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1 Introduction and Aim of Work

Over the past decade, the concepts of food control, food safety, and food hygiene
have attracted public attention on an unprecedented scale. A number of uncovered
incidents throughout the world unsettled the consumers’ reliance on the food supply,
including bovine spongiform encephalopathy (BSE) in beef' and melamine in dairy
products from China?, listeria-tainted meat in Canada®, dioxins in pork and milk
products from Belgium, contamination of foods with pesticides in Japan, tainted Coca
Cola in Belgium and France, pesticides in soft drinks in India, and salmonella in
peanuts in USA.*° The governments of numerous countries — with the European
Union (EU) leading the way — attempted to counteract this loss of confidence by
reorganizing their management of food safety issues and food safety-related
legislation. Examples are the Codex Alimentarius standards (WHO/FAQO), the
General Food Law (European Union 2002/178) and the EU BSE Regulations.®
Further on, food manufacturers and the food-processing industry are using good
manufacturing practices (GMPs) as a primary basis to reduce, control, or — at best —
eliminate food borne hazards. These concepts are fostered by the Hazard Analysis
and Critical Control Point (HACCP) system that was introduced in the US in the
1960s. It provides the means to analyze and target specific steps in food production
(critical control points) for prevention, mitigation, or control of food contamination.”®
Current EU legislation defines food contaminants as any substance not intentionally
added to food, which is present in food as a result of the production, manufacture,
processing, preparation, treatment, packaging, transport, or holding of such food, or
as a result of environmental contamination. Among those, organic contaminants can
be chemicals or biologicals.’

The hygienic condition of food is largely influenced by the amount of
microorganisms present in the food and their activity. Hence, the presence of them
does not relate to a lower food-quality. Fermented food, for example, is processed by
the action of microorganism and referred to as hygienically secure. Only a high
unwanted activity of microorganism leads to spoilage of food. But even this is not an
adequate and general criterion, because delicatessen products, for example, show
less or negligible amounts of microorganisms at the end of their durability than the
fresh-product, so microbiological stability is pretended to exist.
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Microorganisms are ubiquitous in the environment, and they may infect fresh food as
well as stored products and also drinking water. Furthermore, several
microorganisms produce toxic metabolites. Certain types of microorganisms may
also proliferate on entering in gastrointestinal tract, where the specific conditions
contribute to their excessive growth.'®'" Therefore, food borne bacteria represent a
twofold problem for food manufacturers and consumers

Up to date, bacterial contamination of food and drinking water is still not only
an issue of less industrialized countries. Throughout the past years, major food-borne
bacterial targets — E.Coli, Salmonella, Listeria, Staphylococus aureus and
Campylobacter — have persisted, commanding research and surveillance attention
also from government agencies in the industrial countries. These bacterial pathogens
together constitute the greatest burden of food-borne illness. Not surprisingly
therefore, these diseases also command the majority of public health interest and
policy maker awareness in intestinal infectious diseases.'?

The analysis of food borne bacteria is an important topic that encompasses
many disciplines including chemistry, biochemistry and microbiology. The bacterial
contamination of food is either determined by direct evaluation of the quantity of
bacteria in a given sample. Heterotrophic plate count (HPC) is a procedure used to
estimate the number of heterotrophic bacteria that form colonies on agar plates. The
HPC analysis presently employed takes 24 to 48 h."® HPC is a time consuming
process that requires specially equipped laboratories and trained personnel.

The presence of bacteria can also be addressed indirectly by determination of
their metabolites. Instrumental analytical methods like high pressure liquid
chromatography (HPLC)'*', capillary electrophoresis (CE)'®'’, mass spectrometry
(MS)'®, and various combinations thereof are used to target a large number of
microbial metabolites at a time. These methods are also of use for the determination
of unidentified toxins. But again, instrumentation is costly and the process time
consuming.

Specific targeting of one analyte or one chemical class of analytes is most
often more economic. The development of carbon dioxide for instance is commonly

used in hospitals to monitor the sterility and bacterial growth in clinical specimen.'®?°

21,22

Measurement of CO, using gas chromatography?®'??, radiometric techniques®, or an

infrared CO; analyzer®*” ?® have all been successfully used in determining the level of
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contamination by mesophilic and coliform bacteria in food samples, including
hamburger, milk, water, catfish, and bottled juice.

Furthermore, bioluminescence based test kits are commercially available that
use the presence of ATP in bacterial contaminated samples. The ATP is converted
via firefly luciferase so to yield a fluorescent information.?” The amount of light
produced by the firefly luciferase is directly proportional to the amount of ATP in the
sample, and hence, also proportional to the amount of bacteria in the sample.?® *°
This assays can be conducted within 5 min and the test result is automatically
evaluated by a handheld device.*'

Acetyl phosphate (AcP) is another specific analyte in the determination of
some prokaryotes. It is primarily used by bacteria to regenerate their ATP pool.*? Up
to date, there is no commercially available assay for the determination of food quality
using AcP. However, its metabolic breakdown product acetate is an important target
for the quality management of fermented foods like vine, vinegar, and beer.3*3*

Further on, biogenic amines (BAs) are ubiquitous in animally, herbal and
microbiologically metabolic products in a multitude of foods, which also include
vegetables and fruits. They can be important indicators of food quality. The amount
of histamine, putrescine and cadaverine, for example, can give rapid information on
the decomposition of fish, meat, cheese, vine or sauerkraut. High amounts of BA can
indicate a risk of health for consumers.®" %

Reliable, rapid, and simple methods for the determination of these bacterial
metabolites are required. On the one hand, new specific and sensitive probes —
preferably of the fluorescent or fluorogenic type — need to be developed for in-
laboratory analytics of food. On the other hand, there is also a great demand on
small and simple test kits — preferably in the test strip format — that are applicable to
in-field determination of food quality.

The first major aim of this work was to develop a selective and sensitive
fluorescent probe for the determination of the microbial metabolite acetyl phosphate.
Detection should be carried out under biocompatible reaction conditions (37 °C,
aqueous buffered solution of pH 7) with a short incubation time. In a first step, state-
of-the-art probes for acetate and phosphate (the breakdown products of AcP) were to
be screened for their spectral responses towards AcP. In a second step, new
ruthenium based, and fluorescent probes for the specific determination of AcP were

to be designed, synthesized, and characterized with respect to selectivity towards
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AcP in organic solvents and highly competitive aqueous solutions and response

towards other biologically important anions.

The second major aim of this work was to develop a rapid method for the

determination of biogenic amines as they occur as a result of bacterial contamination.

This method was to be originated preferably in the test strip format using the amine

reactive chameleon probe Py-1. The test strips required to be tested with respect to

selectivity towards biogenic amines and sensitivity towards potentially interferents like

proteins, ammonia and amino acids and their applicability to real samples.

1.1 References

10
11

12

13

Miles S, Frewer LJ (2001) Investigating specific concerns about different food hazards. Food
Quality and Preference, 12: 47-61.

Barboza D (2008) China's Tainted-Food Inquiry Widens Amid Worries over Animal Feed. The New
York Times. November 1%, Available from
http://www.nytimes.com/2008/11/01/world/asia/01china.html.

Cribb R (2008) Listeria Reporting Rule Dropped before Crisis; Deaths Preventable, Inspectors
Say. The Toronto Star. October 6", Available from
http://www.thestar.com/comment/columnists/article/512306.

Lehotay SJ, Mastovska K, Amirav A, Fialkov AB, Martos PA, Kok AD, Fernandez-Alba AR (2008)
Identification and confirmation of chemical residues in food by chromatography-mass
spectrometry and other techniques. Trends Anal Chem, 27: 1070-1090.

de Jonge J, van Trijp H, Goddard E, Frewer L (2008) Consumer confidence in the safety of food in
Canada and the Netherlands: The validation of a generic framework. Food Qual Pref, 19: 439-451.
Trienekens J, Zuurbier P (2008) Quality and safety standards in the food industry, developments
and challenges. Int J Product Economics 113: 107-122.

Marvin HJP, Kleter GA, Frewer LJ, Cope S, Wentholt MTA, Rowe G (2009), A working procedure
for identifying emerging food safety issues at an early stage: Implications for European and
international risk management practices. Food Control, 20: 345-356.

Stringer MF, Hall MN (2007) A generic model of the integrated food supply chain to aid the
investigation of food safety breakdowns. Food Control, 18: 755-765.

European Union, Council Directive 92/59/EEC of 29 De June 1992 on General Product Safety,
Official Journal L228, 11/08/1992, P.0024-0032, Brussels, 2005.

Beutling DM, Askar AA (1996) Biogene Amine in der Erndhrung. Springer Verlag, Berlin 1996.
Chen M-F (2008) Consumer Trust in Food Safety - A Multidisciplinary Approach and Empirical
Evidence from Taiwan. Risk Analysis, 28: 1553-1569.

Newell DG, Koopmans M, Verhoef L, Duizer E, Aidara-Kane A, Sprong H, Opsteegh M, Langelaar
M, Threfall J, Scheutz F, van der Giessen J, Kruse H (2008) Food-borne diseases - The
challenges of 20 years ago still persist while new ones continue to emerge. Int J Food Microbiol,
Volume, 139: S3-S15.

Du X-W, Lin C-M, Phu A-T, Cornell JA, Marshall MR, Wei C-I (2002) Development of Biogenic
Amines in Yellowfin Tuna (Thunnus albacares): Effect of Storage and Correlation with
Decarboxylase-Positive Bacterial Flora. J Food Sci, 67: 292-301.



1 Introduction and Aim of Work

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Ozdestan O, Uren A (2009) A method for benzoyl chloride derivatization of biogenic amines for
high performance liquid chromatography. Talanta, 78: 1321-1326.

Kirschbaum J, Rebscher K, Brickner H (2000) Liquid chromatographic determination of biogenic
amines in fermented foods after derivatization with 3,5-dinitrobenzoyl chloride. J Chromatogr A,
881: 517-530.

Juan-Garcia A, Font G, Picé Y (2005) Determination of organic contaminants in food by capillary
electrophoresis. J Sep Sci, 28: 793-812.

Steiner M-S, Meier RJ, Spangler C, Duerkop A, Wolfbeis OS (2009) Determination of biogenic
amines by capillary electrophoresis using a chameleon type of fluorescent stain. Microchim. Acta,
167: 259-266.

Santos B, Simonet BM, Rios A, Valcarcel M (2004) Direct automatic determination of biogenic
amines in wine by flow injection-capillary electrophoresis-mass spectrometry. Electrophoresis, 25:
3427-3433.

Carricajo A, Fonsale N, Vautrin AC, Aubert G (2001) Evaluation of BacT/Alert 3D liquid culture
system for recovery of mycobacteria from clinical specimens using sodium dodecyl (lauryl) sulfate-
NaOH decontamination. J Clin Microbiol 39: 3799-3800.

Krisher KK, Gibb P, Corbett S, Church D (2001) Comparison of the BacT/Alert PF pediatric FAN
blood culture bottle with the standard pediatric blood culture bottle, the Pedi-BacT. J Clin Microbiol
39: 2880-2883.

Guerzoni ME, Piva M, Gardini F (1985) Proposal of a rapid HS-GLC method for microbiological
control of foods. Lebensm-Wiss Technol, 18:128-132.

Basem A, Gardini F, Paparella A, Elisabetta M (1992) Suitability of a rapid gas chromatographic
method for total mesophilic bacteria and coliform enumeration in hamburgers. Lett Appl Microbiol,
14 :255-259.

Previte JJ (1972) Radiometric detection of some food-borne bacteria. Appl Microbiol, 24: 535-539.
Threlkeld CH (1982) Detection of microbial contamination utilizing an infrared CO, analyzer. J
Food Sci, 47: 1222-1225.

Chew S-Y, Hsieh Y-HP (1998) Rapid CO2 evolution method for determining shelf life of
refrigerated catfish. J Food Sci, 63: 768-771.

Hsieh Y-P, Hsieh Y-HP (1998). Simple system for rapid determination of carbon dioxide evolution
rates. J AOAC Int, 81: 652—656.

Lundin A, Thore A (1975) Analytical information obtainable by evaluation of the time course of
firefly bioluminescence in the assay of ATP. Anal Biochem, 66: 47-63.

Deininger RA, Lee JY (2001) Rapid determination of bacteria in drinking water using an ATP
assay. Field Analytical Chemistry & Technology, 5: 185-189.

Gracias KS, McKillip JL (2004) A review of conventional detection and enumeration methods for
pathogenic bacteria in food. Can J Microbiol, 50: 883-890.

Luo J, Liu X, Tian Q, Yue W , Zeng J , Chen G , Cai X (2009) Disposable bioluminescence-
based biosensor for detection of bacterial count in food. Anal Biochem, 394: 1-6.

Lee J, Deininger RA, Fleece RM (2001) Rapid Determination of Bacteria in Pools. J Environ
Health, 64: 9-14.

Klein AH, Shulla A, Reimann SA, Keating DH, Wolfe AJ (2007) The Intracellular Concentration of
Acetyl Phosphate in Escherichia coli Is Sufficient for Direct Phosphorylation of Two-Component
Response Regulators. J Bacteriol, 189: 5574-5581.

Mizutani F, Sawaguchi T, Sato Y, Yabuki S, lijima S (2001) Amperometric Determination of Acetic
Acid with a Trienzyme/Poly(dimethylsiloxane)-Bilayer-Based Sensor. Anal Chem, 73: 5738-5742.
Becker T, Kittsteiner-Eberle R, Luck T, Schmidt H-L (1993) On-line determination of acetic acid in
a continuous production of Acetobacter aceticus. J Biotech, 31: 267-275.

Silla Santos MH (1996) Biogenic amines: their importance in foods. Int J Food Microbiol, 29: 213-
231.



1 Introduction and Aim of Work

% Onal A (2007) A review: Current analytical methods for the determination of biogenic amines in

foods. Food Chem, 103: 1475-1486.

Latorre-Moratalla ML, Bosch-Fusté J, Lavizzari T, Bover-Cid S, Veciana-Nogués MT, Vidal-Carou
MC (2009) Validation of an ultra high pressure liquid chromatographic method for the
determination of biologically active amines in food. J Chromatogr A, 1216: 7715-7720.

37



2 Background

2 Background

2.1 Basic Principles of Luminescent Chemosensors — Recognition
and Signalling

Luminescence is the spontaneous emission of radiation from an electronically excited
state. The means of excitation can be a chemical reaction (chemoluminescence),
biological reactions (bioluminescence), electrical energy (electroluminescence),
acoustic waves (sonoluminescence), or mechanical stress just to name a few. Two
major luminescence phenomenona are to be distinguished: (1) Fluorescence occurs
when the excited singlet state of the molecule results in a molecular state with the
same spin multiplicity but with lower energy. This process occurs rapidly by the
emission of radiation and is spin-allowed. (2) In contrast, phosphorescence occurs as
an emission from an excited triplet state of the molecule with a change in spin
multiplicity being involved. This process is slower than fluorescence because it is
spin-forbidden. The almost instantaneous emission of light occurs at a longer
wavelength than the wavelength of the excitation light.’

Fluorescence has been widely used as a tool for the specific and especially
sensitive detection and determination of target molecules in life sciences and
analytical chemistry.?® This becomes obvious when looking at Parker's law (for

solutions of low absorbance):
F=Il-€-c-I-QY -k (1)

where F is the fluorescence intensity measured, | is the intensity of the photo-exciting
light, €, ¢ and | are the parameters known from the Lambert-Beer law, QY is the
quantum yield, and k is a factor that accounts for the specific instrumental geometry.
Equ. (1) shows that fluorescence intensity is directly proportional to the concentration
of the fluorescent probe and also directly proportional to the intensity of the incident
light. Therefore, fluorescence based methods show a sensitivity that is at least three
orders of magnitude higher compared to other optical methods such as absorbance.*

Organic anions like inorganic phosphate (Pi), acetate (Ac), dicarboxylates
(DC) and pyrophosphate (PP) play a crucial role in biological processes, as
described in detail in Chapter 3. Section 2 of this chapter focuses on fluorescence
based anion detection because determination of analytes via measurement of

fluorescence intensity was used throughout the present work.
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The principal and most frequently used design for successful sensing of anions (and
cations) via fluorogenic chemosensors is the so called binding site-signalling subunit
approach which is schematically shown in fig. 2.1.° First of all, the binding site
(receptor) must have a shape and dimension suitable for hosting the target analyte
(substrate). Furthermore, abilities for the interaction with the substrate such as
coordinative or electrostatic interactions, hydrogen bonds, or w-interactions must be
present in the receptor moiety.®’ This part of the chemosensor is responsible for the
selectivity towards the substrate. Nevertheless, the signalling subunit is essential so
to report the recognition event to the external operator via transduction of the
chemical information into a fluorescent signal. This fluorescent response can be (a)
an increase in intensity, (b) quenching, (c) a shift of the emission maximum, (d) a
decrease in anisotropy, or (e) a change in the time-resolved anisotropy. Hence, the

signalling subunit accounts for the sensitivity of the sensing molecule.?®

Signaling

am (Cmm 6

Signalling subunit/ Binding subunit/

Binding subunit/

Fluorophore Receptor (free) Receptor (occupied)

Fig. 2.1 Schematic of the binding site-signalling subunit approach.

The most common photophysical principles used for sensing (signalling) of
anions are summarized in the following sections. All of these effects are clearly
dependent on the charge, size and to some extent also on the basicity of the anion.
Therefore, selectivity towards a certain target molecule or a group of structurally
similar molecules can be induced not only by the receptor, but also to some degree
by the signalling subunit.
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2.1.1 Photoinduced Electron Transfer (PET)

This type of photoinduced process has been widely exploited for the sensing of
anions as well as for cations.>®'®"" In principle, fluorescence from a molecule is
observed when an excited electron from the lowest unoccupied molecular orbital
(LUMO) returns to the highest occupied molecular orbital (HOMO). Hence, excess of
energy between both energy levels is released as light. In a PET-based
chemosensor another part of the sensor molecule (mostly the receptor moiety)
possesses an orbital with an energy level between HOMO and LUMO of the
fluorescent signalling unit. When this “alien” orbital is fully occupied, a PET from this
orbital to the HOMO of the excited fluorophore can occur followed by an electron
transfer from the LUMO to the “alien” orbital (fig. 2.2 A). This results in a nonradiative
restoration of the stable ground state of the fluorophore. Consequently, the operator
observes a decrease in fluorescence intensity or no fluorescence at all. Similarly, if
the external orbital is empty an electron transfer from the LUMO of the excited
fluorophore moiety to the “alien” orbital can occur followed by another nonradiative
transfer to the HOMO (fig. 2.2 B). PET-based chemosensors are naturally “all or
none” switches. They are designed in a way that the external orbital either is induced

12,13

or removed upon the recognition event resulting in a quenching (ON-OFF) or an

enhancement (OFF-ON)'*' of fluorescence, respectively.

