5 204 2 8
2 / S 6
2 _,/\_’\\ 2 4 \
0 2

480 500 520 540 560 580 600 620 640

t T T T T T T T T
A/nm 480 500 520 540 560 580 600 620 640
A/nm

Figure 6.5. Temporal development of the emission spectra ofG#€en (10 uM) and
HRP (0.1 U/mL) in PBS of pH 7.4 at 30 °C. A: Presewnf HP (10 uM). B: Presence of
GOx (1 U/mL) and D-glucose (100 uM). C: Presencd. Ok (1 U/mL) and L-lactate
(20 puM). D: Temporal development of the emissioacs@ of probe8 (10 pM) and HP
(2 mM) in phosphate buffer (10 mm) of pH 7 (no H&Rled).
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Fluorescence spectra and time traces were acqaivea JP 6300 fluorimeter in quartz
cuvettes(a) without HRR (b) with HRP and HRand(c) with HRP, oxidase and substrate
with the following experimental parameters: Exeétat 450 nm, bandwidth 5 nm;
emission: 534 nm, bandwidth 5 nm; PMT voltage: $%5@a) 30 pL of HP Green (1 mM),
30 pL of HP (of various concentration) and 2,940 @fLPBS; (b) 30 uL of HP Green
(2 mM), 30 pL of HRP (10 U/mL), 30 pL of HP (of waus concentration) and 2,910 pL
of PBS;(c) 30 pL of HP Green, 30 pL of HRP (10 U/mL), 30 pflogidase (100 U/mL),
30 pL of substrate (of various concentration) arf@8@ pL of PBS. Blank measurements

were carried out without the addition of HP, glue@sid L-lactate, respectively.

(c) Sample preparation for calibrations

Calibration measurements were performed in 96-weitrotiterplates (MTPs; from
GreinerBioOne, www.gbo.de, 8 wells per concentrgtion a GENios Plus MTP reader
(from Tecan, www.tecan.com) using a 430 nm excitaand 535 nm emission filtéd)
without HRR (e) with HRP and HRand (f) with HRP, oxidase and substraféhe other
parameters were as follows: Gain: 80; number ¢hiés: 100; lag time: O ps, integration
time: 40 us; fluorescence top; temperature: 3Q(dL10 pL of HP Green (250 uM), 10 pL
of HP (of various concentration) and 230 pL PBS;10 uL of HP Green (250 uM), 25 pL
of HRP (1 U/mL), 10 uL of HP (of various conceniwa) and 205 pL of PBSf) 10 pL of
HP Green (250 puM), 25 uL of HRP (1 U/mL), 10 pL dese (25 U/mL), 10 pL of
substrate (of various concentration) and 195 pPBS. Fluorescence intensities (I) were
measured after 6 and 11 min, respectively and eeéerd against a blankg)lat the
corresponding point in time. The corresponding blealues were obtained with solutions
without HP, glucose or L-lactate, respectively.dErbars are calculated from standard

deviations, possible outliners were identified vat-test (test value 0.51).

6.3.4 Experimental Procedure for Fluorescence Imagg of Hydrogen Peroxide in
NRK Cells

(a) Preparation of the stock solution of HP Green

4 mg of HP Green (8.42 mmol) were dissolved in fQMMSO and transferred to 9.9 mL
of PBS (pH 7.4, 12 mM) containing 1 mM £a0.5 mM Md* and 1 g/L glucose (further
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referred to as PBY). This stock solution of HP Green was diluted tmP with PBS™ to
achieve concentrations of 8, 50 and 800 uM, respgt The volume fraction of DMSO

in the cell experiments was kept below 1%o.

