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|  Motivation

Surface modifications allow altering the chemigathysical and biological properties of
surfaces, such as roughness, surface charge,i@éconductivity, reactivity, reflecting
capacity and biocompatibility. These properties ¢sn optimized with respect to the
requirements for specific applications. Various $bgl and (electro-) chemical methods
can be employed for surface modifications. Among pihysical methods, mechanically
polishing and treatment with thermal or ionisingdiation play a major role. Surfaces can
be modified by chemical methods, e.g., by treatmetit certain reagents or by deposition
of certain layers, e.g., gold surfaces by depasitiba self-assembled monolayer (SAM).
Electrochemical and chemical treatment can alsapipéied for changing the redox state of
surface layers.

In a similar vein, it is also possible to modiectrode materials andelectrode
surfaces. For example, Kahlert et al. have develaeolid composite pH sensor made
from quinhydrone, paraffin and graphite powder [L¢. improve the reversibility of the
electrodes, the surface of the graphite powdebkeas modified by chemical oxidation of
the graphite resulting in the formation of surfacefined quinhydrone-like redox centres
[2]. More recently, Kahlert, Porksen and Scholzeéhapplied this sensor material, using
poly(methyl methacrylate) (PMMA) instead of solicarpffin as binder material, to
construct a potentiometric pH detector for Flowebktjon-Analysis (FIA) [3, 4]. This
detection system based on the graphite/quinhydconeposite electrode and a common
reference electrode fulfils the high demands, whigtve to be met by flow-through
detectors, as low noise, high selectivity, largekig range and short response time [5].
In previous investigations the detector has beesrd wmiccessfully for simple FIA pH
measurements and FIA acid-base titrations [3, 4].

In the first part of this thesis, these flow-thgbugraphite/quinhydrone composite
electrodes could be modified aiming at a more éaledndling in the FIA system. A further
goal of this thesis was the development of newiegibns of the FIA system with the
modified graphite/quinhydrone composite electroflg:to determine the acid or base
content in buffered solutions, (ii) to determinetevahardness and (iii) to analyse wine
samples with respect to titratable acidity and pH.

Beside the application of the modified graphitédgydrone electrode in FIA

systems, this thesis is also focused on the madiidic of gold surfaces for medical
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applications. Several methods already exist to fgogiold surfaces, e.g., mechanically
polishing, heating or modification with SAMs. RetdgnNowicka et al. have described the

possibility to alter gold surfaces by treatmenthwiOH radicals generated in Fenton

solutions. They have demonstrated taH radicals smooth a gold surface by dissolution

of highly reactive gold atoms [6, 7]. Based on ¢hessults, in this thesis the impact of

"OH radicals on gold implants was investigated. Sihég known that medical implants
release gold into the surrounding tissue [8, 9¢ tibservations of Nowicka et al. are
potentially interesting to shine new light on a gibke stabilizing of the surface of gold

implants by pre-treatment wittOH radicals. In this respect it was also interestimgtudy

the effect of 'OH radicals formed by immune reactiomsvivo on the surface of gold
implants.

In medicine, gold is not only used as implant mateRecently, another medical
application based on gold surfaces has been desatloy a German company named
GILUPI GmbH. They have introduced an innovative adeatector for then vivo isolation
of circulating tumour cells (CTCs) from the periphleblood of cancer patients [10]. CTCs
are rare species in the blood stream, which argepten cancer patients in a concentration
estimated as one CTC per®1® 10 mononuclear cells, or even lower [11-13]. Since
CTCs are responsible for the formation of metastatbe detection and analysis of CTCs
play a crucial role in the diagnosis and treatmaintancer, e.g., it can be applied as
prognostic marker, as a tool to monitor therapyoese, and as a method to understand
basic tumour characteristics [14]. Seveesl vivo methods andn vitro methods to
determine CTCs are described in the literature. él@x; these methods are often limited
by the blood volume obtainable from the patients] ghe sensitivity of these analysis
systems is usually low [10]. Hena, vivo methods, such as the nanodetector developed
by GILUPI GmbH, are required, which offer the idma of CTCs from the blood stream,
and thus from a larger blood volume. The nanodetastbased on a stainless steel wire
coated with a gold layer, which is functionalizedhaan antibody directed to the epithelial
cell adhesion molecule (EpCAM), which is presentlmsurface of most CTCs. For iime
vivo application, sterility of the nanodetector is edse, which has to be achieved by
gamma ray treatment. However, it has been showh ghmmma irradiation causes a
cytotoxicity of the gold layer of the nanodetecfoeventingin vivo applications. Thus,