A
LUMO LUMO

nonradiative
relaxation
E E
PET 4

Signalling External Signalling External
subunit orbital subunit orbital
excited Free Receptor Ground state Bound Receptor

HOMO

LUMO LUMO

nonradiative
relaxation

L ot

PET
HOMO

Signalling External Signalling External
subunit orbital subunit orbital
excited Free Receptor Ground state Bound Receptor

Fig. 2.2 Frontier orbital energy diagram of PET effect. A: Filled external orbital. B:
Empty external orbital.
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2.1.2 Internal Charge Transfer (ICT)

Major disadvantages of many PET-based probes are that their emission often is
peaking well below 550 nm and anion recognition is merely signalled via
fluorescence quenching.'®'” This is unfavorable for determination of anions in
biological matrices due to the pronounced autofluorescence between 400 and 600
nm found in these samples. These problems can be adequately circumvented by
anion probes based on the photoinduced internal charge transfer (ICT) effect.'®2°
ICT based anion probes most often contain a proton-donating (also electron-
donating) group such as an amino, amide, or hydroxy group as binding site. This
group is conjugated to the fluorophore (signalling moiety) containing preferably an
electron-withdrawing group (fig. 2.3), resulting in an electron donor-acceptor (D-A)
system.?" The probe then undergoes internal charge transfer from the donor to the
acceptor upon excitation by light. These molecules have different dipole moments in
their ground and excited states and therefore they are sensitive to changes in their
micro-environment. Upon addition of anions — that can exert stronger electric effects
than solvent molecules — solvent molecules are displaced from the binding site. The
anions increase the electron donating character of the receptor group, resulting in an
increased ICT which is expected as red shift in the absorption spectrum together with
an increased and also red-shifted emission.?? In addition, also changes in decay
times and quantum yields are often observed. Contrarily, if the probe is designed as
acceptor-donor-acceptor system (A-D-A), anions that are bound to the receptor
(electron acceptor) induce a blue shifted and increased emission.?®

Charge Transfer

Chromophore 5 @8”

El A

(Electron Acceptor) Binding subunit with
proton donor

Charge Transfer

Fig. 2.3 Schematic of anion recognition and signalling by a donor-acceptor ICT
based anion probe.
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2.1.3 Excimer/Exciplex Formation

The formation of excimers — in contrast to PET and ICT — is a process that demands
interaction of at least two fluorophores in close proximity. Most often structures
containing pyrene® or anthracene® moieties are used for excimer based anion
probes because of their plain n-systems allowing for strong n-stacking interaction and
pronounced excited state lifetimes that favor excimer formation.?® In principle, a
monomer in excited state associates with a ground state monomer to generate an
intramolecular excimer state. This is shown schematically in fig. 2.4. The emission of
the monomer, and additionally a red shifted, typically broad emission band are
observed in the emission spectrum of the excimer formed.® This dual emission allows
for self-referenced determination of anions. The sensing molecule is either designed
as fluorophore-anion receptor structure® as shown in fig. 2.4 A or as fluorophore-
receptor-fluorophore structure?’?® (Fig 2.4 B). Various excimer based anion probes
known in literature show pronounced selectivity towards pyrophosphate.?® Binding of
anions may either promote or hinder excimer formation. The major disadvantage of

most excimer based probes is that their emission is peaking well below 550 nm.>®

Monomer and excimer
emission

Q(‘Ag)dl

Monomer emission c H7 @
Receptor Excimer

Signalling subunit
subunit

Monomer and excimer

B emission
Monomer emission

liui_.lg,*{
N

Fig. 2.4 Schematic of anion recognition and signalling by (A) fluorophore-receptor
anion induced excimer formation and by (B) fluorophore-receptor-fluorophore anion

induced excimer formation.
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2.1.4 Forster Resonance Energy Transfer (FRET)

The Forster (or fluorescence) resonance energy transfer (FRET) is another
photophysical effect used for the determination of anions. It is dependent on the
interaction of two fluorophores as is the formation of excimers.' This effect is well
studied and known to be sensitive, selective, and adjustable.®**" However, literature
on FRET based anion sensing is rare.®**®* Resonance energy transfer occurs
between two dissimilar fluorophores in close proximity. The excited state of one
fluorophore (the donor) is transferred (nonradiatively) to the other fluorophore (the
acceptor). Thereby, the donor returns to its electronic ground state and emission is
observed from the acceptor.? Effective resonance energy transfer is dependent on:
(1) the distance between both fluorophores (<10 nm); (2) the spectral overlap
between the emission spectrum of the donor and the absorbance spectrum of the
acceptor; (3) the efficiency of the donor-dipol-acceptor-dipol-coupling.'?*3° Hence, a
FRET based anion probe is designed in a way that binding of an anion either reduces
the distance between to fluorophore moieties of the sensing molecule resulting in
FRET “ON” behaviour (fig. 2.5); alternatively, substrate recognition may also induce
separation of a FRET pair resulting in FRET “OFF” behavior.

Excitation

Receptor Fluorophor (Acceptor)
subunit

Emission of Donor
Fluorophor (Donor)
Acceptor Emission

FRET ,,OFF* FRET ,,ON“

Fig. 2.5 Schematic of anion recognition and signalling via FRET. Binding of an anion
to the receptor subunit reduces the distance between donor and acceptor enabling a

resonance energy transfer.
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2.1.5 Other Less Common Mechanisms

An often utilized — yet doubtful — effect for the explanation of enhancement of
fluorescence upon anion binding is the so called rigidity effect.” Conformational
restriction and overall rigidity of the complex is enhanced due to coordination of the
anion. Thus, nonradiative decay from the excited singlet state to the ground state is
less probable giving rise to fluorescence. Other less common mechanisms like the

heavy atom effect or excited state proton transfer (ESPT) have also been reported.®®
38

2.1.6 Dynamic Quenching by (Pseudo)halides

It is well known that the fluorescence of fluorophores like rhodamine®, fluorescein,

4142 coumarine® and quinine** derivatives is effectively quenched by halides

acridine
and some pseudohalides. This dynamic quenching effect occurs upon contact of
fluorophore and halide during the lifetime of the excited state. The fluorophore then
returns radiationless to the ground state. Consequently, decreased fluorescence
intensity or life times are observed and can be directly related to the halide

concentration.*

2.2 Ruthenium Ligand Complexes (RMLC)

2.2.1 Metal to Ligand Charge Transfer (MLCT) — Mechanism of Emission
of Luminescence

Another photophysical effect that is exploited for signalling a noncovalent*®*’

or
covalent®® recognition event is the metal to ligand charge transfer (MLCT) effect.
MLCT is observed in numerous metal-organic complexes®?® but will only be
described in detail for ruthenium metal-ligand complexes (RMLC) in this thesis.
RMLC are defined in this context as complexes containing a ruthenium (Il) center ion
and one or more diimine ligands. These complexes show colors ranging from dark
violet (Ru(bpy)-Cl,) to bright orange ([Ru(bpy)s]**) (bpy = 2,2-bipyridine), with these
spectroscopic properties originating from the electronic state of the center ion.
Typically the d orbitals of the primary coordination sphere of the ruthenium cation are
split — arising from the ligand field — into three equivalent energetically low-lying tog

orbitals and two (also energetically equivalent) ey orbitals with higher energy.*® The
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absolute value of the energetic difference of these orbitals is dependent on the
crystal field strength A and, therefore, directly linked to the ligands coordinated (fig.
2.6 A).

The six d-electrons of Ru(ll) populate the toy orbitals in the electronic ground
state. Electron transition between the d orbitals is formally forbidden, resulting in low
probability of radiative transition and quenching of emission. Furthermore, excited d-d
states are destabilized due to the antibonding character of the ey orbitals. Hence,
stability and spectroscopic properties of RMLC arise from transitions beyond the d-d
states. Namely, the ligands introduce new orbitals into the energetic gap between the
metal d orbitals of the metal. As a result, a new electron transfer, the so called metal
to ligand charge transfer (MLCT), between the HOMO of ruthenium (ll) d(tog) and the
LUMO of the ligands n*(L) is observed after photoexcitation (fig. 2.6 B).>® Thereby,
electrons undergo rapid and highly efficient intersystem crossing (ISC) from the
singlet ground state to the triplet MLCT state.® Emission from these states is formally
described as phosphorescence but shows shorter lifetimes (ca 10° — 10° ns)
compared to normal phosphorescence states (>10° ns).”> The MLCT excited state of
RMLC can also be described as a ruthenium (lll) and a radical anion of a diimine
ligand.*” This accounts for strong bonds between the ruthenium center and the
ligands leading to high chemical stability of RMLC and negligible dissociation of
ligands from the center ion under the typical conditions required for synthetic organic

chemistry.
A B
J |  Ru*
g — e -
T MLCT (L)
E E -
— A m?’MLCT
d —= l —_—
—_— hv
Ru VYL [k Lk
g YT Y[ VI e Y[ Y] VI
Ru?*

Fig. 2.6 (A) Schematic of the orbital state of the d orbitals of Ru®*. The orbitals are
energetically split because of the crystal field of the ligands. (B) Schematic of the
metal to ligand charge transfer upon photoexcitation. L = Ligand such as bipyridine.
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2.2.2 Spectral properties of RMLC

RMLC display intense and broad absorption bands peaking at about 450 nm and
emission located at around 610 nm as a result of the MLCT (fig. 2.7). Furthermore,
extinction coefficients in the range from 7000 to 35000 M cm™ are found, depending
on the properties of the coordinated ligands. Obviously, these values are not
comparable to extinction coefficients of classical all-organic dyes such as fluorescein
(92000 M em™)®® but they are sufficient for measurements in biological matrices.
Excitation light and emission of the RMLC are easily separable via cut-off or band
pass filters because of their large Stokes’ shift. Excitation via intense UV-light is
disadvantageous for cell analysis due to the harmful nature of this radiation on
biological systems.>* The excitation light of RMLC in the visible region is more
biocompatible and also compatible to the often employed argon ion laser (Aem = 488
nm). Further on, numerous biological compounds are excitable by UV light with
emissions peaking up to 500 nm.*>® The orange to red emission of ruthenium ligand
complexes is well separated from the so called autofluorescence range of biological
matrices allowing for luminescence determination against almost zero background.
Therefore, RMLC are interesting candidates as luminescent biophysical probes.
Other spectral properties of RMLC such as their rather long luminescence

56,57

lifetimes™>>", strongly polarized emission (on coordination of nonidentical ligands to

the ruthenium center)®®®°

, and microenvironment dependent anisotropy®'®? have
been widely exploited for measurements within biological background. Only
luminescence intensity has been used throughout the present work for determination

of biologically important analytes.
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Fig. 2.7 Absorption (dashed line) and emission (solid line) spectra of the probe

RuPDO.
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2.3 Optical Instrumental Evaluation of Test Strips

2.3.1 Evaluation by Reflectometry

Reflection spectroscopy investigates the spectral properties of light that is remitted
from a solid. Two effects contribute to the phenomenon of reflection: (1) Specular
reflection occurs at the same angle as the incident light. Therefore, it is also referred
to as mirror-like reflection (fig. 2.8 left). (2) Diffuse reflection is observed at many
angels (fig. 2.8 right). The most general mechanism involves the surface where a
part of the incident light is partially reflected by surface particles (so called micro-
mirrors); hence, most of the reflected light is contributed by internal scattering centers
beneath the surface. De facto, always both reflection effects concur if reflection is

observed from a surface.?®%

| Incidentlight | | Normal| | Reflected light |[incidentlight | ~ [Normal]  |Reflected light |

______________

D DR

‘ Mirror-like surface ‘ ‘ Matt surface ‘

Fig. 2.8 left: Specular reflection; right: Diffuse reflection.

The theoretical fundament of reflection spectroscopy is a variation of the two-

stream-approximation known as Kubelka-Munk-approximation (Egn. (2)).%°

(1-R.)* _K

F(R,)=
(R.) 2R, S

(2)

where F(R.) is the Kubelka-Munk-function, R. is the reflectivity of a infinite thick
sample, K is the absorption coefficient of the sample and S is the scattering
coefficient. It is presumed that the incident light is monochromatic and the reflected
light is isotropic.
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Diffuse reflection is measured for the reflectometric evaluation of test strips.?® A test
strip is defined (within the scope of the presented work) as a rapid dry chemistry test
comprising a solid piece of material that is coated with a reagent that specifically
develops a certain concentration dependent color in the presence of an analyte. The
incident light is of a color that is capable to be absorbed by the reagent. Hence, the
measured reflection decreases with increasing analyte concentration in the sample.

Colorimetric test strips are commercially available for a great number of
analytes: pH, ethanol, nitrate, nitrite, glucose, ammonia, water hardness, iron,
phosphate and oxygen, just to name a few.®”®® These strips can be evaluated in
small handheld devices like the Merck Reflectoquant or the Roche Accu-Chek within
seconds. In principle, inexpensive light emitting devices (LEDs) with appropriate color
are used as illuminating source rather than monochromators or optical filters. The
reflected diffuse light is collected in a small integrating sphere covered with highly
scattering material, like MgO or BaSO,4, and determined with a photoresistance or a
photodiode.”® The area of application is the rapid and semi-quantitative determination
of the analyte. Therefore, these test strips are limited to the determination of analyte
concentrations from the high uM to the mM range.

2.3.2 Evaluation with Red-Green-Blue (RGB) Readout of a Digital Camera

k""" and Filippini’*"® described new approaches

More recently, the groups of Suslic
in the field of sensor technology by using so called “familiar devices”. They used
computer screens or polychromatic mobile phone screens as programmable light
sources for their multi component analysis via colorimetric sensor arrays (CSA).
Detection was accomplished with low-tech web cams or mobile phone cameras. As a
matter of fact, the sensitivity of this approach is limited. However, the major
advantages like low costs, saving of time, and ease of application, can not be denied,
and may compensate for the handicaps of these methods.

A further development of this approach was introduced by Wang and Meier in
2010.”® They used an unsophisticated setup composed of an array of high power
LEDs and a commercially available digital camera for the sensitive "photographing of
oxygen". The oxygen sensor is a polymeric matrix containing two dyes: an oxygen
sensitive, red emitting platinum(ll) complex and an oxygen insensitive, green emitting

naphthalimide dye, serving as reference.
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The basic principle behind this setup is that almost all modern commercially
available digital cameras are using CCD (charge-coupled device) or CMOS
(complementary metal-oxide-semiconductor) chips for generating a picture. Scheme
1 shows a typical CMOS sensor.

Scheme 1 CMOS Sensor

IR Filter

Bayer Filter

Microlens

(.

Sensor Photosite

The sensor consists of small spots (pixels) with defined areas that are
sensitive to light (sensor-photosite). Here, the incident light (filtered from IR light) is
transduced into a proportional charge. The signal yielded by this procedure would
only produce a greyscale picture. Therefore, in front of every pixel a so-called Bayer
filter is mounted (Scheme 2). This filter either transmits only red, green, or blue
(RGB) light to the respective pixel. The total distribution of red, green, and blue pixels
is not equal. Actually, the sensor mimics the wavelength-sensitivity of the human eye,
i.e. double amount of green pixels than red, or blue pixels.
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Scheme 2 Bayer Filter

sn”®

"L "':
LR e
T mun®

In sum, the resulting picture is composed within the software of the camera of the
three virtually independent RGB data sets. The respective brightness of the color is
stored in the RGB channel information and is accessible in the form of histograms.

The conversion of the red-green-blue information into a photographic picture is
a reversible process, i.e. the color information can be re-extracted with suitable
software. Photoshop and ImagedJ were used for this purpose in the present work. Up
to three independent analytical parameters (for example oxygen pressure,
temperature, and pH) can be evaluated from one single picture with the appropriate
spectral choice of the sensing dyes, if each of their emissions matches one of the
color channels of the CMOS chips.

This principle was also exploited for the sensing stripes presented here (see
Chapter 6). An amine reactive dye (Py-1) was used with an emission that is matching
the red channel of the camera. Additionally, a green reference dye (fluorescein) was
employed matching the green channel. This allows for ratiometric measurements and
is described in detail in Chapter 6. The spectral properties of the sensing strips and

the measurement setup are shown in fig. 2.9.
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Fig. 2.9 Absorption spectra of Py-1-amine conjugate (dashed, deep blue line) and
fluorescein (dashed lines, green line); emission spectra of Py-1-amine conjugate
(solid, orange line) and fluorescein (solid, yellow line); transmission of the orange
filter (dashed, orange line); emission of LEDs (shaded, turquoise plot); spectral
response of CMOS chips (shaded, blue, green, red plots). For details, see Chapter 6.

It can be seen that the emissions of the dyes are closely matching the respective
color channel. Both dyes are excitable with the employed 505 nm-LEDs. An orange
glass filer was mounted in front of the objective of the camera in order to block the
excitation light. Intentionally, the rather strong fluorescence of fluorescein is reduced
so to equal the emission of the Py-1-amine conjugate.
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3 Determination of Acetyl Phosphate (AcP)

3.1 Introduction

The development of fluorescent artificial receptors for selective recognition and
sensing of anions has gained large interest over the past 40 years with the aid of
supramolecular chemistry.'? Organic anions like phosphate (Pi), acetate (Ac),
dicarboxylates (DC) and pyrophosphate (PP) play a crucial role in biological
processes.® Other anions are of great interest in medicine, for example maintenance
of the sulfate concentration in the plasma of dialysis patients is still an important
issue. Further on, the sensitive and rapid detection of phosphate and nitrate caused
by environmental pollution from overuse of fertilizers and determination of chromate
and dichromate in industrial waste water is another vital topic.? The first report of a
coordination study of anions, namely halide ions, was published in the late 1960s by
Park and Simmons.® Other fundamental concepts on anion recognition were exposed
by Lehn et al. in the 1970s.® They reported on macropolycyclic receptors for chloride
and azide ions. The anionic guest was coordinated by ammonium groups of the host
through electrostatic interactions and hydrogen bonds.

First of all, these pioneering concepts have found abundant applications in the
field of cation recognition.” More recently, mainly in the last decade, this approach
has been applied to the design of anionic receptors.?®° There are some important
reasons why sensing of anions is far more tedious than sensing cations: (1) Anions
are large compared to cations (F: 133 pm; CI: 181 pm; Br: 196 pm; Li*: 60 pm; Na™:
98 pm; K*: 133 pm). (2) They show a broad variety of geometries: spherical (halides),
linear (azide, cyanide, isothiocyanide), planar (nitrate, carbonate, carboxylates),
tetrahedral (phosphate, sulfate) and octahedral (complex anions, e.g. [FeF¢*). (3)
Anions display a significant charge delocalization. (4) A large number of anions
exhibit pH dependent speciation behavior. Altogether, these characteristics result in a
low concentration of effective surface charge. Hence, electrostatic binding of anions
is less efficient than binding of cations.

The design of the receptor is crucial for selectivity through preorganization of
the anion and the performance of the chemosensor. The most common structural
motifs for anion recognition are transition metal cations'®, or hydrogen bonding sites'’
like ammonium® or guanidinium' moieties. Furthermore, urea'®, thiourea'*, amide'®,

|16

phenol'®, and pyrrole'” subunits are also often used as receptors.
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Signal transduction is the second important topic regarding sensor
performance. In this respect, colorimetric anion sensing probes are far less sensitive
than probes using fluorescence.'®'® Chemosensors for anions using fluorescence are
primarily based on photoinduced electron transfer (PET)', internal charge transfer

(ICT)®, excimer/exciplex formation®', Forster resonance energy transfer (FRET)?, o

;
increase in the rigidity of the host molecules® (see also respective section in the
Chapter Background).

Acetyl phosphate (AcP), in addition to above mentioned biologically important
anions, is another interesting analyte located in cells (see Chapter 4). It is a high-
energy metabolic compound derived from acetic acid and orthophosphoric acid and
is itself a dianion at pH 7. Therefore, our intention was either to selectively determine
AcP itself or its decomposition products, i.e. acetate and phosphate, via anion
recognition. The recognition motifs known from the probes N-(2,7-
dichlorofluorescein)lactam-N"-phenylthiourea®  (DCFL) and  6-[1-amino-3-(4-
trifluoromethylphenyl)-thiourea]-2-ethylbenzo[delisoquinoline-1,3-dione’ (EIQD)
were used as a starting point. In a parallel approach three ruthenium complexes were
synthesized containing either one spirolactam (RuDCFL), two thiourea (RuDPTP) or
two amide (RuDAAP) anion recognition sites.

3.2 Results and Discussion

3.2.1 Anion Detection via DCFL

The fluorescein based spirolactam probe N-(2,7-dichlorofluorescein)lactam-N’-
phenylthiourea (DCFL) was first introduced in 2007 as fluorescent chemosensor for
anions like acetate and fluoride. Essentially, this probe is a modification of probes
with spirolactam moiety for the determination of Hg®*, Pb?', Cu?, etc.?>%®
Furthermore, the authors had claimed that selective determination of Ac over Pi is
possible. DCFL was chosen as starting point for the evaluation of probes for the
selective recognition of AcP due to its fluorescence OFF-ON behavior. The probe
itself is virtually non luminescent (in non competitive media like acetonitrile). Anions
are able to induce a ring-opening on coordination to the H-bonding donor (thiourea
receptor). This ring-opening restores the fairly strong fluorescence of the fluorescein
moiety peaking at 550 nm (Aexc = 520 nm) (in acetonitrile). The structure of DCFL and

a proposed reaction mechanism of the probe with anions are shown in figure 3.1.
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DCFL

o™

colorless, non luminescent, OFF-state

pink, luminescent, ON-state

Fig. 3.1 Structure and “Reaction Mechanism” of DCFL.