(b) Cellular uptake of HP Green

For routine culture, normal rat kidney cells (NRR-&B, DSMZ, www.dsmz.de) were kept
in a humidified cell culture incubator at 37 °C Wwi6% CQ. Cells were cultured in
Dulbecco’s modified Eagle medium with 4.5 g/L D-ghse supplemented with 5% (v/v)
fetal calf serum, 100 pg/pL penicillin/streptomy@nd 2 mM L-glutamine. Cells were
cultured in Petri dishes and confluent cell monetaywere exposed to 2 mL of HP Green
in PBS™ for 20 min at 37 °C, washed three times with PB&nd finally covered with

2 mL of PBS”.

(c) Fluorescence Imaging Experiments and Analysis

Fluorescence imaging studies of a fixed local pasitvere performed with an upright
epifluorescence microscope Eclipse 90i equippetl witvater immersion objective NIR
Apo 60x/1.0 W and a DS-Fil high-definition CCD came (Nikon,

www.nikoninstruments.eu). Fluorescence was excitatéh a mercury vapour lamp in
combination with a 465-495 nm excitation filter. Esion light was collected between
515-555 nm after passing a dichroic mirror of 5G8. images were analyzeda the

Image J and Adobe Photoshop software. The inteagitiP Green is well reflected by the

mean values of the histograms.

(d) Histograms

Figure 6.6. Histograms of the total

140 time
images (red: mean curve of control) 120]
100
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60+
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relative frequency / a.u.
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tonal variation
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(e) Fluorescence images of NRK cells with differeoicentrations of HP Green

Figure 6.7.Images of NRK cells incubated with HP Green. AtN8 stock solution. B:
800 uM stock solution.

(f) Fluorescence images of HP Grg@0 uM) in NRK cells in the presence of hydrogen
peroxide

0 min 8 min 15 min
25 min 35 min 45 min
55 min 65 min 75 min

Figure 6.8.Images of NRK cells incubated with HP Gresrd 100 uM HP over time.
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(9) Fluorescence images of HP Green in NRK celteaut hydrogen peroxide

0 min 10 min 20 min
30 min 40 min 50 min
60 min 70 min 80 min

Figure 6.9.Images of NRK cells incubated with HP Grerithout HP over time.

6.3.5 Instrumental Settings to Determine the Fluorscence of HP Green on

Particles/Additional Spectra

Fluorescence emission spectra of the particles aegaired on an Aminco Bowman AB2
luminescence spectrometer with the following expental parameters: Excitation:
450 nm, bandwidth 8 nm; emission: 530 nm, bandw&ittm; PMT voltage: 760 V (for
PAN and PS patrticles), 665 V (for AC particles).
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Figure 6.10. Emission spectra of particles
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6.3.6 Instrumental Settings for Spectral Investigabn of the H,O, Sensor

Sensors were placed in a powder cell with quartzdeiv connected to a Minipuls 3
peristaltic pump (Gilson Inc, www.gilson.com). Ftaecence emission spectra of the
sensors were recorded on a FP-6300 spectrofluocenrSCO, www.jasco.de) with the
following experimental parameters: excitation: 46fh, bandwidth 5 nm; emission
bandwidth 5 nm; PMT voltage: medium; the cell wixed in a modified FDA-430 solid
sample holder. Time trace measurements were adquiite the following experimental
parameters: excitation: 450 nm, bandwidth: 5 nmjssion: corresponding emission

maximum wavelength, bandwidth: 10 nm; PMT voltagedium; resolution: 5 s.
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6.3.7 Experimental Procedure for the Spectroscopi€haracterization of Probes 10,
12a, 12b and 13 in Lactate Assays

(a) Preparation of stock solutions of dyes

3.2 mg of10 were dissolved in 2.07 mL phosphate buffer (pH@ ,mM) for a 3.3 mM
stock solution. 1.56 mg of2a and 1.86 mg ofl2b, respectively, were dissolved in
phosphate buffer (pH 7, 10 mM) to obtain stock Bohs with a final concentration of
400 puM.