another goal of this thesis was the modificatiorth&f gold layer of the nanodetector by

treatment with'OH radicals aiming at a reduction of the cytotoxi@fythe gold layer.
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Il Flow-Injection-Analysis with a pH sensitive graphite/quinhydrone

composite electrode

1 Introduction

The determination of acids and bases ranks amanmust frequently performed analyses
in research and industrial laboratories, becaupéaits an important role in various areas
of science and technology, e.g., in chemistry, plaay, biology, geology, and food
industry.

Traditionally, the acid or base content of a samgldetermined by classical batch
titrations. Classical batch titrations are chanaotel by a simple and low-cost
instrumentation and high reproducibility [15]. Howee, they also require rather large
sample and reagent volumes, and, not at least atteeyme and labour intensive. Since —
especially in process control — high speed detemtions are necessary, the classical
titrations are less suitable for such applicatiohs.overcome the drawbacks of classical
acid-base titrations, several automated and minmksd titration systems have been
developed [16—20]. Apart from automated and mimiada pipette and burette systems,
titrations based on Flow-Injection-Analysis (FIA21] are a well suited alternative to
determine the acid and base content of samplesotsamoptical and electrochemical
sensors are applied as detectors in FIA titratigstesns [5, 22]. Electrochemical sensors
are particularly suitable for FIA because of thagh sensitivity and linearity. Compared
to optical detection systems, electrochemical dete@re not affected by the turbidity and
colour of the sample solutions and they are mucteraimnple and less expensive [5, 23].

In the research group of Kahlert and Scholz, pHsié®e composite electrodes
based on graphite and quinhydrone have been deactlapd have been successfully
applied for FIA titrations [3, 24, 25]. These electes proved to have small time constants
and sufficient long term stability. Because of timg-shaped surface of this potentiometric
FIA sensor, the electrode is part of the flow-tlglousystem and allows a practically
completely undisturbed flow of the solution. Thendgnic working range of the detector
comprises about 4 orders of magnitude for FIA doade titrations. In conjunction with the
composite electrodes, the FIA system allows simpd@pid and automated acid-base

titrations.



4 Il Flow-Injection-Analysis with a pH sensitive git@ife/quinhydrone composite electrode

The first aim of this thesis was the modificatiminthe pH sensitive layer to allow
an easier handling. The major differences to tleeipusly used electrodes were firstly the
use of polysiloxane as binder for the pH sensitlager instead of poly(methyl
methacrylate) (PMMA), and secondly the contact ke treference electrode was
established via a gel filled tube acting as alsatige. The main advantage of polysiloxane
as binder is that a thin replaceable layer canrbdyzed which also provides an excellent
sealing. The potentiometric response behaviour patlgsiloxane as binder is comparable
with that of PMMA-based sensors [26]. It is a ferttadvantage that polysiloxane allows
punctuating the pH sensitive layer very easily vdtbannula, whereas a driller has to be
employed for making a hole through a pH sensi@yet containing PMMA as binder.

After fabrication of the modified electrode, thHearode was tested by performing
various acid-base titrations under FIA conditions.

Furthermore a variety of possible applicationsttid FIA system in conjunction
with the graphite/quinhydrone/polysiloxane compostectrode could be demonstrated.
As a lot of biological reactions, e.g., enzyme tiems, have to be performed in buffered
solutions, the FIA system was adapted to acid-tigrsgions in buffered solutions. Thus,
the performance of the determination of the acidteat in buffered solutions allows the
determination of enzyme activities of lipases [24].