The response of DCFL towards AcP, Ac, Pi, and PP was first tested in ddH-O and in
10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer of pH 7.4.
Strong fluorescence peaking at 520 nm (Aexe = 504 nm) is observed in both solvents.
Neither changes in the absorption spectra nor in the emission spectra occurred on
addition of anions (data not shown). Presumably, the spirolactam is mainly present in
its ring-open form. This is — not unexpectedly — most likely due to the large free
energies of hydration of anions and the competing character of water, a problem
which can be observed for most of the anion probes. Therefore, 5% (v/v) of
acetonitrile (ACN) was added to the samples. This alters the polarity of the sample
sufficiently to enable anion recognition via DCFL (fig. 3.2).
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Fig. 3.2 Emission spectra of 10 uM of DCFL in 10 mM HEPES of pH 7.4 with 5%
(v/v) ACN. Addition of 100 uM of each AcP, Pi, Ac and PP. Measurement was

conducted at room temperature directly after addition of the respective anion.

10 eq. of AcP quench the fluorescence of DCFL by 17%. In the presence of Ac, or Pi
a pronounced increase of fluorescence peaking at 522 nm (Aexe = 504 nm) of 100%
and 75%, respectively, is observed. Furthermore, a 150% increase of fluorescence
intensity is shown after addition of 10 eq. of PP. This increase is accompanied by a
red shift of the emission maximum of 10 nm (emission peaking at 523 nm). It is
assumed that this effect results from a 2:1 stoichiometry (DCFL:PP). The overall
response to the anions is instantaneously observed at room temperature.

The determination of anions via DCFL was tested in several other solvent
mixtures with the purpose to find more biocompatible conditions. The results are

summarized in Table 1.
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Table 1 Response of DCFL towards anions in different solvent mixtures

Solvent Anion Emission peak Response F/F,?
EtOH/ddH.0 1/1 Ac 540 nm 1.50
Pi 540 nm 1.10
AcP 533 nm 0.48
PP 530 nm 0.41
DMSO/ddH,0 1/1 Ac 548 nm 0.90
Pi 548 nm 0.77
AcP 537 nm 0.53
PP 537 nm 0.53
HEPES/DMSO 20/1 Ac 530 nm 1.99
Pi 530 nm 1.88
AcP 530 nm 1.73
PP 530 nm 1.75
HEPES/ACN 20/1 Ac 530 nm 2.00
Pi 530 nm 1.75
AcP 530 nm 0.83
PP 530 nm 2.50

2 Fy: fluorescence intensity of DCFL without anions; ddH.O: doubly distilled water;
EtOH: ethanol; DMSO: dimethyl sulfoxide; ACN: acetonitrile

Only small changes in fluorescence intensity (<20%) and unstable signals were
observed on testing of DCFL in mixtures of ethanol and buffers like HEPES, MOPS
(3-(N-morpholino)propanesulfonic acid), or TRIS (tris(hydroxymethyl)-aminomethane)
(data not shown). Stable signals and strongest fluorescence intensities were
measured only in a 5% (v/v) ACN/10 mM HEPES pH 7.4 mixture and in EtOH/ddH>0
1:1 (v/v) (fig. 3.3). The response properties of the probe are slightly altered in the
latter unbuffered solvent. Presumably, the difference in response in the solvents is
due to pH-effects of the anions. However, the overall trend remains unchanged in
buffered and unbuffered solutions: the highest fluorescence signal is achieved in the
presence of Ac, followed by Pi. Again, fluorescence is quenched by AcP and

unexpectedly, also quenching occurs in the presence of PP.
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Fig. 3.3 Emission spectra of 10 uM of DCFL in a 1:1 mixture of EtOH and H,O.
Addition of 100 uM of each AcP, Pi, Ac and PP. Measurement was conducted at

room temperature directly after addition of the respective anion.

It is obvious from fig. 3.2 and fig. 3.3 that AcP and its decomposition products yield
contrary fluorescent signals. This is not suitable for direct determination of AcP.

Therefore, other probes were thought for sensing of acetyl phosphate.

3.2.2 Anion Detection via EIQD

The naphthalimide based probe 6-[1-amino-3-(4-trifluoromethylphenyl)-thiourea]-2-
ethylbenzo[delisoquinoline-1,3-dione (EIQD) (fig. 3.4) was first introduced in 2005 as
colorimetric ICT chemosensor for anions like acetate, phosphate and fluoride.” EIQD
was chosen as starting point for the evaluation of anion probes for the selective
recognition of AcP because the applicability in competitive solvents had been
claimed by the authors. The probe itself has a sallow color in a 1:1 mixture of
EtOH:H,O and displays fairly strong fluorescence. Anions are able to coordinate to
the thiourea moiety and accessorily to the 4-amino group. This coordination gives
rise to ICT which is seen in the absorption spectra. The absorbance of the probe at
410 nm decreases upon addition of anions like Ac, Pi, AcP, and PP, whereas new
absorption bands occur peaking at 342 nm and 544 nm. The sample shows a violet
color as a result. In addition, the fluorescence of the probe peaking at 527 nm (Aexc =
410 nm) is quenched in the presence of phosphates by up to 50% (fig. 3.5 and 3.6).
No fluorescent response to Ac was observed.
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HN—NF HNOCF3

EIQD
Fig. 3.4 Molecular structure of EIQD.

The response of EIQD towards AcP, Ac, Pi, and PP was also tested in buffered (10
mM HEPES buffer pH 7.4) ethanolic solutions. No selective response to anions was
observed in these solvents because even the blank sample without analyte turned
violet at once. Obviously, also the buffer molecules are capable of induce a ICT.
EIQD was discarded for further tests due to these findings.
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Fig. 3.5 Absorbance spectra of 10 uM of EIQD in EtOH/ddH>0 1/1. Addition of 100
UM of each AcP, Pi, Ac and PP. Measurement was conducted at room temperature
directly after addition of the respective anion.
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Fig. 3.6 Emission spectra (Aexc = 410 nm) of 10 uM of EIQD in EtOH/ddH.0 1/1.
Addition of 100 uM of each AcP, Pi, Ac and PP. Measurement was conducted at

room temperature directly after addition of the respective anion.

3.2.3 Anion Detection via new Ruthenium Complexes: RUDCFL

Encouraged by the results achieved with the probe DCFL, we tried to transfer the
luminescence OFF-ON-concept from the all-organic fluorescein-based dye to a
ruthenium complex. The advantages of these complexes are described in detail in
the Background Section. A straightforward reaction of 2,7-dichlorofluorescein
hydrazide with bis(2,2"-bipyridine)-(5-isothiocyanato-phenanthroline)ruthenium (II)
was chosen as pathway for the synthesis. It delivered the dark red colored complex
in 75% vyield. The structure of the ruthenium probe is shown in fig. 3.7. The
luminescence OFF-ON mechanism is identical to that of DCFL. The response of the
probe towards Ac, Pi, and AcP was tested in DMSO and in a highly competitive
mixture of 10% (v/v) DMSO in ddH.0 (fig. 3.8 and fig. 3.9).
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Fig. 3.7 Molecular structure of RuDCFL .
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The probe shows dual emission behavior in both solvents tested. Two distinctive
emission maxima peaking at 550 nm and 610 nm are observed in DMSO (Agxc = 450
nm). The first emission peak is ascribable to the fluorescein moiety, the latter peak is
characteristic for ruthenium complexes with bipyridine ligands.?”*® The luminescence
intensity at 550 nm increases after addition of Ac, Pi or AcP by ca. 60%. However,
the MLCT-emission of the complex at 610 nm decreases on addition of these anions
by about 60%. This allows for ratiometric sensing. Furthermore, the dual emission
characteristic of RuDCFL is also preserved in the highly competitive mixture of 10%
(v/v) DMSO and ddH»O. However, the luminescent response of the probe towards
anions is decreased. The emission maxima are blue-shifted by 23 nm and 8 nm,
respectively. The emission peaks at 527 nm and 602 nm increase non-selectively by
ca. 32% and ca.15%, respectively, after addition of anions to the sample. This
answer on anions in aqueous organic samples was unsatisfactory and hence, the

probe was discarded for further tests.

1.2+
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M
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Fig. 3.8 Emission spectra of 10 uM of RuDCFL in DMSO. Addition of 100 uM of each
AcP, Pi and Ac. Measurement was conducted at room temperature directly after
addition of the respective anion.
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Fig. 3.9 Emission spectra of 10 uM of RuDCFL in a mixture of 10 % (v/v) DMSO in
ddH>0O. Addition of 100 uM of each AcP, Pi and Ac. Measurement was conducted at

room temperature directly after addition of the respective anion.

3.2.4 Anion Detection via new Ruthenium Complexes: RUDPTP

The thiourea moiety is a common receptor motif for anion recognition. Therefore, it
was obvious to transfer this recognition element also to a ruthenium based metal
organic complex. Again, the reaction of an isothiocyanate (phenylisothiocyanate) with
a primary amine ((bpy)2-(5,6-diaminophenanthroline)Ru(ll)) was chosen as pathway
for the synthesis of bis(2,2’-bipyridin)-(5,6-diphenylthiourea-phenanthroline)Ru(ll). It
delivered the red colored complex in 80% vyield. It was assumed that two recognition
moieties would result in a stronger response (higher Iuminescence
increase/decrease) than one. Further on, a more stable signal in competitive solvents
due to the increased hydrophobic character of the “binding side” was expected. The
molecular structure of the ruthenium probe is shown in figure 3.10. The luminescence
of the probe is quenched in the presence of anions due to the occurrence of a PET.
The response of the probe towards Ac, Pi, and AcP was tested in DMSO and in a
highly competitive mixture of 10% (v/v) DMSO in ddH»O (fig. 3.11 and fig. 3.12).
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RuDPTP
Fig. 3.10 Molecular structure of RuDPTP.

The probe shows an emission peaking at 620 nm in DMSO and 603 nm in the
mixture of 10% (v/v) DMSO in ddH.O (Aexe = 469 nm), respectively. The
luminescence intensity is nonselectively quenched after addition of Ac, Pi and AcP by
about 53% in DMSO. The decrease in luminescence is less pronounced in the
competitive solvent (ca. 30%). The probe was not further investigated due to these

findings.
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Fig. 3.11 Emission spectra of 10 uM of RuDPTP in DMSO. Addition of 100 uM of
each AcP, Pi and Ac. Measurement was conducted at room temperature directly after

addition of the respective anion.

35



3 Determination of Acetyl Phosphate (AcP)

1.0+

o
(%)

Luminescence intensity (a.u.)

o
=)

s00 s 0 60 700

A/nm
Fig. 3.12 Emission spectra of 10 uM of RuDPTP in a mixture of 10 % (v/v) DMSO in
ddH>0O. Addition of 100 uM of each AcP, Pi and Ac. Measurement was conducted at

room temperature directly after addition of the respective anion.

3.2.5 Anion Detection via new Ruthenium Complexes: RuDAAP

The amide moiety is another common recognition motif for anion detection.
Therefore, it seemed to be apparent to transfer this receptor element also to a
ruthenium complex. The structure of the ruthenium probe is shown in fig. 3.13. The
luminescence of the probe is quenched in the presence of anions due to the
occurrence of a PET. The response of the probe towards Ac, Pi, and AcP was tested
in DMSO and in a highly competitive mixture of 10% (v/v) DMSO in ddH»O (fig. 3.14
and fig. 3.15).

RuDAAP
Fig. 3.13 Molecular structure of RuDAAP.
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The probe shows an emission peaking at 615 nm in DMSO and 605 nm in the
mixture of 10% (v/v) DMSO in ddHO (Aexe = 469 nm), respectively. The
luminescence intensity is quenched after addition of Ac, Pi and AcP by about 60%,
22%, and 44%, respectively, in DMSO. This suggests that carboxylic compounds
show stronger binding to the amide receptor than phosphates. The decrease in
luminescence is less pronounced in the competitive solvent. Pi shows virtually no
effect on the emission of the probe, whereas both Ac and AcP yield a quenching of

the emission of about 31%. The probe was discarded due to these findings.
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Fig. 3.14 Emission spectra of 10 uM of RuDAAP in DMSO in presence of 100 uM of
each AcP, Pi and Ac. Measurement was conducted at room temperature directly after

addition of the respective anion.
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Fig. 3.15 Emission spectra of 10 uM of RuDAAP in a mixture of 10 % (v/v) DMSO in
ddH,O. Addition of 100 uM of each AcP, Pi and Ac. Measurement was conducted at
room temperature directly after addition of the respective anion.
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The probes of the ruthenium type and EIQD were not used for further experiments as
their anion recognition properties in highly competitive solvents and under
biocompatible conditions do not meet the demands of selectivity for AcP or its
decomposition products. Furthermore, the probes are not applicable in purely
aqueous buffers and show only a small signal change in competitive samples.

Table 2 Summary of the probes

Response to 10eq of anion (F/Fy)

Probe Aexc/em /NM
Ac Pi AcP PP
DCFL  504/530-540% 1.5 1.1 0.48 0.41
EIQD 410/527% 1.0 0.75 0.55 0.50
450/550,610 1.8/0.40 1.7/0.40 1.5/0.50 -
RuDCFL
450/527,602% 1.4/1.3 1.4/1.4 1.4/1.3 -
469/620 0.43 0.57 0.43 0.31
RuDPTP
469/603° 0.73 0.83 0.71 0.33
469/615 0.40 0.78 0.54 0.67
RuDAAP
469/605° 0.71 1.0 0.71 0.84

3 H,O/ethanol 1/1; ® DMSO; ® H,O/DMSO 9/1

3.2.6 Determination of AcP: Combination of DCFL and Hydrolysis
Promoter Bis-Cyclen (BC)

Finally, only DCFL was selected for further testing, because it is fully applicable in
highly competitive solvents such as in 10 mM HEPES buffer of pH 7.4 containing 5%
(v/v) acetonitrile, in a HoO:DMSO 1:1 mixture, and in a H,O:EtOH 1:1 mixture (Table
1). The latter solvent was selected as reaction medium for all following tests as
admission to the measurement design (microtiter plates). Furthermore, the
fluorescence of DCFL in this solvent is quenched by AcP. However, a pronounced
increase of fluorescence is observed after addition of acetate or phosphate (Table 1).
It was assumed that acetyl phosphate can be selectively determined via the products
of its hydrolysis, namely acetate and phosphate. Despite of AcP being a relatively
labile anhydride (AG®: -43 kJ/mol)?® it shows a kinetically hindered decomposition of

less than 20% in a neutral aqueous solution at 20 °C over 0.5 h.*® Therefore, it was
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necessary to incorporate a catalytic element into the anion determination assay for
AcP.

A promoter for the hydrolysis of carboxyesters and phosphodiesters was
kindly supplied by the Institute of Organic Chemistry of the University of Regensburg,
Research Group Prof. B. Koénig. This promoter is a dinuclear Zn(ll) complex of
1,4,7,10-tetrazacyclododecane ([12]aneN4 or cyclen) and its reaction with above
mentioned esters has been studied in great detail.*'® Its molecular structure is
shown in Fig. 3.16. This molecule is referred to as bis-cyclen (BC) in the following.

N A
Y Bis-Cyclen (BC)

OCHs

Fig. 3.16 Molecular structure of the hydrolysis promoter bis-cyclen (BC).

The hydrolysis of 100 uM of AcP without promoter and in the presence of 10 puM of
BC was studied by monitoring the fluorescence of DCFL (10 pM) at 535 nm (Aexc =
485 nm). Fig. 3.17 shows that the slope of the kinetic plot of AcP in the presence of
bis-cyclen (V) is at least two times steeper than the slope of the kinetic plot of AcP
without BC (I). This clearly points out that BC promotes the hydrolysis of AcP.
Furthermore, the structurally similar compound pyrophosphate (PP) equally displays
a pronounced increase of the fluorescence signal in the presence of BC (lll).
However, even after 90 min the signal of plot lll and V is still increasing. This shows
that the hydrolysis of AcP and PP is not completed within this prolonged reaction
time. In contrast, the slope of the plots of Ac (IV) and Pi (ll) in the presence of BC
reach a plateau after 10 min. The rather small increase of the signal of plot Il and IV

is mainly due to evaporation of ethanol during the 90 min of measurement.
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Fig. 3.17 Fluorescence of DCFL in H,O/EtOH 1:1. 10 uM of DCFL; (I) 100 uM AcP;
(1) 100 uM Pi, 10 uM BGC; (lll) 100 uM PP, 10 uM BC; (1V) 100 uM Ac, 10 uM BC; (V)
100 uM AcP, 10 uM BC. T = 25 °C, (n = 4).

Next, the response of DCFL in the presence of BC and increasing concentrations of
AcP was tested. It is obvious from fig. 3.18 that the fluorescence signal of DCFL is
increasing with increasing AcP concentration (plot Il — V). The signal of DCFL without
analyte is stable after 20 min. This is most likely due to a (not further investigated)
interaction of DCFL and BC.
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Fig. 3.18 Fluorescence of DCFL in H,O/EtOH 1:1. 10 uM of DCFL; 10 uM of BC;
Increasing concentrations of AcP: (I) 0 mM, (ll) 0.1 mM, (lll) 0.5 mM, (IV) 1 mM, (V) 2
mM; T =25 °C, (n =4).

3.3 Conclusions

In summary, five different anion probes were tested for their anion recognition
properties in organic solvents and in highly competitive aqueous solutions. The newly
synthesized ruthenium based probes only showed selective anion recognition in
organic solvents. The two-recognition-moiety concept could not prove that increased
hydrophobic environment around the binding site accounts for a more stable
response to anions in competitive solvents. Direct determination of AcP was not
successful with the fluorescein based spirolactam probe DCFL. Moreover, the
qguenching effect of AcP on the fluorescence of DCFL is only small (ca. 20%) and not
specific. On the other hand, the decomposition of AcP at room temperature in neutral
aqueous solution is slow. Therefore, a hydrolysis promoter of the cyclen type was
employed. The hydrolysis of AcP is promoted by BC. AcP was determined
successfully and concentration dependent (0.1 mM - 2 mM) in a highly competitive
solvent via combination of the anion probe DCFL and the hydrolysis promoter BC.
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However, a distinct statement about the actual rate of hydrolysis is not possible using
this assay. This is due to the fact that the fluorescence signal yielded by DCFL during
the hydrolysis of AcP (PP) via BC is a combination of the response to Ac, Pi and non-

hydrolyzed AcP (Pi and non-hydrolyzed PP, respectively).

3.4 Experimental

3.4.1 Materials

cis-Dichlorobis(2,2'-bipyridine)ruthenium(ll) dihydrate (Ru(bpy)2Clz), and barium
carbonate were purchased from ABCR (www.abcr.de). All other common chemicals
and solvents, 1,10-phenanthroline-5,6-dione, and 5-amino-1,10-phenanthroline were
purchased from Sigma Aldrich (www.sigmaaldrich.com) or Acros Organics
(www.acros.be). They were used without further purification. Doubly distilled water
was used for the preparation of buffers and stock solutions of anions. Anions were
used as the sodium or potassium salts and 10 mM stock solutions thereof were
prepared in doubly distiled water shortly before measurement. 40 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer of pH 7.4 was used
for all experiments. Stock solutions of the probes and the hydrolysis promoter bis-
cyclen (BC) of a concentration of 1 mM were prepared in DMSO or acetonitrile. The
bis-cyclen was kindly supplied by the Institute of Organic Chemistriy, Group of Prof.
Kdnig.