(b) Preparation of lactate stock solutions for expents in microtiter plates

448.24 mg of either D- or L-lactate were dissolwedLOO mL phosphate buffer (pH 7,
10 mM) to obtain stock solutions with a final contration of 40 mM. Afterwards, they

were diluted to receive the respective solutiomgte calibration experiments.

(c) Preparation of sugar stock solutions for expents in microtiter plates

9 mg either of glucose, fructose or galactose vaissolved in 10 mL phosphate buffer
(pH 7, 10 mM) to give a 5 mM stock solution. Aftemmels they were diluted to receive new

stock solutions for the interference experiments.

(d) Preparation of MTP for calibration &0 with D-lactate and L-lactate and experimental

parameters

Calibration measurements were performed in 96 WHIP-plates from GreinerBioOne

(www.gbo.de, 4 wells per concentration) on a GENRlas MTP-reader from Tecan
(www.tecan.com) using a 485 nm excitation and 618 emission filter. Further

parameters: Gain: 103; Number of flashes: 5; LagetiO us, Integration time: 40 us;
shake duration before measurement: 10 s.

Blank: 7.6 pL ofl0 and 242.2 pL of phosphate buffer (pH 7, 10 mM)

Test-x: 7.6 pL ofl0, 50 puL of D/L-lactatex and 192.4 pL of phosphate buffer (pH 7,
10 mM)
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(e) Preparation of MTP for interference of sacaesi on 10 and D-lactate and

experimental parameters

Interference measurements were performed in 96 Mé&WP-plates from GreinerBioOne
(www.gbo.de, 4 wells per concentration) on a GENRlas MTP-reader from Tecan
(www.tecan.com) using a 485 nm excitation and 618 emission filter. Further
parameters: Gain: 96; Number of flashes: 5; Lagtithus, Integration time: 40 ps; shake
duration before measurement: 10 s.

Blank: 8 pL10, 50 pL D-lactate and 192 pL phosphate buffer (pBHO7/mM)

Test-Sugar: 8 pl10, 50 pL D-lactate, 50 pL sugar and 142 uL phospbaftéer (pH 7,
10 mM)

() Preparation of MTP for calibration of2a12b with D-lactate and L-lactate and

experimental parameters

Calibration measurements were performed in 96 WHIP-plates from GreinerBioOne
(www.gbo.de, 8 wells per concentration) on a GENRlas MTP-reader from Tecan
(www.tecan.com) using a 485 nm excitation and 618 emission filter. Further

parameters: Gain: 200; Number of flashes: 100; tirag: 50 us, Integration time: 50 us;
time between move and flash: 10 ms; shake duragdore measurement: 50 s.

Blank: 5 pL12a12b and 195 pL phosphate buffer (pH 7, 10 mM)

Test-x: 5 plL12a12b, 10 puL D/L-lactatex and 185 puL phosphate buffer (pH 7, 10 mM)

(g) Preparation of MTP for interference of sacatesi onl2a and D-lactate or L-lactate

and experimental parameters

Interference measurements were performed in 96 M&P-plates from GreinerBioOne
(www.gbo.de, 4 wells per concentration) on a GENRlas MTP-reader from Tecan
(www.tecan.com) using a 430 nm excitation and 618 emission filter. Further
parameters: Gain: 94; Number of flashes: 100; lig:tO us, Integration time: 40 us;
shake duration before measurement: 45 s.

Blank: 12.5 ulL12a 10 pL D/L-lactate and 177.25 pL phosphate bufiét 7, 10 mM)
Test: 12.5 ul12a 10 pL D/L-lactate, 50 pL saccharide and 127.25phbsphate buffer
(pH 7, 10 mM)
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6.3.8 Calculation of Selectivity Values

Table 6.1.Selectivity for D-lactate or L-lactate of probh@

c(lactate) / uM Increase (D) Increase (L) Selettivi
1 541 0.11 49
10 7.38 0.23 32
100 8.58 2.13
1000 9.35 4.79

Table 6.2.Selectivity for D-lactate or L-lactate of prob2aand12b, respectively.