Another possible application is the determinatiasf water hardness.
Schwarzenbach et al. have described the deterimmafi different metal ions by using a
small excess of the disodium or trisodium salt thfykenediaminetetraacetic acid (EDTA)
and back titration of the released protons [27, B8this thesis, a FIA titration method for
the determination of calcium and magnesium ionddcbe developed based on the same
principle, i.e., determining the released protopslétecting the potential change at the pH
sensitive detector surface, when the sample zoseepathe electrode. The introduced
method has been applied to the analysis of taprwataeral water and river water.

Last but not least, an application to food analysbuld be developed for
determining sequentially the titratable acidity ahd pH of wine. The determination of
these parameters is of great importance, becauddyaand pH of wine affects the

properties and the quality of wine.
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2 Theoretical background

2.1 Flow-Injection-Analysis (FIA)

2.1.1 The concept of FIA

The technique of Flow-Injection-Analysis (FIA) hégen developed by Fehér, Nagy,
Pungor [29] and &i¢ka and Hansen [30]. They have introduced an autmhatethod,
which is characterized by a simple configuratiohjgh sampling frequency, small sample
volumes and low reagent consumption [21].

The principle of FIA is shown in Figure II-1. A fileed liquid sample volume is
injected into a laminar, unsegmented liquid stredm carrier solution. After injection, the
sample is transported by the carrier stream throwayhow tubes to the detector. During
transport, the sample is mixed in a very defined sproducible way with the carrier,
which can contain reagents. The reagents of theecaeact selectively with the analyte
forming a detectable reaction product and a peakesth signal is recorded at the detector
[5, 31, 32]. Height, area and width of the peak @alated to the concentration of the
analyte and can be used for evaluation of the fi&Hk

Sample
Pump
Manifold
Carrier <D W\/ >
\—‘ Detector
Injector

Figure 1I-1: Scheme of a single line FIA system [32].

Immediately after injection the sample zone isadtrectangular shaped and has
still the original concentrationy (cf. Figure llI-2a). While passing the tubes, tlaenple
solution and the carrier solution are mixed by tpleenomena, (i) diffusion and (ii)
convection, what results in a dispersion of thenary rectangular sample zone and thus
peak shaped signals are recorded at the dete@or3[@. A concentration gradient is
formed, in which no single element of fluid has Same analyte concentrationas its

neighbour elements (cf. Figure II-2b) [21].
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@) (b)

N

Figure 1I-2: Concentration—time profiles of the sample zdagRectangular profile of the
concentrationcy, before dispersior(t = 0). (b) Profile with a continuous concentration

gradient with maximal concentrati@apax caused by dispersion [21, 34].

The degree of dispersion is characterized by thgedsion coefficienD, which is
defined as the ratio of the analyte concentratibthe injected sample before dispersion
(co) and the analyte concentration after dispersiataken place in that element of fluid
that yields the analytical readowa) (35]:

D=5 (I-1)
C

D quantifies the dilution of the sample in the Fiystem [36]. The dispersion depends on
the distance between injector and detector, offidkerate and on the sample volume. The
higher the flow rate and the longer the distande/éen injector and detector, the larger is
D, whereas an increase of the sample volume desr®adé sample and carrier are not
mixed at all and thus the sample is not diludecomes 1. However, normally a certain
dilution of the sample and a reaction between #mapte and carrier solution will take
place, and is even desired, so that dispersioresdligher than 1 are observed. In order to
ensure a defined dispersion of the sample zonettausl a controlled reaction between
sample and carrier, what permits measurementsgbfdccuracy and reproducibility, flow
rate, sample volume, distance between injectordateictor and inner diameter of the used
tubes have to be adjusted very precisely [5, 3R, 33
In summary, the concept of FIA is based on thiewahg three principles [21, 31]:
(1) Reproducible injection of well-defined sample voksnnto the carrier.
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(i) Controlled dispersion of the sample zone duringgpartation from injector to
detector.
(i)  Reproducible timing of the movement of the sampd@ez from injector to

detector.