3.4.2 Methods

10 uL of the probe stock solution (final concentration 10 uM in respective solvent),
and additionally 10 pyL of the stock solution of BC (final concentration 10 pM in
respective solvent) for the hydrolysis experiments, were added to the sample solvent
containing at least 100 uM of the respective anion and made up to 1 mL (for tests in
cuvettes). One tenth of all volumes were used for microtiter plate-based experiments
(final volume 0.1 mL). The same amount of probe was added to the control
containing no anions. The absorbance and fluorescence of the samples was

measured at 25 °C directly after mixing and shaking.
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3.4.3 Instruments

Absorption spectra were recorded on a Cary 50 Bio UV-Vis Spectrophotometer
(Varian, Australia, www.varianinc.com). Luminescence spectra were recorded on an
Aminco-Bowman AB 2 luminescence spectrometer (www.thermo.com) equipped with
a 150 W continuous wave xenon lamp as excitation light source. All spectra are
uncorrected. Microtiter plate experiments were performed on a Tecan Genios Plus
Reader (www.tecan.de) in clear flat bottom 96-well plates from Greiner Bio One
(www.gbo.com). pH was measured with a pH meter CG 842 from Schott
(www.schott.com) at room temperature. The ESI mass spectra were taken on a
ThermoQuest TSQ 7000 (www.thermo.com) mass spectrometer. '"H-NMR spectra
were recorded on a 300 MHz NMR spectrometer (Avance 300 from Bruker BioSpin
GmbH; www.bruker-biospin.com). The internal standard was tetramethylsilan (TMS).
The chemical shifts are given in ppm. The following abbreviations were used to
describe the signals: s = singlet, d = doublet, t = triplet, m = multiplet

3.4.4 Synthesis

Synthesis of N-(2,7-dichlorofluorescein)lactam-N’-phenylthiourea (DCFL)

DCFL was synthesized with slight modifications according to the literature
procedure.?® (1) Synthesis of 2,7-dichlorofluorescein hydrazide: 0.8 mg (2 mmol) of
2,7-dichlorofluorescein were dissolved in 50 mL of absolute ethanol. After addition of
0.6 mL (11 mmol) of hydrazine monohydrate the mixture turned bilious green. The
mixture was heated to reflux for 12 to 48 h until the fluorescence of the solution had
disappeared and a strong pink color was observed. After cooling to room
temperature the mixture was dissolved in 200 mL of ethyl acetate yielding an orange
color. The organic phase was washed four times with ddH>O (100 mL), collected,
dried over anhydrous NaxSQO,4, filtered and the solvent removed by rotary
evaporation. (1) was used without further purification (0.56 g, 65% vyield). R; = 0.57
(silica, CH2Clz/methanol = 10/1 (v/v). (2) Synthesis of DCFL: 0.5 g (1.2 mmol) of (1)
and 0.5 g (2.6 mmol) of phenyl isothiocyanate were dissolved in 10 mL of dry
dimethylformamide (DMF). The mixture was stirred overnight at room temperature
yielding a orange-red colored clear solution. The mixture was added to 200 mL of
CH.Cl> and was washed four times with ddH-O (100 mL). The decolorized organic

phase was collected, dried, and the solvent was evaporated, yielding a colorless
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solid. The crude product was further purified by silica gel chromatography
(CH2Cly/methanol = 10/1 (v/v); Rt = 0.64) to give 0.47 g of DCFL (0.87 mmolL) in 71%
yield. m/z (ESI) 548.0 ((M-H*)) C27H19CloN3O4S requires 549.0). '"H NMR (CDsOD,
TMS): 8.06-7.97 (t, 2H), 7.81-7.73 (m, 2H), 7.31-7.05 (m, 7H), 6.79 (s, 2H).

Scheme 1 Synthetic route to DCFL.

O 0

O OH O N——NH,
Cl Cl cl cl
NH,NH,
—_—
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HO © OH HO o} OH

2,7-Dichlorofluorescein 2,7-Dichlorofluorescein hydrazide

cl cl
@ O O phenyl isothiocyanate
-
HO o OH

2,7-Dichlorofluorescein hydrazide DCFL

Synthesis of 6-[1-amino-3-(4-trifluoromethylphenyl)-thiourea]-2-ethylbenzo[de]
isquinoline-1,3-dione (EIQD)

EIQD was synthesized with slight modifications according to the literature
procedure.'® (1) Synthesis of 6-Bromo-2-ethylbenzo[de]isoquinoline-1,3-dione: 1 g
(3.6 mmol) of 4-Bromo-1,8-naphthalic anhydride and 0.35 mL (4.3 mmol) of
ethylamine (70% solution in water) were refluxed in 1,4-dioxane (90 mL) for 8 h
yielding a brownish mixture. The solution was poured into 350 mL of ddH.O after
cooling to room temperature to precipitate out a cream-colored solid. The solid was
collected by filtration, washed with 20 mL of ddH,O and dried to yield 0.86 g (2.8
mmol; 78% vyield). (2) Synthesis of 2-Ethyl-6-hydrazinobenzol[de]isoquinoline-1,3-
dione: 0.60 g (2.0 mmol) of (1) and 0.52 mL (10 mmol) of hydrazine monohydrate
were dissolved in 15 mL of dry DMF and heated at 130 °C for 2 h. The mixture was
then poured into ddH,O to precipitate out a brownish solid. This solid was collected
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by filtration, washed with 20 mL of ddH,O and dried as an orange colored solid (0.20
g; 0.8 mmol; 40% vyield). (3) Synthesis of EIQD:0.19 g (0.76 mmol) of (2) and 0.30 g
(0.9 mmol) of 4-(trifluoromethyl)phenyl isothiocyanate were dissolved in 3 mL of dry
DMF and stirred at room temperature for 24 h. The solvent was evaporated and the
brownish residue dissolved in acetonitrile. 10 mL of 0.1 M HCI was added to the
solution to precipitate out a brown solid. The solid was washed with 20 mL of ddH,O
and dried. (0.04 g; 10% yield). m/z (ESI) 457.0 (M-H*). CxH17F3N4O2S requires
458.0). '"H NMR (d6-DMSO, TMS): 10.36-9.92 (m, 3H), 8.72 (d, 1H), 8.54 (d, 1H),
8.46 (d, 1H), 7.80 (dd, 1H), 7.75-7.68 (m, 4H), 6.92 (d, 1H), 4.03 (m, 2H), 1.16 (i,
3H).

Scheme 2 Synthetic route to EIQD.
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Synthesis of Bis(2,2’-bipyridine)-5(N-(2,7-dichlorofluorescein)lactam-N’-1,10-
phenanthroline thiourea) ruthenium(ll) bis(hexafluorophosphate) (RuDCFL)

(1) Synthesis of Bis(2,2-bipyridine)-(5-amino-1,10-phenanthroline)ruthenium(ll)
bis(hexafluorophosphate): 40 mg (0.21 mmol) of 5-Amino-phenanthroline and 100
mg (0.22 mmol) of Ru(bpy)2Cl, were refluxed in 10 mL of methanol/water 1:2 (v/v) for
8 h. Methanol was evaporated and an orange precipitate was obtained after addition
of excess NH4PFs. The precipitate was filtered, washed with 10 mL of ddH.O and
dried (0.20 g; 0.21 mmol; 99% vyield). R (Al.Osz, ACN:TOL 2:1 (v/v)): 0.81 (2)
Synthesis of Bis(2,2"-bipyridine)-(5-isothiocyanato-1,10-phenanthroline)ruthenium(ll)
bis(hexafluorophosphate): 0.19 mg (0.20 mmol) of (1) and 0.09 g of CaCO3; were
dissolved in 5 mL of dry acetone. 22 pL of thiophosgene (98%) were added and the
solution was stirred at room temperature for 1 h. Then, the solution was refluxed for
2.5 h. The mixture was filtered over celite and the solvent was removed by rotary
evaporation to yield a red solid (0.24 g; 0.18 mmol; 86% yield). (3) Synthesis of 2,7-
dichlorofluorescein hydrazide: see above. (4) Synthesis of RuDCFL: 0.13 g (0.13
mmol) of (2) and 0.11 g (0.26 mmol) of (3) were dissolved in dry DMF and stirred at
room temperature for 18 h. The mixture was dissolved in 100 mL of CH.Cl; yielding a
deep red colored solution. The organic phase was washed four times with ddH,O
(100 mL), collected, dried over anhydrous Na.SO., filtered and the solvent was
removed by rotary evaporation yielding a deep red colored solid. (0.15 mg; 0.11
mmol; 85% vyield) R (Alz03, H:O:ACN 2:8 (v/v)): 0.94 ; m/z (ESI) 532.6 (M**); 1210
(M?*+PFg). Cs3HssCloNgO4RuUS requires 532.5; 1210).
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Scheme 3 Synthetic route to RuDCFL.
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Synthesis of Bis(2,2’-bipyridine)-(5,6-diphenylthiourea-1,10-phenanthroline)
ruthenium(ll) bis(hexafluorophosphate) (RuDPTP)

(1) Synthesis of Bis(2,2"-bipyridine)-(5,6-diamino-1,10-phenanthroline)ruthenium(ll)
bis(hexafluorophosphate) (Ru(bpy).phendiamin): The complex was synthesized with
slight modifications according to the literature procedure.®* (a) Synthesis of
Ru(bpy).phendione: 0.1 mg (0.20 mmol) of Ru(bpy)-Cl> and 1,10-phenanthroline-5,6-
dione were dissolved in 6 mL of ethanol:H>,O 1/1 (v/v). The mixture was refluxed for
18 h. Ethanol was evaporated and a red precipitate was obtained after addition of
excess NH4PFg. The precipitate was filtered, washed with 10 mL of ddH,O and dried
(0.18 g; 0.20 mmol; 99% vyield). (b) Synthesis of Ru(bpy)s,phendioxime: 0.18 g (0.20
mmol) of (a) and 30 mg of CaCO3; were dissolved in 5 mL of dry ethanol. The mixture
was refluxed for in total 18 h and a solution of 49 mg of NH,OH HCI in 2 mL of
ethanol was added dropwise during the first hour. The solvent was evaporated and
the residue was dissolved in 5 mL of ddH>O. Addition of excess NH4PFg precipitated
a red solid which was collected, washed, and dried. (0.17 g; 0.18 mmol; 88% yield).
(c) Synthesis of Ru(bpy)s;phendiamine: the total amount of (b) was dissolved in 10
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mL of DMSO and 50 mL of ethanol were added. A small portion of Pd/C was added
to the mixture and hydrogenated for 24 h with a Ho-pressure of 10 bar. The solvent
was evaporated and the residue dried. (2) Synthesis of Bis(2,2"-bipyridine)-(5,6-
diphenylthiourea-1,10-phenanthroline)ruthenium(ll)bis(hexafluorophosphate)
(RuDPTP):0.033 mmol of (¢) and 0.05 mmol of phenyl isothiocyanate were dissolved
in dry DMF and stirred at room temperature for 24 h. The solvent was evaporated
and the red residue dried. (0.03 g; 0.025 mmol; 76% yield).

Scheme 4 Synthetic route to RuDPTP.
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Synthesis of Bis(2,2’-bipyridine)-(5,6-diacetamido-1,10-phenanthroline)
ruthenium(ll) bis(hexafluorophosphate) (RuDAAP)

(1) Synthesis of Bis(2,2"-bipyridine)-(5,6-diamino-1,10-phenanthroline)ruthenium(ll)
bis(hexafluorophosphate) (Ru(bpy)-phendiamine): see above. (2) Synthesis of
RuDAAP: 0.5 mmol of (1) and 200 pL (2 mmol) of acetic anhydride were dissolved in
30 mL of CHCI3. The mixture was refluxed under N, for 96 h. The solvent was
removed and the brownish residue was dissolved in 3 mL of ddH,O. Excess NH4PFg
was added to precipitate a brown solid that was collected, filtered, washed and dried.
(0.16 mg; 0.16 mmol; 32% yield) m/z (ESI) 353.6 (M?*); 853.2 (M**+PFg).
CssH30NsO2Ru requires 708.2; 836.0).

Scheme 5 Synthetic route to RuDAAP.
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4 Determination of Acetyl Phosphate via a Luminescent
Ruthenium Ligand Complex

4.1 Introduction

Acetyl phosphate (AcP) is a high-energy metabolic compound derived from acetic
acid and orthophosphoric acid. It was discovered by Lipmann in 1944" and lad to the
discovery of coenzyme A.2 Acetyl phosphate was also proposed as a primeval form
of metabolic energy currency due to its simple chemical structure and high
phosphorylation potential (AG® (AcP): -43 kJ/mol; AG® (ATP): -31 kJ/mol).>®
Therefore, AcP is primarily found in prokaryotes to serve as a regulatory signal
transducer, i.e. in the ATP-dependent proteolysis®, activation of the phosphate
regulation’, in motility and chemotaxis expression®, or in the initiation of membrane
phospholipid synthesis® of innumerable microorganisms.

The steady state concentration of AcP in wild type E.Coli reaches at least 3
mM."® Wolfe et al."’ proved that acetyl phosphate acts as a global sign in E.Coli. AcP
is also a non-nucleotide substrate for the Ca-ATPase'? and an important source for
regeneration of ATP’. Recently, the presence of an acetate kinase-
phosphotransacylase-pathway (involving acetyl phosphate) was also validated for
some eukaryotic microbe species.” Up to date, there is no clear evidence that AcP is
a stable metabolic intermediate in higher living organisms. On the one hand,
enzymes permitting the production of acetyl phosphate from citric acid for example
are found in animal tissues.” On the other hand, also highly active
acetylphosphatase is present in these tissues.'”” Furthermore, acetate — the
prokaryotic metabolic product of AcP breakdown — is generated endogenously in
mammalian cells from acetyl-CoA hydrolase without using AcP.'®

There might also be a chance of retrieving acetyl phosphate in those cells
considering the Warburg-Hypothesis'’ that tumor cells generate their energy mainly
by non-oxidative breakdown of glucose followed by lactic acid fermentation. This
hypothesis has re-gained some attention in recent years and was supported by a
number of research groups.'® Further assuming that non-malign cells do not produce
and preserve AcP in high concentrations, it might be a powerful tumor marker. AcP
attracted some attention in the commercial synthesis of ATP via acetate kinase. This
system also provides an inexpensive and stable source for regeneration of ATP in

bacterial batch reactors.'®?°
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Up to date, the most common methods for the determination of acetyl
phosphate are the colorimetric hydroxylaminolysis and some acetate kinase (AK)
coupled enzymatic methods. The hydroxamate assay was originally developed by
Lipmann and Tuttle?" and frequently optimized, among others by Rose et al.?? and
Pechére et al.?® Briefly, AcP is reacted with hydroxylamine and the hydroxamic acid
formed reacts with ferric ions to form an orange colored complex. This assay is
simple and fast but requires strongly acidic pH and high concentrations of
hydroxylamine (704 mM). This is not suitable for direct analysis of biological samples.
Its limit of detection (LOD) is about 40 uM.

Recently, this assay was coupled to an enzymatic reaction resolving some of
these limitations.** AcP is hydrolyzed by lowly concentrated hydroxylamine. The
inorganic phosphate produced is then determined with a commercially available kit?®
using a purine nucleoside phosphorylase to yield a product absorbing at 330 nm at
UM concentrations of AcP. The main drawback of this assay is that the presence of
high concentrations of inorganic phosphate (Pi) in samples prevents direct AcP
determination. Further on, PriiB and Wolfe?® presented an AK-based assay wherein
the ATP formed is determined by the luciferase reaction.?” This assay was further

1.8 and Zhao et al.?®

improved by Ito et a Another sensitive, yet time consuming
method utilizing AK involves the conversion of acetyl phosphate with radioactive
[*H]JADP to [*H]ATP, separation by thin layer chromatography (TLC) and scintillation
signal readout.*® As low as 20 nM of AcP were determined. Furthermore, AcP was
assayed by supplementing cells with [*?Pi] and 2D-TLC of the cell extract.>’ Most of
these methods share the characteristics that either they are conducted under non-
biocompatible conditions or that they are complicated and time consuming.

The aim of the work reported in this chapter was to develop a luminescent
method for the direct determination of AcP under biocompatible conditions. It was
intended to transfer the tunable (e.g. by addition of Zn, Cu, Ni, Co) and selective
reaction of hydroxylamines or hydroxamic acids®*® to a luminescent reporter
molecule. Ruthenium complexes are known to have interesting spectral properties,
e.g. large Stokes’ shift, high photostability and good quantum yields. Hence, it was
found that (bpy)2Ru(1,10-phenanthroline-5,6-dione dioxime) (RuPDO) is an
interesting candidate for further investigations. It is shown that upon reaction with
AcP in the presence of Zn?* or Cu®* a strong increase in luminescence intensity is

accompanied by a bathocromic shift. This selective reaction occurs under highly
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biocompatible conditions and enables determination of AcP down to the low pM
range. Although RuPDO does not emit from an excited singlet state, it is referred to
as a fluorogenic probe as this is a much more common term than a luminogenic
probe. Furthermore, the high potential of RuPDO for determination of acetyl
phosphate in complex biological matrices is demonstrated.

4.2 Results and Discussion

4.2.1 Spectral Properties of RuPDO and Response to AcP

A solution of RuPDO in aqueous buffer displays only weak luminescence (Aexciem at
469/610 nm). For determination of acetyl phosphate, the vic-oxime groups of the
phenanthroline ligand are activated in-situ by addition of cations like Zn?*, Cu®* or
Ni** The addition of these activators does not alter the emission spectrum of
RuPDO. The luminescence spectra of RuPDO with (RuPDO-Zn) and without
activator cation (RuPDO) and in the presence of AcP (AcP-RuPDO-Zn) are shown in
fig. 4.1 A.

A red shift of the emission of RuPDO of 30 nm (from 610 nm to 640 nm) is
observed in the presence of AcP. This is also accompanied by a strong
enhancement of fluorescence intensity, increase of quantum yield and change of
decay time (see figure 4.1 B and table 1). The wavelength of the excitation maximum
remains unchanged. These changes solely occur in the presence of transition metal
cations and active acetic acid esters like AcP or 4-nitrophenyl acetate (4 NA). This
effect is not observed in the presence of Ca** or Mg?* (data not shown). Hence, a
proposed reaction mechanism is shown in scheme 1 and evidence for the
mechanism is given in a later section.

The large Stokes' shift of 141 nm (RuPDO-Zn) and 171 nm (AcP-RuPDO-Zn),
respectively, is a further benefit of RuPDO. This warrants excellent blocking of
excitation light in filter-based fluorescence instrumentation. The fairly strong red
fluorescence of AcP-RuPDO-Zn also permits measurements in biological samples
with almost zero background. Furthermore, the reaction product can easily be
distinguished from the probe itself as the former shows much stronger and red
shifted (by 30 nm) emission.
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Fig. 4.1 (A) Excitation spectrum of RuPDO-Zn and emission spectra of RuPDO-Zn
and the reaction product with AcP (AcP-RuPDO-Zn) after addition of increasing
concentrations of AcP; 50 pM RuPDO, 0.5 mM Zn?*, 20 pM, 0.1 mM, 0.5 mM of AcP,
respectively, 40 mM HEPES buffer of pH 7.4; 60 min incubation at 37 °C. The
emission spectrum of RuPDO closely matches the one of RuPDO-Zn and is almost
invisible. (B) Photograph of the probe excited with 10 mW argon ion laser. From left
to right (increasing concentration of AcP): probe without analyte, 50 uM, 100 uM, 500
1M, 1000 uM AcP.

The longwave emission of AcP-RuPDO-Zn suggests further investigations for
detection of AcP in-vivo, where emission at >600 nm is a prerequisite to avoid
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autofluorescence from tissue and warrants suitable penetration depth (due to

reduced absorption of tissue).

Table 1 Spectral properties of RuPDO and the reaction Product
with AcP (AcP-RuPDO-Zn)

RuPDO AcP-RuPDO-Zn
Aexc/NM 469 469
Aem/NM 610 640
€430, €469/L mol'em™ 7200, 5800 6300, 4400

@2 0.64% 4.5%

71:351 ns (81.6 %) 11:280 ns (19.6 %)

TP T2 : 81 ns (16.3%) T2 : 149 ns (80.4%)

(x?=2.5) (x?=2.1)

3 in air saturated ethanol; Reference: rhodamine 6G (® = 0.95)
®) in air saturated HEPES buffer (40 mM, pH 7.4)

e H,0

AcP-RuPDO-Zn

Scheme 1 Reaction mechanism of RuPDO-Zn with AcP.

YAY,
N
:O/

N
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4.2.2 Choice of Activating Cation

Several cations were screened for their oxime activation properties (Table 2). The
reaction of RuPDO with AcP was carried out in HEPES buffer pH 7.4 (40 mM) at 37
°C in the presence of 1 mM of AcP, 0.5 mM of activating cation and 50 pM of
RuPDO. The luminescence intensity at 640 nm was referenced with respect to the
signal found for Zn®*-activation at 640 nm after 60 min incubation time. Finally, only
Zn** and Cu®* were selected for further investigations due to their higher
biocompatibility compared to the other cations tested and the strong response to
AcP.