12a 12b
c(lactate) Increase Increase Selectivity Increase Increase Selectivity
HM (D) (L) (D) (L)

1000 18.24 14.42 1.3
750 17.26 145 1.2
500 17.03 12.68 1.3
250 15.43 17.18 0.9 11.83 10.52 1.1
100 14.82 14.14 1.0

75 11.32 13.88 0.8 7.13 10.5 0.7
50 10.71 5.967 1.8 4.786 9.767 0.5
20 6.930 1.139 6.1 0.003 9.447 3.3E-4

Table 6.3.Selectivity forortho- (128) or para-phenylboronic acidi2b) to D/L-lactate.

D-lactate L-lactate

c(lactate) / Increase Increase Selectivity Increase Increase Selectivity

UM (ortho) (metg (ortho) (metg
1000 18.24 14.42
750 17.26 14.5
500 17.03 12.68
250 15.43 11.83 1.3 17.18 10.52 1.6
100 14.82 14.14
75 11.32 7.13 1.6 13.88 10.5 1.3
50 10.71 4.786 2.2 5.967 9.767 0.6

20 6.930 0.003 2,234 1.139 9.447 0.12
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6.3.9 Emission Spectra for Probe 13 upon Interactiowith D-Lactate or L-Lactate
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Figure 6.11.Emission spectra that were used to establish #able

6.3.10 Additional Emission Spectra of Aminocyaniné3
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Figure 6.12. Time-dependent emission spectral® (10 uM) in phosphate buffered
solutions of varying pH after 0, 10, 20, 30, 40, 60, 120, 190 and 240 min, respectively.
Excitation at 527 nm.
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Fig. 6.12. continued.

6.3.11 Additional Emission Spectra of Aminocyaniné4
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Figure 6.13. Time-dependent emission spectraldf (10 uM) in phosphate buffered
solutions of varying pH after 0, 10, 20, 30, 6001280 and 240 min, respectively.

Excitation at 512 nm.
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6.3.12 Determination of Molar Absorbance and Fluorscence Quantum Yield

Molar absorption coefficients were determined by dissolving the respective tipbore
in three different concentrations in the respecseévent according to the “dry weight
determination” method.The quantum vyields (QY) dflP Green (28.6 pM in PBS) and
probe8 (5 uM in PBS) were determined relatively agaims teference dye fluorescein
(1.9 uM in 0.1 M NaOH) whose QY is reported to b853 * QYs of hemicyaninel0
(3.4 uM) and the ruthenium(ll) prob&ga (6.8 uM) andl2b (4.16 uM) were determined
in air-saturated water relatively against the mfiee dye Ru(bpyLl, x 6 H,O (4.2 uM),
whose QY is reported to be 0.028.
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7. Summary

7.1 In English

Novel fluorescent probes and methods are presehidenable the determination of
lactate and hydrogen peroxide (HP). The first gelnapter 2) describes the design and
preparation of two fluorescent probes for HP. Thphthalimide fluorophores (which is
referred to asiP Green) and8 have either g-anisidine (HP Green) or N,N-dimethgi-
phenylene diamine8f group attached as a redox active moiety. Both Pibes display
absorption around 450 nm and emission at 534 nmGHen turned out to be more stable
on air and to be more suitable for experiments uptigsiological conditions. PET from
the redox moiety to the fluorophore is suppresstat axidation with HP, and HP Green
displays a moderate increase in fluorescence (¢b Ui %) in a range of 10 to 250 uM of
HP. The effect, however, is increased significamlypresence of horseradish peroxidase
(HRP), and fluorescence rises up to 11-fold. HR&aheses the incubation time (30 min
vs. 11 min) and shifts the dynamic range to much loegrcentrations (100 nM to 5 uM)
with a limit of detection (LOD) of 64 nM of HP. Thiclosely matches the one of the well
established Amplex Red probe (LOD 50 nM). L-Lactd#gection affords lactate oxidase
(LOx) in combination with HP Green and HRP to yi@ldast enzymatic assay (6 min).
The dynamic range is from 0.5 to 10 uM of L-lactaith a LOD of 162 nM, which is 6-
fold lower than methods that apply Amplex Red (L@M). Furthermore, a D-glucose
assay with glucose oxidase was established. Attanih of incubation, the dynamic range
is from 2 to 30 uM and the LOD is 0.64 uM, which3i$old lower than the respective
Amplex Red system (2 uM). HP Green also was apggednin-vitro probe for imaging
of HP in NRK cells. In addition, the feasibility afreusable chemosensor for HP is shown,
in which a reductive agent can regenerate HP Gmzerto enable quasi-continuous
monitoring of HP (chapter 3).