2.1.2 FIA titration

Titrimetric techniques, which were developed in kite 18", early 19' century, belong to
the oldest methods in the area of quantitativeyaisal chemistry [15, 37]. During the
titration a reagent, which is called titrant (atgoator), is added to the analyte (the titrand)
until the latter is quantitatively converted to tfeaction product. The point of quantitative
conversion of the analyte, which is called equine&point, is detected by using a colour
indicator or a suitable instrumental detector. Ftbmamount of reagent consumed till the
equivalence point is reached, the amount of anatgie be calculated by the rules of
stoichiometry [38].

Despite new developments in the area of instruatemtalysis, titrimetric methods
play still an important role in routine analysisechuse of the simple, low-cost
instrumentation and the high reproducibility [15he drawbacks of classical titrations like
the large sample and titrant volume and the timeata could be diminished by the
development of automated and miniaturized titrat&ystems [16—20]. Furthermore,
titrations based on Flow-Injection-Analysis (FIA)ere introduced, which allow rapid
titrations requiring only small sample volumes &mal amounts of reagent.

FIA titration is the oldest approach of gradiestdhiniques in FIA and was described
for the first time by Rzicka and Hansen [39]. In principle, a sample, fornegie, of an
acid is injected into a carrier stream of a strbage. Caused by diffusion and convection
the sample zone disperses, so that the base chthier stream can permeate the sample
zone and the neutralisation reaction starts at fidés of the sample zone. If the dispersion
coefficient D is higher than one and the concentration of theysm is larger than the
concentration of the titrant, the concentratiordggats formed on both sides of the sample
zone, which contain a continuum of acid/base rateve comparable to conventional
titration curves, even though FIA titrations arenvemuilibrium titrations. Initially there is
an excess of base until the equivalence point ashed. The equivalence point is the
volume element of fluid, within which the acid igaetly neutralized by the base. Inside

the sample zone, i.e., around and at the peak nuaxjran excess of acid exists. At the
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tailing zone of the signal the equivalence poineched for a second time, after which an
excess of base is present again. Both equivalenac#spexhibit the same dispersion
coefficientD. The distance between both equivalence points;iwisi measured as at a
constant flow rate, depends on the concentratiorihef injected acid. If the analyte
concentration is smaller than the titrant conceiatna instead of equivalence points only
inflection points occur on both sites of the pdakthis case the distance of the inflection
points is also a function of the analyte conceiuraf3, 21, 31].

Frequently, mixing chambers are used to mix thepéarand the reagent in FIA
titrations [21, 31, 39]. Ramsing et al. showed #lab simple FIA configurations without a
mixing chamber are suitable for FIA titrations, aboyg this they introduced high-speed
titrations based on FIA [31, 40].

2.1.3 Detection systems in FIA

In principle any detection system, which is suikabbr flow-through detection, can be
coupled to FIA systems. A variety of different detes are applied in FIA systems: optical
detection systems using spectrophotometry (UV/VISyminescent detection,
refractometry, fluorimetry, atomic spectroscopy @AAES) as well as electrochemical
techniques like amperometry, potentiometry, voltatign and conductimetry are most
commonly used [5, 22].

A number of demands have to be met by detectooged in FIA: Detectors of
low noise characterized by a high selectivity, @déaworking range and a short response
time are required. Furthermore the detector hasetsuited for measurements of small
sample volumes [5].

Electrochemical detectors are particularly attvaector applications in FIA because
of their high sensitivity and good linearity. Caaty to optical detectors, electrochemical
detection does not need the addition of supplemediges. Further, the instrumentation of
an electrochemical detection system is simplerlessiexpensive [5, 23].

Since in this thesis a FIA system in conjunctiothvpotentiometric pH detection
based on a graphite/quinhydrone composite electnadeemployed, the following chapter

is focused on potentiometric pH detection in FIAteyns.
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2.1.3.1 Potentiometry

In potentiometry, the cell voltage, i.e., the padndifference between an indicator
electrode and a reference electrode in an eleamidal cell is measured (practically)
currentless. The potential of the reference eldetris constant, whereas the electrode
potential of the indicator electrode is (ideallyedtly proportional to the logarithm of the

activity of the analyte in the solution [41]. Fbetreaction

Ox+ze & Rel (11-2)
the equilibrium potential of the indicator electeodccording to the Nernst equation is as

follows:

AL (11-3)

with  E: electrode potential
ESureq: Standard potential
R: universal gas constariR € 8.314 J K mol™)
T : absolute temperature
F: Faraday constanF(= 96485 C mat)

z number of transferred electrons
aox, 8red Chemical activity of the oxidant and reductant.