Table 2 Effect of activating cations

Activator Cation Iy */Iz,2* 2 Activator Cation Iy**/lz,2* 2

Zn?* 100% Ce* 17%
Cu* 52% ce** 66%
Cu®* 87% La* 39%
cd* 51% Ni%* 86%
Pd** 13% Yb* 54%
Ru** 13% Y3+ 58%
cr* 13% Tb** 53%
Ag* 18% Eu® 46%
Co* 14%

a) after 60 min incubation time, each

4.2.3 Effect of pH and Reaction Time

The effect of pH on the reaction of Zn?- and Cu?®*-activated RuPDO with AcP was
investigated via luminescence measurement at 640 nm. The pH dependence of the
reaction of RuPDO-Zn and RuPDO-Cu with AcP is shown in Fig 2. It is in good
agreement with previous data of Cu®* and Zn?* activated oximes.**** It is possible to
determine AcP at physiological pH with RuPDO-Zn as well as with RuPDO-Cu.
Therefore, pH 7.4 was chosen as the optimal pH for all further investigations.
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Fig. 4.2 Effect of pH on the reaction of RuPDO-Zn/Cu with AcP.10 mM Piperacine-
Glycylglycine buffer; 50 uM RuPDO; 0.5 mM ZnCl, or CuCly, respectively; 1 mM AcP;

60 min incubation at 37 °C (n

- 4).

The reaction rate of 50 uM RuPDO in the presence of 0.5 mM Zn?" or Cu?* with 0.1,
0.2 and 1 mM of AcP, respectively, was also examined at 37 °C via F/Fy at 640 nm

(fig. 4.3). After 60 min incubation, over 90% of the maximum signal is achieved at all

concentrations of AcP. Therefore, a 1 h incubation time was chosen for all further

investigations.
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Fig. 4.3 Effect of reaction time on the reaction of RuPDO-Zn with AcP. 40 mM
HEPES buffer of pH 7.4; 50 pM RuPDO; 0.5 mM Zn?*; 0.1, 0.2, 1 mM of AcP,

respectively; 60 min reaction at 37 °C (n = 4).
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4.2.4 Mechanism of Fluorogenic Reaction

We were further interested in the mechanism of the reaction between RuPDO-Zn and
AcP. The proposed reaction mechanism (scheme 2) was inspired by the work of

1.8 and Mancin et al.?*

Lipmann and Tuttle?’, Weijnen et a The two main possibilities
clearly are either an acetylation of the oxime groups or a phosphorylation. Therefore,
4-nitrophenyl acetate (4 NA) was added to a buffered solution of RuPDO-Zn and in
another experiment bis(nitrophenyl) phosphate (BNPP). In case of 1 mM 4 NA, the
same increase of luminescence intensity peaking at 640 nm was observed as with
AcP solution of equal concentration (figure 4.4 B). Additionally, an increase of the
absorbance at 400 nm was found due to absorption of the 4-nitrophenolate anion
formed during the reaction (figure 4.4 A). Neither the emission spectrum nor the
absorption spectrum was affected during the reaction of RuPDO-Zn with BNPP or
other biologically relevant phosphates like inorganic phosphate (Pi), pyrophosphate
(PP), ATP and ADP. This is clear evidence for the oxime acetylation thesis.
Furthermore, the IR spectra of RuPDO prior and after reaction with AcP (AcP-
RuPDO-Zn) differ mainly due to the appearance of the new aliphatic C-H stretching

vibrations at 2923 and 2853 cm™, respectively, of the O-Ac group (AcP-RuPDO-Zn).

A B

3.0 RuPDO-Zn + 4NA—__,

-
o
1

RuPDO-Zn + 4NA
2.5 RuPDO-Zn + AcP

o
(]
1

2.0

RuPDO-Zn + AcP 1.5
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RuPDO-Zn

Absorbance (a.u.)
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1.04  4NA
RuPDO-Zn
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Luminescence intensity (a.u.)
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Fig. 4.4 (A) Absorbance spectra of RuPDO-Zn, RuPDO-Zn + AcP, 4 NA, and
RuPDO-Zn + 4 NA after 60 min of incubation in 40 mM HEPES buffer of pH 7.4 at 37
°C. (B) Emission spectra of RuPDO-Zn, RuPDO-Zn + AcP, 4NA, and RuPDO-Zn +
4NA after 60 min of incubation in 40 mM HEPES buffer of pH 7.4 at 37 °C. [AcP] = 1
mM; [RuPDO] = 50 uM; [Zn?**] = 0.5 mM; [4 NA] = 1 mM.

T T T T
400 450 500 550

Alnm
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4.2.5 Complex Stoichiometry and Calibration Plots

The stoichiometry of the reaction was determined via Job’s method of continuous
variation. From figure 4.5, a 1:1 stoichiometry of the reaction of RuPDO-Zn and AcP
under the given reaction conditions can be deduced. However, one can assume that
in the presence of excess acetyl phosphate both oxime groups of RuPDO will be
involved in the reaction. This behavior was observed in the calibration plots in fig.
4.6. The fact that linearity of the calibration plot exceeds equimolar concentrations
between AcP and RuPDO suggests the participation of the second oxime reaction
site. A linear dynamic range from 10 to 200 uM of AcP and 80 to 400 uM of AcP at a
probe concentration of 50 pyM is observed for RuPDO-Zn and RuPDO-Cu,
respectively (0.5 mM of Zn?*/Cu?*). The regression equation for RuPDO-Zn is F/Fq =
16.59 L mmol™ [AcP] + 1.29 (r = 0.990) and F/Fy = 4.28 L mmol ™ [AcP] + 0.74 (r =
0.990) for RuPDO-Cu. The limit of detection of AcP via RuPDO-Zn is 3.4 uM. Hence,
AcP can be determined at least at 10 times lower concentrations compared to the

method of Lipmann.?’
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%
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Fig. 4.5 Normalized fluorescence at 640 nm vs. mole fraction AcP. Data collected
after 60 min of incubation at 37 °C in 40 mM HEPES of pH 7.4 (n = 4).
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Fig. 4.6 Plot of F/Fy vs. [AcP] collected after 60 min of incubation at 37 °C in 40 mM
HEPES of pH 7.4 (n = 4).

4.2.6 Interference by other Relevant Phosphates

The reaction of RuPDO-Zn with AcP in the presence of equimolar concentrations of
inorganic phosphate (Pi), pyrophosphate (PP) and ATP was monitored using
luminescence (fig. 4.7). These phosphates slightly quench the luminescence of
RuPDO-Zn, probably due to coordination to Zn®*. Within a tolerance limit of +10 %
the following concentrations of interferents are acceptable: Pi = 1 mM; PP = 0.22 mM
and ATP = 0.67 mM. Hence, even in the presence of equimolar concentrations of
AcP and phosphate (1 mM as found in DMEM medium, see next section) a
pronounced increase of luminescence is detectable. As a result, the slope of a
calibration plot for AcP in the presence of equimolar phosphate is slightly reduced. It
is assumed that binding of these phosphates to RuPDO-Zn blocks the “binding-site”
for AcP, resulting in a lower acetylation rate and therefore a lower luminescence.
Addition of phosphate to a reacted solution (90 min) of AcP-RuPDO-Zn does not
change the signal (data not shown), substantiating the binding-site-blocking thesis.
The binding of phosphates to the probe can adequately be reduced by adding a
higher amount of Zn?* to the sample, resulting in higher luminescence intensity due

61



4 Determination of Acetyl Phosphate via a Luminescent Ruthenium Ligand Complex

to complexation of phosphate by free Zn?* in solution. This was tested in detail by

adding increasing amounts of Zn?* (50 pM - 5 mM) to solutions containing 1 mM of

AcP and 1 mM of Pi. It is obvious from figure 4.8 that higher concentrations of Zn**

are able to overcome the quenching-effect of Pi.
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Fig. 4.7 Effect of bio-phosphates on the luminescence of the reaction of RuPDO-Zn with
AcP. 40 mM HEPES buffer of pH 7.4; 50 pM RuPDO; 0.5 mM Zn*"; 1 mM of AcP and
inorganic phosphate (Pi), pyrophosphate (PP), ATP, each; 60 min reaction at 37 °C.
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Fig. 4.8 Luminescence of RuPDO-Zn in 40 mM HEPES buffer of pH 7.4 in the
presence of 1 mM Pi (RuPDO: 50 uM; AcP: 1 mM). The solid line (I) represents the
sample without Zn?*. Zn?*-concentrations: Il = 50 pM; Ill = 250 pM; IV = 0.5 mM; V =

2.5 mM; VI =5.0 mM.
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4.2.7 Tests of RuPDO-Zn in Cell Medium Containing NRK Cells

The reaction of RuPDO-Zn with AcP was examined in Dulbecco’s Modified Eagle
Medium (DMEM) and also in DMEM medium containing normal rat kidney (NRK)
cells in order to test the future applicability of the probe for measurements in
biological matrices. DMEM medium used in the experiments contains, among others,
high millimolar concentrations of inorganic compounds like CaCl,, NaH,PO4 and KCl,
various amounts of different amino acids and 10% (w/w) fetal calf serum. NRK cells
were grown in DMEM medium for 2 days. During this period the medium is further
enriched with products of cell metabolism. Hence, the cell medium used is a complex
matrix and served as reaction medium without further workup. The medium together
with 50 uM of RuPDO, 0.5 mM of ZnCl, and various amounts of AcP was incubated
at 37 °C and the progress of the reaction was monitored for 90 min by recording the
increase of the luminescence intensity at 640 nm. An almost 2.5 fold signal increase
in both DMEM medium containing NRK cells (fig. 4.9) and medium without cells (data
not shown) was observed on addition of 2 mM of AcP. As a matter of fact, the signal
increase is not as high as observed in plain aqueous buffered solution due to the
complex matrix. The slope is reduced by a factor of 20 compared to aqueous buffer.
However, it is obvious from the calibration plot that determination of AcP from 0.5 to
2 mM is possible with reasonable precision in complex biological matrices using the
luminescence of RuPDO-Zn. Importantly, the reaction time in cell medium is much
shorter compared to the reaction in aqueous buffer. The maximal luminescence
intensity at 640 nm is obtained after 30 min of incubation. This strongly supports the
proposed reaction mechanism of RuPDO-Zn. A high amount of RuPDO-Zn is already
blocked in the presence of high concentrations of phosphate. Therefore, only few
RuPDO-Zn molecules are able to react with AcP, resulting in an decreased
luminescence intensity at 640 nm and shorter reaction time compared to a sample in

plain buffer.
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Fig. 4.9 Luminescence of RuPDO-Zn in suspensions of NRK-cells in DMEM cell
medium after spiking with AcP. Solid lines (I and Il) represent unspiked samples
without cells (I) and in the presence of cells (ll). Dashed lines (lll to VI) represent
spiked samples of cell media containing NRK cells. AcP concentration is increasing
from 0.5 mM (lll) to 2 mM (VI). (n = 4).

4.2.8 RuPDO-Zn in Lysogeny Broth Medium (LB) Containing E.coli

Additional tests of RuPDO-Zn were conducted in E.coli Lysogeny broth media (LB)
without bacteria, in LB media containing E.coli, and in LB media containing sonicated
E.coli (see figures 4.10-4.15). The kinetic of the reaction of RuPDO-Zn with AcP in
E.coli LB media without bacteria is shown in figure 4.10. The reaction of RuPDO-Zn
with AcP is slower than in DMEM medium (figure 4.9). While the increase of
luminescence intensity is slower, the slope of the calibration plot is steeper (figure
4.11) than in DMEM medium (inset of figure 4.9).
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Fig. 4.10 Luminescence of RuPDO-Zn in LB medium after spiking with AcP. Solid
line () represents unspiked medium. Dashed lines (ll to V) represent spiked samples
of broth media. AcP concentration is increasing from 0.4 mM (Il) to 1 mM (V). (n = 4).
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Fig. 4.11 Calibration plot of RuPDO-Zn in LB medium after spiking with AcP. AcP

concentration is increasing from 0.4 mMto 1 mM (n = 4).

The kinetics of the reaction of RuPDO-Zn with AcP in LB media containing E.coli is
shown in figure 4.12. It remains almost unchanged with respect to LB medium
without E.coli (figure 4.10). The increase of luminescence intensity is lower, resulting
in a lower slope of the calibration plot (figure 4.13) than in LB medium without E.coli
(figure 4.11). This behavior may be expected because cells usually show strong

scatter in luminescence measurements.
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Fig. 4.12 Luminescence of RuPDO-Zn in LB medium containing E.Coli after spiking
with AcP. Solid line (I) represents unspiked medium with E.Coli. Dashed lines (Il to V)
represent spiked samples of broth media. AcP concentration is increasing from 0.4
mM (II) to 1 mM (V). (n = 4).
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Fig. 4.13 Calibration plot of RuPDO-Zn in LB medium containing sonicated E.Coli

after spiking with AcP. AcP concentration is increasing from 0.4 mM to 1 mM (n = 4).

The kinetics of the reaction of RuPDO-Zn with AcP in LB media containing sonicated
E.coli is shown in figure 4.13 and remains almost unchanged with respect to LB
medium containing E.coli (figure 4.12). Here, the increase of luminescence intensity
(figure 4.15) is almost constant with respect to the unlysed cells (figure 4.13). These
data clearly show the applicability of the probe in various complex biological

matrices.
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Fig. 4.14 Luminescence of RuPDO-Zn in LB medium containing sonicated E.Coli
after spiking with AcP. Solid line (1) represents unspiked medium. Dashed lines (Il to
V) represent spiked samples of broth media containing sonicated E.Coli. AcP

concentration is increasing from 0.4 mM (ll) to 1 mM (V). (n = 4).
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Fig. 4.15 Calibration plot of RuPDO-Zn in LB medium containing E.Coli after spiking

with AcP. AcP concentration is increasing from 0.4 mMto 1 mM (n = 4).
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4.3 Conclusions

The first fluorogenic probe RuPDO is introduced for rapid and direct determination of
acetyl phosphate in aqueous solutions at neutral pH. The probe itself is virtually
nonluminescent but undergoes strong increase in luminescence accompanied by a
30-nm red-shift in presence of AcP and cations like Zn?* or Cu®*. Unlike in common
methods for determination of AcP, the presence of millimolar concentrations of
inorganic phosphate only weakly reduces sensitivity and no radioactive waste is
produced. Successful determination of AcP in complex biological matrices and the
longwave emission of AcP-RuPDO-Zn suggest further investigations for detection of
AcP in-vivo. A combination of RuPDO with suitable enzymes involved in the
formation or conversion of AcP suggest luminescent probing of other biological

important analytes like glucose, a-ketoglutarate, and acetate (see Chapter 5).

4.4 Experimental

4.4.1 Materials

cis-Dichlorobis(2,2'-bipyridine)ruthenium(ll) dihydrate (Ru(bpy)Clo) was purchased
from ABCR (www.abcr.de). All other chemicals and solvents were purchased from
Sigma Aldrich (www.sigmaaldrich.com) or Acros Organics (www.acros.be). Stock
solutions of acetyl phosphate (10.0 or 1.0 mM) were prepared in HEPES buffer of pH
7.4 (40 mM) shortly before measurements. Stock solutions of RuPDO (1.0 mM) were
prepared by pre-dissolving of 0.94 mg of the reagent in 10 uL of DMSO followed by
dilution with HEPES buffer to 1.0 mL. The RuPDO stock solution was stored at 4 °C.
Stock solutions of ZnCl, were prepared by dissolving 34.1 mg of the reagent in 50 mL
of HEPES buffer.

4.4.2 Methods

50 pL of the RuPDO stock solution (final concentration 50 pM in 40 mM HEPES
buffer of pH 7.4) and 100 pL of ZnCl, (final concentration 0.5 mM) was added to
HEPES buffer of pH 7.4 (40 mM) containing at least 0.05 mM of AcP and made up to
1 mL (for tests in cuvettes). One-tenth of all volumes were used for microtiter plate
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based experiments (final volume 0.1 mL). The same amount of RuPDO and ZnCl,
was added to the control containing no AcP. The reaction vials were then kept at 37

°C for 60 min before measuring luminescence.

4.4.3 Instrumentation

Absorption spectra were recorded on a Cary 50 Bio UV-Vis Spectrophotometer
(Varian, Australia; www.varianinc.com). Luminescence spectra were recorded on an
Aminco-Bowman AB 2 luminescence spectrometer (www.thermo.com) equipped with
a 150 W continuous wave xenon lamp as excitation light source. All spectra are
uncorrected. Lifetime measurements were done on an ISS K2 multifrequency cross-
correlation phase modulation fluorimeter (www.iss.com) using an argon ion laser for
excitation. Microtiter plate experiments were performed on a Tecan Genios Plus
Reader (www.tecan.de) at Aexc = 485 nm and Aem = 635 nm in black flat bottom 96-
well plates from Greiner Bio One (www.gbo.com). pH was measured with a pH meter
CG 842 from Schott (www.schott.com) at room temperature. The ESI mass spectra
were taken on a ThermoQuest TSQ 7000 (www.thermo.com) mass spectrometer. IR
Spectra of solids were recorded with a diamond ATR-crystal on a Varian 670-IR

spectrometer (www.varianinc.com).

4.4.4 Synthesis

RuPDO was synthesized with slight modifications according to the literature

procedure®”®

in good yields. Ru(bpy)-Cl> (74 mg) was dissolved in dry ethanol (10
mL), then 1,10-phenanthroline-5,6-dione (phendione) (29 mg) was added and the
violet solution heated to reflux for 5 h under N.. After cooling to room temperature,
the solvent was removed via rotary evaporation. Ru(bpy)2(phendione) was
redissolved in ethanol (15 mL), CaCO; (dried, 34 mg) added and the mixture was
heated to 81 °C. A solution of NH,OH-HCI (53 mg) in 5 mL of ethanol was added
dropwise over a period of 1 h, while the orange solution turned to a reddish color.
After reflux for 5 h and cooling to room temperature the solvent was evaporated. The
remaining orange to red colored solid was dissolved in a small amount of H,O and
the complex was precipitated by adding excess of NH4PFg (Scheme 2). The red
precipitate was washed with few mL of water and diethyl ether. The crude product

(60% yield) was recrystallized from acetone (50% yield). (Found: C, 38.85; H, 3.21;
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N, 11.51. C32H24F12N802P2RU -3 HQO requires C, 3853, H, 303, N, 11.23 %); m/z
(ES') 326.8 (M2+. C32H24N802RU requires 3271)

Scheme 2 Synthetic route to RuPDO.
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5 Enzymatic Determination of Acetate via Acetate Kinase
and RuPDO

5.1 Introduction

Short-chain fatty acids like acetate (Ac), propionate and butyrate are produced in the
intestine by bacterial fermentation of indigestible carbohydrates. These degradation
products are known to have positive physiological and metabolic effects and are
therefore an interesting target in body fluid analysis."® This is especially true for
clinical biochemistry and bioanalytics of kidney dialysis.* Furthermore, acetate is
widely found in food mainly as product of partial oxidation of glucose and ethanol by
acetic acid bacteria.>® These bacteria lack the enzyme succinate dehydrogenase — a
key enzyme in the citric acid cycle — prohibiting the total conversion of acetyl-CoA.
Therefore, glucose is metabolized via the pentosephosphate pathway, i.e. formation
of glyceraldehyde 3-phosphate that is oxidized to pyruvate und finally decarboxylated
to yield acetate. Another metabolic pathway in these bacteria giving rise to Ac is the
oxidation of ethanol.” Hence, acetate is a very important analyte for the determination
of food quality especially for products of fermentative processes such as vine,
vinegar, beer, sauerkraut or sourdough.®® The bacterial oxidation of ethanol to yield
acetic acid is the main reason of acidification in alcoholic beverages that can cause
spoilage.'® "2 Therefore, acetate levels are routinely controlled during cultivation of

13,14

microorganisms in fermenters and in dairy industrie.”'® On the one hand,

excessive concentrations of Ac may inhibit the growth of these microorganisms. On
the other hand, acetate is an important carbon source for these organisms.'”" %
Currently available techniques for the quantitative determination of acetate
comprise the classical and well established methods like GC?"%2, GC-MS?*?* CE?*#6
and reversed-phase liquid chromatography.?’” These methods enable sensitive,
accurate, and highly reproducible determination of acetate in various biological
matrices but are expensive, time consuming, and require expertise. Furthermore,
also a broad spectrum of enzyme-based applications is available. These range from
the well established multi-enzyme coupled reaction yielding a photometric detectable
signal®® to more sophisticated amperiometric methods using immobilized enzymes.*
The two most common three enzyme coupled reactions for the determination of

acetate are summarized in scheme 1.
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Scheme 1 Enzymatic Determination of Acetate

AK
(1) Acetate + ATP <—— AcP + ADP

PK
A (2) PEP + ADP T——> ATP + Pyruvate

LDH
(3) Pyruvate + NADH <——— Lactate + NAD*

ACS
(1) Acetate + ATP + CoA ——— Acetyl-CoA + AMP + PP

CS
B (2) Acetyl-CoA + Oxaloacetate ———= CoA + Citrate

MDH
(3) Malate + NAD* <———= Oxaloacetate + NADH

AK: Acetate kinase; PEP: Phosphoenolpyruvate; PK: Pyruvate kinase; LDH: Lactate
dehydrogenase; CoA: Coenzyme A; ACS: Acetyl-CoA-Synthase; CS: Citrate
synthase; MDH: Malate dehydrogenase.