The second part aims at the development of prahasdirectly bind lactate upon
covalent interactions (chapter £rtho- and metaphenylboronic acids, respectively, are
connected to either a hemicyanine fluorophd@® ©r ruthenium(ll) complexesl@a/b).
Upon excitation at 460 nm, all fluorophores emd hght around 610 nm and differed in
their response to both lactate enantiomers. Therarpnts hint at boronic acids being
suitable to the detection of lactate and to diffiéiete between the two enantiomers at
concentrations from 20 uM to 75 uM and 500 uM t6AAM for probed 2aand12b and
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1 uM to 1000 uM for prob&0. The presence of saccharides is to be avoidedgowitheir
strong interference. The cyanine dy&features interesting spectral properties as the bl
dye changes its colour to purple in acidic aguesmistions (Chapter 5). Another similar
cyanine derivativel4 displays the same spectral changes but they dester, here.
Hence, the purple decomposition producléivas isolated with preparative HPLC and its
molecular weight was determined to be 754.3 g/riible dye displayed absorption at
534 nm and two emission maxima at 547 and 588 nnallfz, a colorimetric sensor for
acidic gases was developed. It was exploiting tiereleon properties d# in presence
of gaseous hydrochloric acid. The sensor slowlyngka its colour from blue to purple
upon exposition to low amounts of gaseous HCI ((bar), and high partial pressures of
HCI can accelerate the response to less than 30 Thim irreversible, disposable sensor
layer may be used as an indicator for inappropisébeage conditions or as a long-term

dosimeter for workplace monitoring.

7.2 In German

Im Rahmen dieser Arbeit werden neue fluoreszierek@ebstoffe und Methoden
vorgestellt, die die Bestimmung von Laktat und Was®ffperoxid (HP) ermdglichen.

Der erste Teil (Kapitel 2) beinhaltet die Synthese analytische Anwendung zweier
neuer fluoreszierender Farbstoffe fir den Nachwaies HP. An die Naphthalimid-
fluorophore5 (welcher alsHP Green bezeichnet wird) un@® sind entwedep-Anisidin
(HP Green) oder N,N-Dimethy-phenylendiaming) als redoxaktive Gruppen gebunden.
Die beiden PET Farbstoffe zeigen Absorptionsmaxima450 nm und Emissionsmaxima
bei 534 nm. HP Green ist an Luft stabiler und fiessungen unter physiologischen
Bedingungen der bessere Farbstoff. Die Oxidatioeld#iP unterdriickt den PET von der
redoxaktiven Gruppe zum Fluorophor und ein schwaéimstieg der Fluoreszenz (bis zu
11%) ist im Konzentrationsbereich von 10 bis 250 M zu beobachten. Jedoch wird
dieser Effekt durch Zugabe von Meerrettich Perosed@HRP) enorm verstarkt, wodurch
die Fluoreszenz um das elffache steigt. HRP vetldiezInkubationszeit (von 30 min auf
11 min) und verschiebt den dynamischen BereichR#ebstoffs zu weitaus niedrigeren
Konzentrationen (0,1 bis 5 uM HP), wobei eine Nagisgrenze (LOD) von 64 nM HP
erreicht wird. Diese liegt im Bereich des bestemgygen Fluoreszenzfarbstoffs zum
Nachweis von HP, dem Amplex Red (LOD 50 nM). Zuryanatischen Bestimmung von
L-Laktat werden Laktatoxidase (LOx), HP Green uridPHin eine Probe gegeben. Dies
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ermoglicht einen schnellen Assay (6 min) mit eindymamischen Bereich von 0,5 bis
10 uM L-Laktat. Die LOD ist mit 162 nM um das sefelthie niedriger als bei Amplex Red
basierten Methoden (LOD 1 pM). Desweiteren wurde enzymatischer Assay fir D-