If hydronium ions are involved in the redox reantithe potential of the indicator

electrode depends not only on the ratio of theviiets apx andareg but also on the pH of

the solution:
Ox+z€ +n HO =2 HRET?* A H. (11-4)

In that case the equilibrium potential of the imdor electrode can be formulated

according to the Nernst equation as:



10 Il Flow-Injection-Analysis with a pH sensitive git@ife/quinhydrone composite electrode

RT n
E=E® . +tjn—P
Ox/H,Red = 7

Z %nRed”'z)*

RT
—Ina, .. (II-5)

Such redox systems can be used for pH measurenmotgded that the rati@oy to

&, oo F€MAIiNs constant during the measurement. If thimirement is fulfilled, the

potential of the indicator electrode is directlyportional to the pH value of the solution
[42].

Potentiometry can be also applied to ion partiegnilibria when ions are involved
in the establishment of an electrochemical equilior[43]. When a membrane, which can

accommodate (at least at its surface) the ioniciepe, is placed between two electrolyte

solutions containing two different activities, and a; of K, that ionic species K will

partition on both sides between the solution ardniembrane. Thus, the phase boundary
is charged and an electric field is created. WHhea e¢lectrochemical equilibrium is

achieved, the electrochemical potentials on batbssof the phase boundary are equal. The
potential difference between the two solution pedaseross the membrane) is then called a

membrane potential (alsoDonnan potential) and it follows as:

E:ﬂmi:I [41]. (11-6)
zF &

The method of potentiometry is very attractive lbseathe equipment is rather
simple and inexpensive. Only an indicator electraated a reference electrode in
conjunction with a voltage-measuring instrumentwiigh input impedance are necessary.
The potential measurement has to be accomplishedlstloarrentless, because even very
low currents would cause a shift of the potentifaindicator and reference electrode and
thus distort the results. Therefore, today amplifiecuits with input impedance of about
10" Q are usually applied [41].

A special case of potentiometry is the so-calldtrogopotentiometry. In
chronopotentiometry, the time dependence of themat of an indicator electrode is
measured at a fixed current, which can be also.Zémm the potential transient the
concentration of an electrochemically oxidizablereducible analyte can be determined
[15].
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2.1.3.2 The quinhydrone electrode

The quinhydrone electrode as redox electrode fornptdsurements was introduced by
Biilmann in 1921 [44]. Quinhydrone, which is a opaitransfer complex of low solubility
consisting of quinone (Q) and hydroquinone@jin a 1:1 ratio, is characterized by a pH
depended redox potential. The construction of theventional quinhydrone electrode is
quite simple. A platinum wire is immersed into dusion saturated with quinhydrone and
the potential of the platinum electrode in thatusoh is measured versus a reference
electrode [42, 45, 46].
In an aqueous solution of quinhydrone the follayvichemical equilibrium is

established:
Quinhydrone= Hydroquinone + Quino. (11-7)

If a platinum wire is introduced into this solutiomn electrochemical equilibrium

according to the following electron transfer reactestablishes at the electrode:

Q Q

(1I-8)

The electrode potential depends on the ratio q@r@) to dianion of hydroquinone {Q

and can be formulated according to the Nernst eémuat

E=ES, + L jp (11-9)
o 2F a,.
Q
with E§QZ, . standard potential of the system Q arfd.Q

The redox potential depends not only on the ratito@’", but also on the pH of the

solution because hydroquinone is a dibasic acill twib acidity constant, ; andKj 2
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HO@OH + HO &= HO@O + HO*

HQ HQ

(1I-10)
3,0 B,

Kor = —2—"2 =1.4110"
aHzQ

HO@O + HO = o@o + H,0*

HQ )
(11-11)