In method A the acetate concentration of the sample is linked to a decrease in UV
absorption of NADH at 340 nm due to its consumption. Method B utilizes the
increase of this absorption peak due to formation of NADH (B 3). However, the
amount of NADH in both methods is not directly proportional to the acetate
concentration of the sample because the indicator reaction (A 3 or B 3) is an
equilibrium reaction. Various modifications of these approaches are known in
literature and are also available as commercial test kits. They all have in common
that acetate is determined via an NAD based indicator reaction and subsequent
measurement of UV absorbance.

Acetate kinase (AK) is often used as the first converting reaction in the
enzymatic determination of acetate. This enzyme is highly specific towards AcP and
shows only minor activity to propionyl phosphate (30%) and carbamoyl phosphate
(18%) and no activity towards butyryl phosphate, glutaryl phosphate and

% This specificity makes AK an ideal candidate for

phosphoenolpyruvate.
determination of acetate in real samples due to negligible cross-reactivity. Further on,

the enzyme shows good long term stability when stored at 0 °C. Its activity is
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restored at room temperature on addition of nucleotides within minutes. This
behaviour is favourable for the applicability of test kits. A major drawback of the use
of acetate kinase is that the enzymatic reaction thermodynamically greatly favours
the synthesis of ATP from AcP. This results in a slow reaction kinetic for reaction A 1
(Scheme 1). Hence, a rather fast consecutive reaction that removes AcP or ADP
from the equilibrium is necessary for a competitive determination of acetate.
Obviously, a multienzyme coupled system is complicated, error-prone and
expensive. Moreover, the absorption signal of NADH at 340 nm is unfavourable for
determination of Ac in biological samples due to the UV absorbance of numerous
substances present in these matrices. Therefore, our aim was to develop a simple
and inexpensive method for the determination of acetate using only reaction A 1
(Scheme 1), i.e. the quantification of acetate via determination of acetyl phosphate
(AcP). The ruthenium based fluorogenic probe RuPDO that has already been
successfully tested for the quantification of AcP in complex biological matrices (see

Chapter 4) is an ideal candidate for this task.

5.2 Results and Discussion

5.2.1 Outline of the Assay Scheme

Luminescence based determination of acetate was performed by using acetate
kinase and the fluorogenic probe RuPDO. The probe undergoes a strong
enhancement of fluorescence accompanied by a red-shift of emission of 30 nm in the
presence of acetyl phosphate within minutes (see Chapter 4). The specific reaction
occurs at neutral pH in the presence of an activating cation such as Zn?*. Acetate
kinase catalyses the synthesis of AcP from ATP only in the presence of Mg?* ions at
neutral to slightly alkaline pH.>' Herewith, the assay scheme for the enzymatic
determination of acetate via RuPDO was clearly outlined and are summarized in
scheme 2. The indicator reaction in the proposed assay is not an equilibrium-
dependent reaction in contrast to the enzymatic methods described above with

coupled equilibria.
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Scheme 2 Enzymatic Determination of Acetate via RuPDO

AK
(1) Acetate + Mg-ATP =—— AcP + Mg-ADP

(2) AcP + RuPDO-Zn — > AcP-RuPDO-Zn + Pi

FE FAN

g
469 nm 620 nm 469 nm 640 nm

AK: Acetate kinase; AcP: Acetyl phosphate; Pi: inorganic phosphate.

5.2.2 Effect of Mg®* and Optimization of Zn** concentration

The conversion of acetate and ATP into AcP and Pi is the thermodynamically
unfavored direction of the acetate kinase reaction. Expectedly, micromolar
concentrations of acetyl phosphate were to be determined in the presence of
millimolar concentrations of ATP, ADP and Mg?*. Therefore, the reaction of RuPDO-
Zn (25 pM of RuPDO; 75 puM of Zn?*) with 100 uM of AcP in the presence of 5 mM of
ATP or ADP and up to 10 mM of Mg?*in 40 mM HEPES buffer of pH 7.4 was used as
a starting point for the development of the enzymatic assay. The samples were
incubated for 60 min at 37 °C. Figure 5.1 shows that even 5 mM of Mg?* did not
interfere with the determination of AcP. A minor quenching effect (20%) was
observed in samples containing 10 mM of Mg?*. However, the determination of AcP
in the presence of 0.25 to 5 mM of ATP or ADP, respectively, was not successful
under the given assay conditions (fig. 5.2). This is due to the fact that phosphates
guench the luminescence of RuPDO-Zn as shown in Chapter 4. Hence, increasing of
the RuPDO concentration to 50 pM and the Zn?* concentration to 500 uM was
necessary. Elevated concentrations of Zn?* can adequately reduce the quenching
effect of phosphates on the luminescence of RuPDO as also shown in Chapter 4.
The preliminary results for the determination of acetyl phosphate under the optimized
assay conditions are shown in fig. 5.3. A 55% luminescence increase was observed
after addition of 100 uM of AcP to the sample containing 2.5 mM of ATP, ADP, and
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Mg?*, respectively, in 40 mM HEPES buffer of pH 7.4 with 60 min of incubation at 37
°C. Addition of 2 mM of AcP yielded a 355 % luminescence increase.

100 uM AcP
+0.5-5.0 mM Mg**

o
w
1

100 uM AcP
+10 mM Mg
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Fig. 5.1 Effect of Mg®* on the luminescence of the reaction of RuPDO-Zn with AcP.
40 mM HEPES buffer of pH 7.4; 25 uM RuPDO; 75 pM Zn?*; 100 uM of AcP, 0.5 —
10 mM Mg?*. 60 min reaction at 37 °C. (n = 4).
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Fig. 5.2 Effect of ATP (A) and ADP (B) on the luminescence of the reaction of

RuPDO-Zn with AcP. 40 mM HEPES buffer of pH 7.4; 25 uM RuPDO; 75 uM Zn**;

100 pM of AcP, 0.25 — 5 mM ATP/ADP. 60 min reaction at 37 °C. (n = 4).
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Fig. 5.3 Preliminary test of determination of AcP under the optimized enzymatic
assay conditions. 40 mM HEPES buffer of pH 7.4; 50 pM RuPDO; 500 pM Zn?*; 0.1
mM (1), 0.5 mM (2), 1 mM (3), 2 mM (4) AcP; 2.5 mM ATP; 2.5 mM ADP; 2.5 mM
Mg®*. 60 min reaction at 37 °C. (n = 4).

5.2.3 Testing of the Enzymatic Acetate Assay under the Optimized Assay
Conditions

The optimal reaction conditions for the enzymatic determination of acetate regarding
assay sensitivity and assay duration were empirically optimized in cuvette based
tests as follows: 50 uM RuPDO, 1 mM Zn?*, 3 mM ATP, 5 U/mL AK, 5 mM Mg**, and
incubation at 45 °C for at least 60 min. Acetate was determined in a concentration
range from 0.1 mM to 10 mM with a linear calibration range between 0.1 mM and 2.5
mM (fig. 5.4 and 5.5).
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Fig. 5.4 Enzymatic determination of Ac via luminescence increase of RuPDO-Zn. 40
mM HEPES buffer of pH 7.4; 50 uM RuPDO; 1 mM Zn?**; 0.1, 0.5, 1, 5, 10 mM Ac; 3
mM ATP; 5 mM Mg?*, 5 U/mL AK. 120 min reaction at 45 °C. (n = 4).
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Fig. 5.5 Calibration plot for the determination of Ac via F/Fy of RuPDO-Zn after 60,
120, and 180 min of reaction. 40 mM HEPES buffer of pH 7.4; 50 uM RuPDO; 1 mM
Zn?*; 0.1, 0.5, 1, 5, 10 mM Ac; 3 mM ATP; 5 mM Mg?*, 5 U/mL AK. Reaction at 45

An incubation time of 90 min is clearly a sufficient compromise between signal
increase (slope of the calibration plot) and assay duration. After this period the
luminescent signal induced by 100 uM of acetate is distinctly distinguishable from the

ground signal Fo produced solely by RuPDO-Zn.

5.2.4 Application of the Enzymatic Assay to the Determination of Acetate
in Real Samples

The practical applicability of the acetate assay was tested with three commercially
available real samples, namely a Vinegar-based Cleaner, a Brandy vinegar, and a
Balsamic vinegar. Additionally, the assay was transferred to the microtiter plate
(MTP) format. A kinetic plot of the determination of acetate under the optimal assay
conditions (carried out in a MTP) is shown in figure 5.6 for five representative

concentrations of acetate.
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Fig. 5.6 Kinetic plot of the determination of Ac via F/Fo, of RuPDO-Zn carried out in a
MTP under the optimal assay conditions: 40 mM HEPES buffer of pH 7.4; 50 uM
RuPDO; 1 mM Zn?*; 3 mM ATP; 5 mM Mg®, 5 U/mL AK. Reaction at 45 °C. [Ac]: | =
OmM; Il =01 mM; Il =0.4mM;IV=1mM;V=4mM;VIl=10 mM; (n = 4).

Again, the sufficiency of an incubation time of 90 min at 45 °C was proven also by the
MTP based assay. The calibration plot (fig. 5.7) shows linearity between 0.1 and 2.5
mM of Ac. This is not unexpectedly due to the fact that only 3 mM of ATP are
available for the enzymatic synthesis of AcP. Therefore, an saturation plot

(F/IF,=2.70-1.45-0.69- L-mmol™™%; acquired via the asymptotic fit function of
Origin 8.0) was applied to the calibration data rather than the linear plot of fig. 5.7 for

more accurate evaluation of the real samples.
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Fig. 5.7 Calibration plot for the determination of Ac via F/F, of RuPDO-Zn carried out
in an MTP under the optimum assay conditions: 40 mM HEPES buffer of pH 7.4; 50
uM RuPDO; 1 mM Zn?*; 3 mM ATP; 5 mM Mg?*, 5 U/mL AK. Reaction at 45 °C. [Ac]:
0.1-10 mM; (n = 4).

The partially strong colored real samples (Brandy vinegar and Balsamic vinegar) as
well as the colorless real sample (Vinegar based Cleaner) were assayed without
further work up, except that they were appropriately diluted so to match the

calibration range. The results are summarized in table 1.

Table 1 Evaluation of the Real Samples

FIFpb, SD SD [Ac]/ [Ac]/ % MP Rec”

Sample (90 min) abs [%] Dilution M gL’ (ww) [%] [%]
Vinegar-

based 1.65 0.07 4.24 1/100 4.00 240.01 24.00 25 96
Cleaner

Brandy

Vinegar 1.67 0.05 3.00 1/20 0.83 49.91 4.99 5 100
Balsamic

Vinegar 1.85 0.03 1.62 1/20 1.05 63.29 6.33 6 106

3 Manufacturer Information
®) Recovery
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The obtained values for the acetate concentrations are in excellent accordance to the
manufacturer information. This imposingly shows the applicability of the developed
assay. Furthermore, the recovery of acetate was determined by spiking of known
amounts (0.2, 0.4, 0.6 mM) of Ac to the real samples. The results are summarized in
Table 2.

Table 2 Recovery Rate

Sample [Acl/mM  F/Fo(m)®  F/Fo(c)®  Recovery [%]°
Vinegar-based cleaner 0.88 1.65 - -
1.08 1.70 1.73 101.9
1.28 1.79 1.80 100.4
1.48 1.92 1.86 97.1
Brandy Vinegar 0.92 1.67 - -
1.12 1.73 1.74 100.8
1.32 1.81 1.81 100.0
1.52 1.88 1.88 99.8
Balsamic Vinegar 1.37 1.83 - -
1.57 1.89 1.89 99.8
1.77 1.90 1.95 102.6
1.97 2.01 2.00 99.4

3 m: measured

b ¢: calculated; F/F, =2.70—1.45-0.69 - L - mmol """
° Recovery rate: (m)/(c)

Recovery rates between 97% and 103% clearly show the reliability of the developed
assay. The assay has a limit of detection (LOD) of 100 uM and a measuring range of
100 uM up to at least 2.5 mM that are comparable to the literature known
amperiometric enzyme based methods for acetate determination.?®? The results
obtained with the RuPDO based method are also in reach of commercially available
acetate test kits (Enzytech™ fluid Acetic Acid, R-Biopharm, Darmstadt; K-ACETRM,
Megazyme, Wicklow) that are based on NADH absorbance measurements.

However, the analysis time of the proposed assay is comparatively long. This
drawback may be overcome by adding higher amounts of AK which would account
for faster generation of AcP and, therefore, shorter assay times. This aspect was not
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studied in the preliminary testing due to economic reasons. The major advantage of
our assay compared to other enzymatic methods for the determination of acetate is
the use of only one enzyme and four other chemicals; whereas the most common
enzymatic test kits use three enzymes and at least six compounds. This renders our
method rather inexpensive and easy to handle — also with respect to storage stability.
The MTP format further reduces assay costs and analysis times. Further on,
absorbance based methods — especially when UV absorbance is employed — suffer
from undesired background signals in biological matrices. This problem can be
adequately overcome when using highly specific luminescent probes, preferably with
emissions peaking >600 nm, such as RuPDO, enabling measurement against almost
zero background.

Obviously, the developed assay can not compete with classic instrumental
analytic methods like GC and MS with regard to sensitivity. However, the aim of the
development was a low-cost and simple (in handling) determination of acetate in food
and biological fluids. In these samples Ac is found in micro- to millimolar

concentrations with excellent recovery, where ultra trace methods are overstated.

5.3 Conclusions

A sensitive, highly selective and stable one-enzyme based fluorogenic method for the
determination of acetate has been developed. The enzymatic assay was optimized
and transferred into the MTP-format. Acetate was successfully determined in three
different real samples — including a strongly colored balsamic acid — with excellent
compliance to the manufacturer information and fine recovery rates. The combination
of a selective acetyl phosphate probe RuPDO with the specificity of acetate kinase
warrants a robust and unsophisticated assay compared to common commercially
available test kits. Furthermore, our assay is not interfered by undesired background
signals and is rather inexpensive due to the use of a luminescent signal readout, and
a comparatively low amount of chemicals required (enzyme and ATP). The linear
range of the method is from 0.1 mM to 2.5 mM.
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5.4 Experimental

5.4.1 Materials

RuPDO was in-laboratory synthesized using the protocol given in chapter 4. All other
chemicals and solvents were purchased from Sigma Aldrich (www.sigmaaldrich.com)
or Acros Organics (www.acros.be). Acetate kinase, EC 2.7.2.1, (from E.Coli) was
purchased from Sigma (A7437). Stock solutions of potassium acetate (50.0 or 1.0
mM) were prepared in HEPES buffer of pH 7.4 (40 mM) shortly before
measurements. Stock solutions of RuPDO (1.0 mM) were prepared by pre-dissolving
of 0.94 mg of the reagent in 10 uL of DMSO followed by dilution with HEPES buffer
to 1.0 mL. The RuPDO stock solution was stored at 4 °C. Stock solutions of ZnCl,
and MgCl, were prepared by dissolving 340 mg or 1.0 g of the respective salt in 50
mL of HEPES buffer (pH 7.4). Acetate kinase stock solutions were prepared by
dissolving 1.0 mg of enzyme (activity: 20 U/mg) in 1.0 mL of ice-cold HEPES buffer
shortly before measurements. ATP stock solutions were prepared by dissolving 10.1
mg of reagent in 1.0 mL of HEPES buffer shortly before measurements.

5.4.2 Methods

50 pL of the RuPDO stock solution (final concentration 50 uM in 40 mM HEPES
buffer of pH 7.4), 20 uL of ZnCl; (final concentration 1 mM), 150 uL of ATP (final
concentration 3 mM), 50 uL of MgCl, (final concentration 5 mM), and 250 uL of AK
(final activity 5 U/mL) were added strictly in this order to HEPES buffer of pH 7.4 (40
mM) containing at least 0.1 mM of Ac and made up to 1.0 mL (for tests in cuvettes).
One-tenth of all volumes were used for microtiter plate based experiments (final
volume 0.1 mL). The same amounts of RuPDO, ZnCl,, MgCl,, ATP, and AK were
added to the control containing no Ac. Cuvettes were vortexed for 10 s before the
measurements. Microtiter plates were shaken in the preheated reader for 15 s before
the measurement. The reaction vials were kept at 45 °C for 90 min before measuring
luminescence. No work up of sample solutions was necessary for determination of Ac
in real samples, except that they were adequately diluted (Cleaner: 1/100; Vinegar:
1/20) by addition of HEPES buffer.
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5.4.3 Instrumentation

Luminescence spectra were recorded on an Aminco-Bowman AB 2 luminescence

spectrometer (www.thermo.com) equipped with a 150 W continuous wave xenon

lamp as excitation light source. All spectra are uncorrected. Microtiter plate

experiments were performed on a Tecan Genios Plus Reader (www.tecan.de) at Aexc

= 485 nm and Aem = 635 nm in black flat bottom 96-well plates from Greiner Bio One

(www.gbo.com). pH was measured with a pH meter CG 842 from Schott

(www.schott.com) at room temperature.

5.4.4 Synthesis

RuPDO was synthesized as described in chapter 4.
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6 Chromogenic Sensing of Biogenic Amines Using a
Chameleon Probe and the RGB Readout of Digital
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6.1 Introduction

Biogenic amines (BAs) are defined as low-molecular organic bases with aliphatic,
aromatic, or heterocyclic groups and, in contrast to alkaloids, have at least one non-
heterocyclic amino group. The presence of BAs can be expected in virtually all foods
and beverages that contain proteins or free amino acids. They are mainly generated
during storage or processing of protein-rich seafood, fish, meat, and fermented
products by thermal or bacterial enzymatic decarboxylation of the respective amino
acids.! The total amount of biogenic amines formed strongly depends on the nature
of the food and the present microbial flora, but, as a mater of fact, this amount is
rising during storage. Histamine, tyramine, putrescine, cadaverine, spermidine,
spermine, and ethanolamine are primarily found in foods and referred to as
exogeneous amines. Hence, they are important indicators of food quality and
hygiene.?® Histamine poisoning with its allergy-like symptoms is a health risk for
sensitive individuals. Its adverse effects are even potentiated in the presence of other
BAs due to synergistic effects.*® Low concentrations of biogenic amines can be
degraded in healthy individuals by monoaminoxigenases (MAO) and
diaminoxigenases (DAQO) to inhibit exceeding resorption. However, alcohol and
certain types of drugs are able to inhibit MAO and DAO.” The metabolic origin and
the structure of the five biogenic amines that were mainly studied in this work are
shown in figure 6.1.

Nevertheless, BAs occur regularly in metabolic pathways in low concentrations
and have numerous functions in physiology and in the cell and are therefore referred
to as endogeneous amines. They are found in ribosomes (cadaverine, putrescine)
and sperm (spermine, spermidine), and form building blocks of phosphatides
(ethanolamine), vitamins and coenzymes (aminopropanol being a building block of
vitamin B12 and cysteamine; B-alanine being a building block of coenzyme A).

Elevated levels of biogenic amines are presumably biomarkers for certain tumors® '

and for a number of diseases.'®'?
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Hence, research on the simultaneous and rapid analysis of BAs in a variety of
biological matrices is of widest interest, and inexpensive, rapid and simple methods
are sought. High performance liquid chromatography (HPLC)'™, capillary
electrophoresis (CE)'™ and gas chromatography (GC)'® in combination with various
derivatization procedures are among the most important instrumental methods for
precise quantitative analysis of biogenic amines. However, these methods often are
time-consuming and require considerable skill. Thin layer chromatography (TLC)"
and enzymatic'® and immuno-enzymatic'® methods are quite common and suitable
for routine analysis with semi-quantitative and quantitative determination of BAs.
Most commercially available test kits for histamine rely on immuno-enzymatic
technigues. Recently, an interesting concept using polymer layers with different
changes in absorption due to interaction with aliphatic, aromatic, and polyamines was
reported.?° Few colorimetric methods using test spots are known.?'?> These can be
semi-quantitatively evaluated by visual readout of the originated color in comparison
to a reference color scale. However, quantitative determination of BAs with this
method requires sophisticated reflectance based readout (see also the respective
section in the Background). Further, colorimetric sensor arrays consisting either of

2324 or organic liquid crystals®® have been used for the

several amine-sensitive dyes
determination of volatile amines. Computer based methods are required for
qualitative (pattern recognition) as well as for quantitative (principal component
analysis) evaluation. The recent progress in sensor technologies involves the use of
very simple and easy accessible light sources like computer screens in combination

with low-tech mobile phone cameras®® 2

or light-emitting diodes (LEDs) and
commercially available digital cameras with subsequent readout of the red-green-
blue (RGB) information (see also the respective section in the Background).?