Glucose mit Hilfe von Glucoseoxidase entwickeltcNa&iner Inkubationszeit von 11 min

kann Glucose von 2 bis 30 uM bestimmt werden. DaehWeisgrenze betragt 0,64 pM
und liegt damit um einen Faktor von 3 niedriger dé&s entsprechende Amplex Red
System (LOD 2 uM). HP Green wurde auch mit Zellgubiert und nach Aufnahme HP

in-vitro Uber Fluoreszenzmikroskopie visualisiert. Zusékehvird die Machbarkeit eines

wieder verwendbaren Chemosensors fur HP gezeighatdn Regeneration von HP Green
mit einem Reduktionsmittel eine quasi-kontinuidréc Messung von HP ermdglicht
(Kapitel 3).

Der zweite Teil beinhaltet die Entwicklung von Fstdifen, die direkt Gber kovalente
Wechselwirkungen an Laktat binden (Kapitel 4). Dazerden ortho- bzw. meta-
Phenylboronsauren entweder an einen Hemicyanintdfbd.0) oder an Ruthenium(ll)-
komplexe gebunderi®a,b). Nach Anregung bei 460 nm emittieren alle Flutwame rotes
Licht um 610 nm, unterscheiden sich aber bezlghchr Wechselwirkung mit beiden
Laktat-enantiomeren. Die Experimente zeigen, dassiiBauren geeignet sein kdnnen um
Laktat nachzuweisen und zwischen beiden Enantiomere differenzieren, aber nur
zwischen 20 bis 75 uM im Falle von Verbindu@ga bzw. von 0,5 bis 1 mM flr
Verbindungl2b sowie von 1 bis 1000 uM fur Fluorophb®. Sacharide missen aufgrund
ihrer erheblichen Storung des Fluoreszenzsignalsiam Reaktionsgemisch fern gehalten
werden. Der blaue Cyaninfarbstdff3 zeigt interessante spektrale Eigenschaften da er
seine Farbe in sauren wassrigen Losungen zu potpémdert (Kapitel 5). Ein weiteres,
ahnliches Cyaninderivdt4 geht dieselben spektralen Anderungen ein, allgsdiaufen sie
hier schneller ab. Das purpurrote Zersetzungsptoeukl4 wurde mit praparativer HPLC
isoliert und sein Molekulargewicht zu 754,3 g/meksbmmt. Der Farbstoff absorbiert bei
534 nm und besitzt zwei Emissionsmaxima bei 547 GB8 nm. Damit wurde ein
colorimetrischer Sensor flir saure Gase entwickaicher sich des Farbumschlags vigh
in Gegenwart von gasformiger Salzséure bedient. 3@msor andert seine Farbe langsam
und irreversibel von blau nach purpurrot, wenn edmgen HCI Mengen (0,1 pbar)
ausgesetzt ist. Hohe Partialdriicke an HCI verkudas Ansprechverhalten auf weniger
als 30 min. Die Sensorschicht kdonnte als Indikdtor falsche Lagerbedingungen in
Verpackungen dienen oder als LangzeitdosimeteKpuatrolle der Exposition mit sauren

Gasen am Arbeitsplatz verwendet werden.
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