G,
K,,= Sho B 5 95102,

Ao

The activity of hydroquinoneageq = analytical activity of hydroquinone) can be cddéted
from the equation of mass balance for hydroquinesiag the acidity constants, 1 and
Kalz:

H,O" +

2

%o

Apeg=ayota, . ta, =a, S+ 1]. (1-12)
’ e %Q ¢ ¢ (Ka,ll](a,z Ka,2

By rearranging Equation 11-12 fchz_ follows:

— a'Red DK a,lDK a,2
a, =—;

. . (11-13)
aH3o* + aH3o+ Ko+ KoK,

Equation 11-13 is introduced into Equation [I-9 ardus for the potential of the

quinhydrone electrode follows:

RT
E= Eng, +_In&__ n (Ka,lEIKa,Z) +E|n (%io* +K a,lm|.|3o+ +K a,pK a,l' (”'14)
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Because of the composition of quinhydrone, theorafiag to areq IS unity provided that

there are no compounds, which react with the coestts of quinhydrone; e.g., strong
oxidants and reductants which could change the &atto ageq Or in emulsions quinone is
preferentially dissolved in the oil phase, so thatrationag to ageqin the aqueous solution

could be also affected.

However, in solutions with pH < 9.5, i.ea; . >>K_ K ,+K [& ., and free of

compounds, which react with the constituents ohlquilrone, the electrode potential of the

quinhydrone electrode can be simplified as:
E = ES (quinhydrone)- 0.058 pl (for T =25 °C) (11-15)
with  ES": formal potential of the quinhydrone electrodgkt< 9.5. [41, 45]

At higher pH values it has to be considered tlydrdquinone is a dibasic acid, i.e.,
the dissociation constanks, ; andK,, affect the electrode potential. Further, in alkali
solutions, hydroquinone is easily oxidized by atpiesic oxygen, and this leads to
considerable deviations of measured potentials filoose calculated with Equation II-14
[46].

Since the introduction of the glass electrode, twaventional quinhydrone
electrode has lost importance for common pH measemes, although this electrode offers
a great advantage compared to glass electrodesauBecof the electrochemical
reversibility of the electrode, and hence the fixethtion between pH and the redox
potential, a calibration of the quinhydrone eled&ras not necessary [2, 42]. However, the
guinhydrone electrode also possesses some drawbackéimitations in application: A
main disadvantage is that the sample solution ddsetcontaminated with quinhydrone
before the pH measurement [45]. Further, the quirdmne electrode can only be employed
up to pH 8. At higher pH values the hydroquinonexglized by atmospheric oxygen [42].
Furthermore the quinhydrone electrode is sensitivards strong oxidants and reductants,
because quinhydrone is a redox system itself [AH Rast but not least the equilibrium of
quinone and hydroquinone is affected when the istiength exceeds 1 mol'[42], so
that the so-called salt error is observed [47, #8k also a problem that the quinhydrone

electrode is electrochemically reversible only @ine noble metals, especially platinum.
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To achieve electrochemical reversibility also atboa electrodes, special surface
modifications are needed (see further down inttresis).

Nevertheless, today the conventional quinhydrdeet®de still fills a niche for pH
measurements in situations where the glass electadnot be used, e.g., in hydrofluoric
acid containing solutions or in media, where agklectrode is easily broken [42].

H. Kahlert et al. developed compact pH electrooigsed on quinhydrone, which
exhibit the same electrochemically reversibilitytlas conventional quinhydrone electrode,
while being manufactured in such way that no comaton of the sample solutions can
happen [45]. These new quinhydrone composite eldesr can be used for pH
measurements in emulsion, they can be producedstlofoany shape and size, being
flexible like rubber or solid like acrylic glass][4These composite electrodes consist of
quinhydrone, modified graphite and a binder maltdika paraffin [1, 2], PMMA [3, 4],
polysiloxane [26] etc. Various applications of thesomposite electrodes have been
described. They were employed for pH measuremantslk [2], for in situ measurements
of soil pH [49] and as detector in FIA measuremdBis4, 24]. Construction of these
composite electrodes was possible because the istbdifaphite allows the establishment
of the reversible quinhydrone electrode potenaigwing applying these sensors without
any calibration.