New chromogenic and fluorogenic dry-chemistry sensing spots are presented
here that are based on filter paper containing an amine-reactive chromogenic probe
and fluorescein as a green fluorescent (but amine insensitive) reference dye
incorporated in a hydrogel matrix. These test spots can quantitate biogenic amines
upon dipping into the sample. The test spots were evaluated with six different
biogenic amines at concentrations between 0.01 and 10 mM using the RGB readout

option of a digital camera.
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6.2 Results and Discussion

6.2.1 Design and Optimization of the Sensing Spots

The sensing spots are composed of four components: The chromogenic probe (Py-
1), the reference dye (fluorescein), the polymer matrix (Hypan) to both incorporate
Py-1 and shield it from larger molecules such as proteins, and the filter paper acting
as a mechanical support (figure 6.2). The concentration of all components was
empirically optimized.

Chromogenic Probe Py-1 ‘

Wz g 0 v v 2

Filter paper support

reacted with

unreacted 1 mM EA

Fig. 6.2 Composition of the sensing paper and photo of unreacted blue test spot and
a spot after a reaction time of 15 min with 1 mM of EA in CHES buffer.

6.2.1.1 Choice of Amine Reactive Dye

The amine-reactive label Py-1 has been developed a while ago.*? It was chosen as
amine-sensitive probe because of its chromogenic and fluorogenic properties. It is
blue and virtually non-fluorescent in its non-conjugated form but shows a dramatic
color change to red accompanied by a strong increase in fluorescence intensity when
covalently reacted with primary amino groups. The label is therefore referred to as
chameleon label. Its reactivity towards proteins was studied in great detail.***? Py-1
previously has been used as a sensitive pre-staining label for proteins (LODs as low
as 98 pM of HSA were achieved using a LIF-CE setup)®' and quantities as low as 20
pg were detectable via poly(acrylamide) gel electrophoresis.®® The structure of Py-1
and of its amine conjugate is shown in fig. 6.3; their respective spectral properties are
summarized in Table 1. Interferences of the determination of BAs with Py-1 are
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known — as a matter of fact — from proteins. Furthermore, the reaction of the label
with biogenic amines occurs only in organic solvents like methanol or
dimethylformamide (DMF).

Py-1 Py-1-amine-conjugate
blue, very weak red fluorescence red, fairly strong orange fluorescence

Fig. 6.3 Structure of Py-1 and its amine conjugate.

Table 1 Spectral Properties of Py-1 and its Amine Conjugate

Free Label Conjugate
Aabs X/ nm 611 490 - 510
Aem X /nm 665 610 - 625
emeor / (L cm™ mol™) 70000 20000 — 25000
color deep blue brilliant red

6.1.2.2 Choice of Polymer

In order to overcome this “interference problem” with proteins on determination of
biogenic amines, several hydrogels (Hypan, poly-HEMA, D4) were investigated for
their protein-shielding or BA-selective-filtering features, respectively. Finally, the
poly(acrylonitrile)-based hydrogel Hypan was chosen as polymer matrix, first,
because it is a good solvent for the amine probe and the reference dye. Second, and

most importantly, there is virtually no undesired reaction of proteins with the amino
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reactive probe when combining Hypan and Py-1 as shown with HSA as model
protein (vide infra). Furthermore, Hypan HN8O is able to absorb up to 80% wt of
analyte solution.®* Another interesting feature of this polymer is that it is a block-co-
polymer composed of polyacrylonitrile (PAN) and polyacrylamide (PAA) (figure 6.4).
The PAN hard blocks are hydrophobic and provide an ideal non-nucleophilic
environment for Py-1. However, the PAA soft blocks are hydrophilic and contain high
amounts of water (sample solution) in the swollen form of the polymer.>® Both types
of blocks are in close proximity within the polymer matrix supplying an ideal reaction

sphere for Py-1 with biogenic amines.

CN CN CN CONH, CONH, CONH,
N VRN )
Y Y
hard blocks soft blocks
(hydrophobic) (hydrophilic)

Fig. 6.4 Structure of the hydrogel Hypan.

6.1.2.3 Choice of Reference Dye

Polymeric sensor films often suffer from inhomogeneous distribution of the sensor
dye, dye leaching, light scatter by the sensor (or sample), irregular illumination or
fluctuations of the intensity of the excitation source, and of the detector. Therefore,
an additional dye that is not sensitive towards biogenic amines was incorporated in
the sensor cocktail. Fluorescein was chosen as reference fluorophore because it can
be excited at the same wavelength as Py-1 and its emission peaks at 510 nm which
is spectrally well separated from the emission of the BA Py-1 conjugates with their
emissions peaking at 620 nm.

Ratiometric sensing is accomplished by dividing the signals of the red peak
(dependent on the amine concentration) and the green peak (independent of amine
concentration). This also increases the dynamic range and provides a built-in

correction for above mentioned environmental effects.
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6.1.2.4 Choice of Mechanical Support

The polymer solution containing the dyes had to be spread on a mechanical support
to warrant reproducible applicability. First of all, a common plastic support (Mylar)
was investigated. A film of the sensor cocktail was spread over a piece of Mylar via
knife coating (fig. 6.5). However, it was not possible to reproducibly create a stable
and homogeneous sensor film on the synthetic material. The elevated temperatures
required for evaporation of the solvent (DMSO) from the sensor layer caused curling

of the plastic support. This resulted in inhomogeneous film distribution.

Fig. 6.5 Photograph of a knife coated sensor film on Mylar.

Therefore, different types of filter paper were tested for their applicability as
mechanical support for the sensor cocktail. It was empirically found that Schleicher
and Schiill 589" and Whatman Grade 42 filter paper is most suitable for preparation
of the sensing spots with homogenous distribution of the sensor cocktail. Other types
of filter paper showed deterioration of the amine-label during drying of the sensor
strips presumably due to special surface coatings of the paper by the manufacturers
(fig. 6.6).
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Fig. 6.6 Photograph of different filter papers immersed in the sensor cocktail.

Another advantage of a filter paper support over Mylar is that sample solution is
absorbed by the cellulose matrix upon dipping the sensing strip into the solution.
Hence, pre-concentration of analyte is enabled.

6.2.2 Testing of the Home-Built RGB Readout Setup

The home-built setup and the sensing spots were tested with the following six
biogenic amines: ethanolamine (EA), histamine (HI), tyramine (TY), putrescine (PU),
spermidine (SP), and B-alanine (BAL)); each at 14 different concentrations (0.01,
0.02. 0.04, 0.05, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 8 and 10 mM); and with four
replicates for each concentration. All measurements were conducted as described in
the Experimental Section. The amines were chosen so to cover mono- and
polyamines from the aliphatic, aromatic, and hetero-aromatic class of BAs to show
the universal applicability of the method towards all biogenic amines (fig. 6.1). It is
obvious from table 2 that there are — not unexpectedly — differences in the sensitivity
of Py-1 towards the various BAs (slope of the regression equation). The clinically
relevant concentration range of BAs is between 0.3 and 1.0 mM.?° Biogenic amines
in concentrations below 1.0 mM are not detectable by the human nose in most cases
but may be indicative of food spoilage and, hence, represent a health risk. The linear
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range for the quantitative determination of the amines tested with our setup matches
this critical range of interest (table 2). Figure 6.7 shows a calibration plot of TY
obtained with the standard operation protocol.

Table 2 Regression (expressed as the ratio R/G) of the calibration plots (n = 4), limits
of detection (LODs; in mM), and linear ranges (in mM)

Amine Regression R LOD Linear Range
TY 0.93 L mmol™ [TY] + 1.30 0.950 0.02 0.040-1.0
HI 0.35 L mmol™ [HI] + 1.41 0.970 0.10 0.25-2.0
PU 0.60 L mmol " [PU] + 1.24 0.959 0.04 0.050-1.0
EA 0.31 L mmol™ [EA] + 1.04 0.970 0.25 0.50-2.0
BAL 0.07 L mmol™ [BAL] + 1.23  0.965 0.50 0.75-2.0
SP 0.57 L mmol " [SP] + 1.49 0.962 0.05 0.10-1.0
*

;]

2.0
o y = 0.934x + 1.303
o R? = 0.949
1.6
1.2
0.8 T T T T 1
0.0 1.0 2.0 3.0 4.0

[TY]/mM

Fig. 6.7 Calibration plot for TY from 0 to 4 mM. (n = 4). The plot was obtained from
the photo shown in figure 6.8 after digital data processing.
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The sensing spots are greenish (the prevailing color of fluorescein) at the lowest
amine concentrations of this range. At a concentration of 1 mM of amine, however,
the spots show a pink color, and at even higher concentrations of BA, the color
changes to a deep red (figure 6.8). This would clearly indicate a potentially toxic
amine concentration, even to the untrained home user. Most biogenic amines can be
visually verified down to 0.25 mM. The BAs are instrumentally detectable with high
sensitivity and limits of detection (LOD) below 0.1 mM, except for B-Al and EA. B-Al
has a carboxy group that probably interferes with the binding of its amino group to
Py-1. This observation is similar to those of the interference tests with amino acids

(vide infra).

e 00000 0000 066
0® 0000 20 006
0 00 00 ® @0 g oo
FE R I NNNENNY

Fig. 6.8 Top: Photograph of the sensing spots aligned in the black box and showing
calibration series of TY from 0 to 10 mM. (n = 4). Bottom: Pseudo color picture of the
photo after RGB readout and digital processing.
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The LOD is defined as the analyte concentration yielding a red/green (R/G) signal
equal or higher than the average value produced by the blank sample, plus three
standard deviations. The linear calibration range covers 1 to 2.5 decades of [BA].
Saturation of the red color is observed at concentrations of BA above 2 mM. This is
most likely due to the limited quantity of Py dye available for the reaction. At least
four test spots from the same batch were used in each experiment. The overall
accuracy was 10% = 2.5%.

6.2.3 Testing of Conceivable Interferents

Next, the reaction of the sensor spots with amino acids, thiols, proteins, secondary
amines, tertiary amines, and ammonia in a 1 mM and 10 mM concentration, each,
was investigated. Additionally, the response of the spots was also tested in the
presence of 1 mM EA and 10 mM of the above-mentioned potential interfering
agents. The results are summarized in Table 3. Secondary and tertiary amines like
dimethylamine (DMA) and trimethylamine (TMA) are not able to form a red conjugate
with Py-1 (as do primary amines). They slowly react (compared to primary amines) to
yield a rather sallow colored and non-fluorescent reaction product. A 10-fold molar
excess of DMA quenches the R/G value of EA only by 33%. TMA decomposes the
label to a higher degree compared to DMA (negative values of the blank-corrected
R/G value). Nevertheless, EA can be determined even in the presence of 10-fold

molar excess of TMA (fig. 6.9).
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Fig. 6.9 Top: Photograph of the sensing spots aligned in the black box and showing

potential interferents. (n = 4). Bottom: Pseudo color picture of the photo after RGB

readout and digital processing.

The amino acids cysteine (CYS), lysine (LYS) and serine (SER) show weak
interference on the determination of EA only at concentrations of >10 mM. LYS
contains an es-amino group that conceivably can react like an amino group of a
biogenic amine and, therefore, yield the highest fluorescence signal of all three
amino acids tested. However, the R/G ratio at a concentration of 10 mM of LYS is not
as high as the R/G ratio of a 1 mM solution of EA. Dithiothreitol (a dithiol) also
showed virtually no reaction with the sensing spots. HSA was used as model protein
but gave no color change. Obviously, the polymer matrix is capable of shielding off
the protein even at concentrations as high as 1 mg/mL. Finally, ammonia was tested
for interference with the sensing spots. The red/green ratios in the presence of 1 mM
and 10 mM ammonia are comparable to those of TMA. However, EA was

successfully determined even in the presence of a 10-fold molar excess of ammonia.
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The operational stability of the sensing spots is at least 3 months when stored in the

dark in sealed glass vials at ambient temperature. The color intensity of reacted

sensing spots is stable for 24 h at least.

Table 3 Effects of conceivable Interferents

Sample Concentration / mM R/G R/G?
Blank - 1.00 0.00
EA 1 1.74 0.73
EA 10 2.19 1.19
DMA 1 1.00 -0.06
DMA 10 0.94 -0.12
DMA/EA 10/1 1.55 0.49
TMA 1 0.92 -0.14
TMA 10 0.69 -0.37
TMA/EA 10/1 1.21 0.15
CYS 1 0.97 -0.09
CYS 10 1.42 0.36
CYS/EA 10/1 1.61 0.55
LYS 1 0.99 -0.07
LYS 10 1.66 0.60
LYS/EA 10/1 1.92 0.86
SER 1 0.83 -0.17
SER 10 1.44 0.44
SER/EA 10/1 1.72 0.72
DTT 1 0.95 -0.05
DTT 10 0.89 -0.11
DTT/EA 10/1 1.43 0.43
HSA 1 0.93 -0.07
HSA 10 1.08 0.07
HSA/EA 10/1 1.37 0.37
ammonia 1 0.75 -0.25
ammonia 10 0.79 -0.21
ammonia /EA 10/1 1.32 0.32

3 corrected for blank
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6.2.4 Application of the Test Strips to the Determination of the Total
Amine Content (TAC) in Real Samples

The optimized test strips were considered for monitoring biogenic amines in real
samples. Differentiation between the various biogenic amines present in the samples
is obviously not possible due to the fact that Py-1 shows no specific selectivity
towards a single amine. However, the total amine content (TAC) can be evaluated
with this method. Conceivably, the TAC can report more comprehensively on the
hygienic state of food than monitoring the concentration of a single amine, for
example histamine. Four different samples, beef and pork steak, salmon filet, and
shrimp, were stored for six days at 4 °C and 20 °C, respectively. The samples were
assayed in the fresh state and after one, three, and six days of storage. The
extraction procedure is described in detail in section 6.4.5. Briefly, 5 g of each
sample were mixed and extracted with 5% (w/w) trichloroacetic acid (TCA) using a
homogenizer. The extracts were filtered and appropriately diluted with 40 mM CHES
buffer of pH 9. The dilution of the sample was adjusted so to match the linear range
of determination of HI (0.25 - 2.5 mM). The total amine content of the sample was
evaluated with the standard addition method. The amine determination and data
evaluation was performed as described in sections 6.4.4 and 6.5.7.

The samples were spiked each with standard solutions of histamine in
concentrations from 0.1 to 1 mM. The TAC was then evaluated as equivalents of
histamine (umol HI / g sample). This is possible and reasonable due to the fact that
(1) histamine is one of the predominant biogenic amines in protein rich food;*¢* (2)
the mean molar mass of BAs found in food (histamine, tyramine, putrescine,
cadaverine, spermidine) equals the molar mass of histamine. Four typical spiking
plots are shown in fig. 6.10 and the results of the spiking experiments are
summarized in table 4. The corresponding recoveries are displayed in table 5. It is
notable that for most of the results a standard deviation of <10% was achieved with
fairly good correlation coefficients (keeping in mind that sampling was done via test
strips) ranging from 0.954 to 0.999. The recoveries ranged in total from 89% to 121%
with most of them situated between 94% and 109%, which is acceptable for filter
paper-based test strips. Better statistical data can be achieved by using more than
four sensing spots per spiking solution. Though, this was not possible for the

presented experiments due to time constrains and economic reasons.
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Fig. 6.10 Spiking plots. top left: beef steak after 6 days of storage at 4 °C; top right:
pork steak after 1 day of storage at 20 °C; bottom left: salmon filet after 1 day of
storage at 4 °C; bottom right: shrimp after 3 days of storage at 20 °C.
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Table 4 Regression (expressed as the ratio R/G) of the spiking plots (n = 4), total

amine content (TAC; umol HI / g sample), and standard deviation (SD, in a) umol/g

b) and %)
Sample Regression R TAC SD? sp
Fresh  0.78Lmol" [H]]+1.04 0990 213 062 29.0
Beef 4 °C Dayi 078Lmol" [H]+1.10 0990 5.64 090 16.0
Day3 0.80Lmol" [H]+1.10 0970 552 028 5.0
Day6 0.83Lmol" [HI]+1.06 0.995 10.16 0.20 2.0
Day1 0.75Lmol-'[H]+1.12 0980 596 0.12 2.0
Beef 20 °C Day3 082Lmol"[H]+1.13 0985 552 0.11 2.0
Day6 0.69L mol' [HI]+1.10 0990 12.72 025 2.0
Fresh  1.06 Lmol' [H]]+1.00 0980 150 0.01 0.4
Pork 4 °C Day1 1.18Lmol" [H]+0.99 0975 568 045 8.0
Day3 072Lmol" [H]+1.08 0975 6.00 036 6.0
Day6 1.01Lmol'[H]+1.00 0985 9.04 0.18 2.0
Day1 076Lmol" [H]+1.04 0999 564 034 6.0
Pork 20 °C Day3 0.71Lmol' [H]+1.15 0990 648 0.19 3.0
Day6 0.87Lmol' [H]+1.07 0999 9.84 0.79 8.0
Fresh  0.55Lmol" [H]]+0.96 0995 280 006 2.0
Salmon4 °c  Day1 081Lmol [H]+1.18 0980 584 012 20
Day3 067Lmol [H]+1.11 0990 6.64 1.20 18.0
Day6 0.89Lmol [H]+1.02 0999 9.20 0.09 1.0
Day1 0.41Lmol"[H]+1.08 0995 1052 158 15.0
Salmon20°C o 3 o4l mol' [H]+1.20 0959 920 156 17.0
Day6 1.46L mol' [HI]+1.18 0.964 32.40 227 7.0
Fresh 0.26Lmol' [H]+1.21 0980 7.44 1.04 14.0
Shrimp 4 °C Day1 068Lmol" [H]+1.20 0985 7.04 049 7.0
Day3 054Lmol [H]+1.22 0995 9.04 036 4.0
Day6 0.60L mol' [HI]+1.20 0.995 16.00 0.16 1.0
Day1 0.91Lmol [H]+1.03 0995 936 028 3.0
Shrimp20°C  phov3 0770l mol' [H]+1.09 0995 1136 041 1.0
Day6 1.00L mol' [HI]+1.04 0954 41.60 250 6.0
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Table 5 Recovery Rate

sample M an(::\jned / HI f;:nnd ! ap/% Relt\:n:::r;f/ o
- 133  11.76% .
0.25 159  3.23% 103
0 141  8.49% .
Day 1 0.1 153  5.04% 115
Beef 4 °C 0 138  3.85% -
Day3 75 208  1.81% 93
0 127  551% .
Day6 5 204  1.76% 103
0 149  2.65% .
Day f 0.25 174  4.58% 101
0 138  5.50% .
Beef20 .c ~ Day3 05 187  2.61% 98
0 159  0.92% .
Day 0.75 229  1.90% 93
0 0.94  417% :
Fresh 0.4 131 5.04% 92
0 142  6.32% .
Day 1 0.4 179 4.20% 93
Pork 4 °C 0 1.50 2.97% -
Day3 475 219  3.16% 93
0 113 3.09% .
Day 6 0.4 158  3.01% 101
0 141 561% .
Day 1 0.5 1.91 1.28% 100
0 162  7.96% .
Pork20 .c ~ Day3 0.75 235  3.16% 98
0 123  8.41% .
Day 6 0.4 163  3.97% 101
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Table 5 Recovery Rate (Continuation)

sample ! an(::\jned / HI f;:nnd ! sp/% Relc\:n:::r;f/ o
0 175  4.21% -
Fresh 0.25 202  11.71% 109
0 146  531% -
Day 1 0.25 174  2.13% 114
Salmon 4 °C 0 1.66 10.81% -
Day 3 0.75 2.39 4.38% 98
0 115  4.85% -
Day 6 0.75 190  1.18% 100
0 263  14.15% .
Day 1 0.25 287  5.08% 08
0 115  10.43% -
Salmon20 ¢ Day3 0.4 151 7.14% 89
0 081  3.60% -
Day 6 0.4 119 2.75% 96
0 465  6.50% :
Fresh 0.4 507  1.52% 106
0 176 5.98% .
Day 1 0.5 023  3.95% 94
Shrimp 4 °C 0 2.26 7.44% -
Day 3 0.75 3.04 2.44% 104
0 200  4.20% -
Day6 5 275  1.82% 100
0 117 2.00% -
Day 1 0.1 120 4.39% 121
0 142 1.87% .
Shrimp20 .c ~ Day3 0.25 169  2.31% 109
0 1.04  6.91% -
Day 6 0.5 150  3.08% 92

104



6 Chromogenic Sensing of Biogenic Amines Using a Chameleon Probe and the RGB
Readout of Digital Camera Images

Figure 6.11 shows the spoilage of all four samples over six days at both storage
temperatures. The maximum legally accepted limit for histamine in food products is
100—-200 mg/kg (0.9—1.8 pmol/g), and a concentration of 1000 mg/kg (9.0 umol/g) is
evidently toxic.%® All fresh samples tested showed a TAC of 1.5 to 3 pmol/g, except
for the shrimp sample that exceeded this value three fold. A TAC between 1 and 5
umol/g can be referred to as toxicological safe, assuming that the samples were
bought fresh and showed negligible bacterial activity on the very first sampling day.
Consequently, a total amine content above 15 pumol/g is defined toxic in this context.
The amine concentration was increasing by about a factor of three within the
first days of storage in all samples, except for the shrimp sample that showed a high,
but almost stable concentration. A lower amount of amines in the 4 °C samples than
in the 20 °C samples is found but not as pronounced as expected. The TAC of the 20
°C samples of beef and pork persisted well below the toxic limit (15 pmol/g) over
three days of storage; whereas the salmon and shrimp samples reached the limit of
15 umol/g within about four days. Beef and pork samples became toxic after six days
of storage at 20 °C. This is in good correlation to observations of daily life.
Furthermore, the seafood samples showed a more pronounced increase of the TAC
over the total experiment duration than the other samples. Finally, the salmon and
shrimp samples exceeded the toxic amine limit two times after six days of storage at
room temperature. This is also in good agreement with the odor and consistency of
these samples. The observed progress of spoilage and increase of the total amine
content of the seafood samples correlates with previous data on TAC determination

in figh.383°
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Fig. 6.11 Monitoring of the spoiling of real samples at 4 °C (white column) and 20 °C
(black column). top left: beef steak; top right: pork steak; bottom left: salmon filet;

bottom right: shrimp.