2.1.3.3 Potentiometric pH detectors in FIA systems

FIA potentiometry with ion selective electrodesE)Sffer several advantages, like a very
small dead volume, applicability to a wide concatn range, low-cost instrumentation,
and ISEs are not affected by the turbidity and wobd the sample solution [23].

The configurations of electrochemical and thupatentiometric detector cells for
FIA are very versatile, but they all are based oe of the following three principles
shown in Figure II-3: (a) annular (wall embeddedhsor, (b) cascade-type sensor, (c)
wire-type (end-on) sensor [21, 22]. In case of dhaular sensor the sensitive surface is
part of the flow system, e.g., the sensor is bugdf a cylinder inserted as part of the flow
system or it is composed of one or several platesrporated into the tubing wall. In
contrast, the cascade-type sensor is exposed flmthiag stream tangential or frontal. The
wire-type sensor is placed in the centre of theasir so that it is spearing the parabolic
head of the sample zone. Furthermore, so-called-j@talelectrodes, which are a
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combination of cascade-type and wire-type elecgpdee employed as electrochemical
cell designs in FIA systems [22].

@) (b) (€)

Figure 11-3: The basic principles of electrochemical FIA detest(S: sensitive surface):

(a) annular sensofb) cascade-type sens@c) wire-type sensor [21, 22].

A range of different potentiometric pH detectaos FIA has been described in the
literature: glass electrodes [50], PVC or epoxylkate membranes [51, 52], pH sensitive
electrodes in combination with dialysis tubes [S8gtal/metal oxide electrodes [54], pH
sensitive ISFET’s [55, 56] and stainless steeltedees [57]. These electrodes are either
relative expensive, the cell construction is nod@e, response times are rather long, or
they suffer from insufficient chemical stability.nAideal potentiometric pH detector for
FIA titrations should have the following characs#ias: (i) high chemical stability, (ii)
short response time (time constants), (iii) largaainic measuring range, (iv) small
influence on the flow profile of the solution. Kahil et al. developed solid composite
electrodes based on quinhydrone in conjunction w&itbommon reference electrode as
detectors in FIA acid-base titrations, which fulll the required characteristics mentioned
before [3, 24]. These detectors proved to havet ¢simoe constants and sufficient long term
stability. The electrodes belong to the annulaseetype. The ring-shaped surface of the
composite electrode is exposed to the solutiorastreesulting in a nearly undisturbed
flow of the solution. For the titration of hydrocohic acid and acetic acid by injection of
samples (injection volume: 150 pL) into a sodiundraxide carrier solution the dynamic
measuring range of the detector was about 4 omfensagnitude. The detection limit is
almost ten times lower than for titrations usindoco indicators and spectrophotometric
detection [3].
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2.2 Applications of FIA measurements

Chemical, environmental, pharmaceutical and bioeb@nnesearch laboratories as well as
industrial control laboratories use FIA systems tbe rapid determination of the

concentration of various organic and inorganic weal in diverse sample materials. In
dependence on the species to be analysed, diffdetedtion systems are employed.

As mentioned before, Kahlert et al. developed adgtector for flow-injection-
potentiometry (cf. Chapter 2.1.3.3). They have alye applied this detector to a FIA
system for simple acid-base titrations, for pH nneasients and even for the determination
of enzyme activities [3, 4, 24]. In this thesisywnapplications of the FIA system could be
developed. Thus, in the following some theoretiagpects of the applications of FIA

measurements investigated in this thesis are given.

2.2.1 Water hardness

2.2.1.1 Definition of water hardness

Primarily, water hardness was defined as the cgpatwater to precipitate soap, i.e., the
precipitation of the calcium and magnesium salt&tify acids [58]. Actually, the meaning
of water hardness is nearly similar to the curegfinition, because mainly calcium and
magnesium ions present in water are responsiblinéoprecipitation of soap.