6.3 Conclusions

A self-referenced portable and rapid test for biogenic amines is presented here that is

based on a hydrogel matrix and an amine-reactive dye. On one hand, the sensing

spots can be visually evaluated semi-quantitatively via comparison to a calibration
color scale. On the other hand, sensitive and more precise quantitative analysis of
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the spots can be performed via an inexpensive home-built setup using a RGB
readout method of a digital image taken with a commercial digital camera. The
sensor spots show high selectivity for biogenic amines, only minor interferences of
ammonia and secondary or tertiary amines and no sensitivity to proteins. The
sensing system was successfully applied to the rapid determination of the total amine
content (TAC) in four different kinds of meat. The spoilage of the samples at 4 °C and
20 °C was monitored over six days. The obtained data showed reasonable results.
Determination of the TAC represents a substantial advantage over the common
immuno-enzymatic method that focuses on the determination of a single BA (mostly
HI) because the spoilage of food is a process that is not restricted to the formation of
only one single BA. Thus, the sensor spots represent an attractive alternative to
existing schemes for sensing biogenic amines.* Its digital read-out makes it more
robust, and the use of conventional cameras goes along current trends towards
simplified methods for absorption-based and emission-based detection schemes.?®*’
The method also may enable high-throughput analysis and in-field examinations and

does not require sophisticated instrumentation or trained personnel.

6.4 Experimental

6.4.1 Materials

Ethanolamine (EA), putrescine (PU) and DMSO were obtained from Merck
(www.merck.com) as liquids. The hydrochlorides of B-alanine (BAL), tyramine (TY),
histamine (HI), spermine (SE), dimethylamine (DMA), and trimethylamine (TMA)
were from Sigma (www.sigmaaldrich.com). Serine (SER), lysine (LYS), cysteine
(CYS), human serum albumin (HSA) and fluorescein also were from Sigma. The
buffer N-Cyclohexyl-2-aminoethanesulfonic acid (CHES) was from Roth (www.carl-
roth.de). Hypan (type HN 80) was from HyMedix International. Py-1 was from
ActiveMotif Chromeon (www.activemotif.com). All solvents and reagents were of
analytical grade and used without further purification. The 40 mM CHES stock buffer
of pH 9 was prepared by dissolving 4.15 g (0.02 mol) of CHES in 500 mL deionized
water and adjusting the pH to the desired value with 1.0 M NaOH. The dark blue
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stock solution of Py-1 was obtained by dissolving 5.0 mg of Py-1 in 1.0 mL of DMSO.
The green fluorescent stock solution of the reference dye was prepared by dissolving
6.6 mg of fluorescein in 1.0 mL of DMSO. A 5% (w/w) hydrogel stock solution was
prepared by dissolving 1.00 g of Hypan in 20.0 mL of DMSO. Stock solutions of all
samples (10.0 or 1.00 mM; 1.0 mg/mL or 0.1 mg/mL for HSA) were prepared in 40
mM CHES buffer of pH 9.0 shortly before measurements. Schleicher and Schiill 589"
or Whatman Grade 42 (www.whatman.com) filter paper was used for preparation of
the sensing spots, throughout.

6.4.2 Preparation of Sensor Spots

A “sensor cocktail” was prepared by adding 300 uL of the Py-1 stock solution (final
concentration 1.5 mg/mL), 45 uL of fluorescein stock solution (final concentration 0.4
mg/mL), 200 pL of the Hypan stock solution (final concentration 1% (w/w) and 455 pL
of dimethylsulfoxide (DMSQO) to an Eppendorf cup (final volume 1 mL). The mixture
was shaken for 20 min at 60 °C in an Eppendorf Thermomixer Comfort
(www.eppendorf.com). The dark blue sensor cocktail was then transferred into a
glass bowl with flat bottom. Square pieces of filter paper (35 x 35 mm) were
immersed in this solution until saturation and put on a glass plate. The plate was then
placed in an oven at 80 °C for 45 min to evaporate the DMSO, whereby the blue
color of the test spots became slightly brighter. After this first drying step, each side
of the square paper strip was washed with 50 mL of distilled water in order to remove
an excess of blue Py-1 that may adhere to the surface of the sensing paper. The
paper strips were dried again on a glass plate in the oven at 80 °C for 30 min (fig.
6.12). Finally, round sensing paper spots with a diameter of 6 mm were cut from the
square filter paper via a metal hole puncher. The spots were then stored at room
temperature in a closed vial in the dark.
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Fig. 6.12 Photograph of the square pieces of sensing paper after the final drying.

6.4.3 Home-built Setup for Fluorescence-Readout via the RGB-Signals of
a Digital Camera

A Canon EOS 350D digital camera was used for instrumental readout, throughout. It
was equipped with a standard 18-55 mm objective with image stabilization and an
orange glass filter directly mounted on the filter thread. The photos were taken in the
M(anual)-Mode with an shutter speed of 1/20 s, aperture of 3.5, resolution of 8
MPixel, ISO 100, and a focal distance of 18 mm. The camera was fixed on top of a
black box (Fig 6.13 A). The template to hold the test spots was centered in this box
and illuminated from the top with six turquoise high power (1 W) LEDs (Lumileds
Luxeon Star, www.luxeon.com) with peak emissions at 505 nm (fig. 6.13 B/C). Both
the amine-Py-1 conjugate and the reference dye (fluorescein) are excited at this
wavelength. Their emissions are peaking at 620 nm and 510 nm, respectively. A
schematic of the complete setup is shown in Scheme 1 and the spectral match of dye
absorptions with LED excitation and dye emissions with the red and green channel of
the camera, together with the transmission of the filter are shown in fig. 2.9 in the
Background.
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Fig. 6.13 Photographs of the home-built setup. (A) Photo of the blackbox with aligned
digital camera; (B) Photo of the inside of the box; measuring template at the bottom;

light source at the top; (C) Photo of the six green high power LEDs in operation.

Scheme 1 Home-built Setup for RGB Readout

Digital Camara

Orange Glass Filter

High Power f______t_-__ T
LED 505 nm |1y A\ :
! I Red emission of Py-1
Green emissionof | | 1| amineconjugate
reference dye :
fluorescein I~

————1— | Sensing Spots in
e e e e e e template
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6.4.4 Standard Procedure for Determination of Biogenic Amines

The dry, blue colored round sensing spots were dipped into 200 uL of a pH 9.0
sample containing the BA for 30 s. The color was allowed to develop for 15 min on a
glass plate. The spots were dried on a paper towel for ca. 5 min and then
immediately submitted to photography. Stable fluorescence signals are obtained after
this period.

6.4.5 Preparation of the Real Samples

Shrimp, salmon filet, beef and pork steak were purchased from a local supermarket
and stored at -18 °C prior to analysis. The samples were thawed in a microwave
using the defrost setting for 5 min. Approximately 200 g of each type of meat was
divided in two parts, put into plastic bags that were tightly sealed, and stored at 4 °C
or 20 °C, respectively. Biogenic amines were extracted from the fresh samples and
after one, three, and six days of storage from both temperature fractions. A 5 g
portion of each meat was minced, put into a falcon tube and blended with 40 mL of 5
% (w/w) trichloroacetic acid (TCA). The mixture was cooled in an ice-bath and
homogenized with an IKA Ultra-Turrax (IKA, Germany, www.ika.de) for one minute at
maximum speed. The extract was then filtered through Schleicher&Schiill Nr. 5892
filter paper. Aliquots (1 mL) of the filtrate were pipetted into eppendorf tubes and
stored at -18 °C until analysis.

6.4.6 Determination of Total Amine Content (TAC) in Extracts of Real
Samples

The extracts were thawed within 1 min in a microwave using the defrost setting. Each
sample was diluted with 40 mM CHES buffer of pH 9 according to table 6. The
samples were then spiked with histamine using a 100 mM histamine stock solution in
CHES buffer. This yielded 5 histamine-spiked solutions per sample. The following
histamine concentrations were used for the spiking plots depending on the sample: 0,
0.1, 0.25, 0.4, 0.5, 0.75, and 1 mM. The spiking solutions were analysed with the
sensing strips in quadruplets as described in section 6.4.4. Finally, the TAC was
evaluated as equivalents of histamine (umol HI per gram of sample.
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Table 6 Dilution factors of extracts from meat samples

Salmon Beef Pork Shrimp

?:rz’]/s;‘r’;talﬂz 4°C 20°C 4°C 20°C 4°C 20°C 4°C 20°C
0 20 20 20 20 20 20 20 20

1 50 100 50 50 50 50 50 100

3 50 100 50 50 50 50 50 100

6 100 500 100 100 100 100 100 500

6.4.7 Data Evaluation

The general procedure for data evaluation is shown in figure 6.11. Data evaluation
and processing was accomplished by a slightly modified method described by Wang
et al.?® Briefly, the photos of the LED-illuminated sensing spots acquired in RAW
format (figure 6.14-A) were processed with Adobe Photoshop CS4, in particular by
placing a black mask layer around the sensing spots to suppress undesired light
scattering. The color temperature was set to 2550 K and the tint value was set to
zero for all photos. Then, the image was stored as a 16-bit color TIF file (figure 6.14-
B). This file was then split into the red, green and blue channel via ImagedJ software
(NIH, Bethesda, MD), available free of charge at http://rsbweb.nih.gov/ij/. The blue
channel contained virtually no information due to the almost zero transmittance of the
orange glass filter. Data of the red channel contained the emission intensity
information of the amine-Py-1 conjugate. The green channel contained the emission
intensity information of the reference dye fluorescein (figure 6.14-C). The data of the
red channel were divided by the data of the green channel to give pseudo color
images that were visually evaluated (figure 6.14-D, left). A circular region of interest
(ROI) with a diameter of 48 pixels was drawn around each sensing spot, (both in the
red and green channel split color picture) for quantitative determinations. The
histogram of each of these ROI delivered a mean color value that was used for
quantitative determinations and calibration plots (figure 6.14-D, right).
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Fig. 6.14 Readout scheme. (A) Photograph of sensing paper. Calibration of tyramine
(TY; n = 4); 15 concentrations from 0 to 10 mM; photo taken after 20 min; (B) Photo
taken with illumination via 505 nm LEDs and orange glass filter. Adjustment of color
temperature to 2550 K and masking; (C) RGB readout; the green channel contains
the intensity information of fluorescein, while the red channel contains that of the Py-
1-TY conjugate; (D) Direct picture calculation (red channel picture divided by green
channel picture) delivers pseudo color picture (bottom leff). Evaluation of the
histographic information of each sensor spot of the red and green channel picture

yields calibration plots (bottom right).
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7 Summary
7.1 In English

Fluorescent probes for the determination of biologically relevant anions like acetate
(Ac), and acetyl phosphate (AcP) were investigated. Two known probes for anions
were screened for their spectral responses towards these target molecules. With the
insights obtained, new luminescent probes based on ruthenium complexes were
designed, synthesized, and characterized with respect to selectivity towards AcP in
organic solvents and highly competitive aqueous solutions and response towards
other biologically important anions.

The determination of acetyl phosphate was successfully accomplished using
the fluorogenic probe RuPDO. This complex contains two oxime groups that are
activated in situ by the addition of Zn?*. The rapid and direct determination of acetyl
phosphate was conducted in highly biocompatible aqueous solutions at neutral pH.
The metal complex itself is almost non-fluorescent (Aexc = 469 Nnm , Aeyy, = 610 NM).
The intensity of emission undergoes ca. 30-fold enhancement upon reaction with
AcP in low mM concentrations in HEPES buffer at pH 7.4. An incubation time of 60
min at 37 °C is required. Upon reaction with AcP, the probe shows a 30 nm-longwave
shift of emission to 640 nm. Most importantly, and unlike in common methods for
determination of AcP, the presence of millimolar inorganic phosphate only weakly
reduces sensitivity. Successful determination of AcP in complex biological matrices
like cell medium and bacterial growth medium (even in presence of lysed cells) was
shown.

Furthermore, a combination of RuPDO with the enzyme acetate kinase (AK)
yielded a microplate assay for the determination of the important target acetate. The
analyte was successfully determined with the developed assay in various real
samples (even in strongly colored samples) with excellent compliance to the
manufacturer information. The linear range of the method is from 100 uM to 2 mM.
The LOD of the assay is comparable to commercially available enzymatic acetate
kits. Though, the acetate assay developed is more robust and inexpensive due to the
use of only one enzyme.

Sensing strips for biogenic amines containing an amine-reactive dye are
described in Chapter 6. These additionally contain a green fluorescent (amino-
insensitive) reference dye incorporated in a hydrogel matrix that is deposited on a
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paper strip. Such strips enable rapid and direct determination of primary amines —
especially biogenic amines (BA). A color change from blue to red occurs on addition
of the test strips to a slightly alkaline sample containing primary amines in a
concentration range from 0.01 to 10 mM within 15 min, thus enabling rapid qualitative
and semi-quantitative evaluation. The color shift is accompanied by a strong increase
of the fluorescence intensity of the dye, with a peak at 620 nm after photo-excitation
at 505 nm with LEDs. A home-built setup was used for quantitative readout of the
strips containing high-power 505-nm LEDs in a black box and a digital camera. The
strips are photographed and the digital color information stored in the camera is
extracted via a red-green-blue (RGB) readout. By referencing the red channel to the
green channel, a quantitative signal is obtained that was used to create pseudo-color
pictures of the sensor spots and for calculation of calibration plots. Finally, the
sensing system was also successfully applied to the monitoring of the spoilage of
different kinds of meat.

7.2 In German

Diese Arbeit beschreibt neue fluoreszente Sonden fiir den Nachweis der biologisch
wichtigen Anionen Acetat und Acetylphosphat. Dabei wurde zuerst das Ansprechen
zweier literaturbekannte Sonden auf die Zielanalyten evaluiert. Mit Hilfe der
gewonnenen Erkenntnisse konnten neue, fluoreszierende Sonden auf Basis von
Ruthenium-Komplexen entworfen, synthetisiert und charakterisiert werden.
Insbesondere wurden die Sonden auf selektive Erkennung von Acetylphosphat in
organischen Losungsmitteln und kompetitiven wassrigen Losungen untersucht.

Die Experimente mit den Anionensonden fihrten zur Entwicklung der Sonde
RuPDO fiir den Nachweis von AcP. Die Sonde tragt zwei vicinale Oxim-Gruppen, die
in situ durch Zn*-lonen aktivierbar sind. Der schnelle und direkte Nachweis von
Acetylphosphat konnte in biokompatiblen, wassrigen Losungen bei neutralem pH-
Wert erfolgen. Der Metall-Liganden-Komplex selbst ist nicht fluoreszent (Aexc = 469
nm, Aem = 610 NmM). Seine Emission verstérkt sich aber durch die Reaktion mit AcP in
niedrigen mM Konzentrationen in neutralem HEPES Puffer ca. um das 30-fache.
Wahrend der Reaktion von 60 min bei 37 °C verschiebt sich das Emissionsmaximum
der Sonde um 30 nm langwelliger auf 640 nm. Bemerkenswerterweise und im

Gegensatz zu anderen Ublichen Methoden zum Nachweis von Acetylphosphat ist in
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Gegenwart millimolarer Konzentrationen von anorganischem Phosphat eine kaum
reduzierte Selektivitdt beobachtbar. AcP wurde auch erfolgreich in komplexen
biologischen Matrices wie z.B. Zellmedium und Bakterienwachstumslésung, die
sogar lysierte Zellen enthielt, nachgewiesen.

Eine Kombination aus RuPDO und dem Enzym Acetatkinase (AK) ermdglichte
die Entwicklung eines enzymatischen und fluoreszenzbasierten Assays fir den
Analyten Acetat. Dieses wurde mit dem Assay in unterschiedlichen (und auch stark
gefarbten) Realproben in Mikrotiterplatten in ausgezeichneter Ubereinstimmung zu
den Herstellerangaben bestimmt.

Des Weiteren wurden Teststreifen zum Nachweis biogener Amine (BA)
entwickelt, die einen aminreaktiven Farbstoff und einen griin fluoreszierenden (nicht
aminreaktiven) Referenzfarbstoff enthalten. Beide sind in eine Hydrogelmatrix
eingebettet, welche auf Papierstreifen aufgetragen wird. Diese Teststreifen
ermoglichen den schnellen und direkten Nachweis von primaren Aminen — vor allem
von biogenen Aminen. Es erfolgt ein Farbwechsel von blau nach rot, wenn der
Teststreifen in eine schwach basische und aminhaltige Lésung getaucht wird. Amine
kbnnen rasch quantitativ und mit dem bloBen Auge semi-quantitativ in einem
Konzentrationsbereich von 0.01 bis 10 mM innerhalb von 15 min bestimmt werden.
Gleichzeitig mit dem Farbumschlag erfolgt ein starker Anstieg der Fluoreszenz des
aminreaktiven Farbstoffs bei 620 nm nach LED-Anregung bei 505 nm. Fir den
quantitativen fluorometrischen Nachweis von biogenen Aminen und deren
bildgebende Darstellung wurde ein apparativer Eigenbau zur Auswertung der
Teststreifen eingesetzt. Dieser besteht aus einer lichtundurchlassigen Messkammer
in der 505 nm Hochleistungs-LEDs als Lichtquelle dienen und eine digitale
Spiegelreflexkamera zur Messung benutzt wird. Die Teststreifen werden in dieser
Kamera fotografiert und die digitale Farbinformation mittels rot-grin-blau (RGB)
Ausgabe extrahiert. Durch die Referenzierung des Signals des roten zum griinen
Farbkanal erhalt man ein quantitatives Signal, das benutzt werden kann, um
Falschfarbenbilder der Sensorfliche und Kalibrationskurven zu ermitteln. Das
Messsystem wurde schlieBlich auch erfolgreich zur Beobachtung des Verderbens

verschiedener Lebensmittelproben eingesetzt.
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