Nowadays, the term ‘water hardness’ is used toracherize the content of
dissolved calcium, magnesium, strontium and barsafts in water. Different terms are
used to classify the water hardness. The totalemnation of the ions ¢§ Mg?*, SF* and
Ba&" is called total hardness. Because water usualls dmt contain 8F and B&", in
practice the total hardness is defined as the siitheoion concentrations of &aand
Mg**:

total hardness & (Ca +c (Mg . (11-16)

Normally the total hardness is composed of caldnardness in the range of 70-85% and

magnesium hardness in a range of 15-30% [59].
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Given by the behaviour during boiling of the watarbonate hardness (temporary
hardness) and non-carbonate hardness (permaneimeka) are distinguished [60]. The
fraction of water hardness, which can be removetidiyng the water, is called carbonate

hardness. The hydrogen carbonates dissolved i Yeaite the carbonate hardness:

carbonate hardnessc= (HCC (11-17)

During boiling, CQ evolves from the water and carbonate is formed:

2HCO, - CQ1 +C& +H¢ (I-18)

These carbonate ions react with the calcium andnesgm ions dissolved in water, so

that hardly soluble calcium and magnesium carbopieeipitates [59]:

ca* +cd - CaCQu (11-19)

Mg? + CQ® -~ MgCQ ! . (11-20)

These reactions are responsible for the formatibrripstones and for the chemical
deposition of boiler scale [61]. Thus high concatitns of C&", Mg®>* and HCQO; can

create severe problems in industry and householdegsmay precipitate in pipes, boilers
etc.

In contrast, the non-carbonate hardness, whiamasly due to the presence of
calcium and magnesium sulphate and chloride, cama@liminated by boiling the water.

The non-carbonate hardness can be described aw$db9]:

non-carbonate hardness= (Carc) (@[Wig-¢) (HC. (11-21)

According to 89(2) of the German WRMG (= *“Waschund
Reinigungsmittelgesetz” “Gesetz lber die Umweltdgtichkeit von Wasch- und
Reinigungsmitteln”, i.e., law on the environmentampatibility of washing and cleaning
agents) water is classified into different hardnemssges (cf. Table 1l-1) and has to be

expressed as calcium carbonate in mmol[62]. However, in practice the water hardness
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is often still expressed in degree of hardness,revitme German degree of hardness
(1 °dH) is equal to a calcium carbonate concermtmadit 0.18 mmol [* [59].

Table II-1: Ranges of water hardness [62, 63].

Hardness range | ¢(CaCOs) [mmol L™} °dH
Soft <1.5 <8.4

Moderately hard 1.5-2.5 8.4-14
Hard >2.5 >14

2.2.1.2 Methods for the determination of water hardness

The determination of water hardness ranks amongnthet frequently performed analyses
of water samples, because too hard water can t¢hasproblems mentioned before (cf.
Chapter 2.2.1.1).

Traditionally, the determination of water hardniessperformed by complexometric
titration using ethylenediaminetetraacetic acid [ as titrant and Eriochrome black T,
murexide or calconcarbonic acid as indicator [64], @DTA (H,Y) is a tetraprotic acid
and has a very low solubility in water, so that gyafly the disodium salt of EDTA
(NaH.Y) is used as titrant for complexometric titrations

For a rapid, but rough estimation of the hardrn&fswater semi-quantitative test
strips have been commercialized by various compamigy., Aquaddr from Macherey-
Nagel [65] or MONITOR™ Water Hardness strips sojdSerint [66]. To overcome the
drawbacks of the complexometric titration, like gar sample volume, high reagent
consumption, high expenditure of time and interieee of several other metal ions,
different instrumental approaches for the detertionaof C&* and Md* ions have been
proposed, amongst them AAS [67, 68], AES and ICFSAERB, 69, 70], polarography [71],
ion chromatography [72], various photometric meth¢3—75], fluorescent assays [76],
optical chemical sensors [77] and ion selectivetedeles [78—81]. Instrumental methods
are less laborious as they permit direct deternanatand they are more sensitive, but they
are also more expensive. Optical chemical sensatsan selective electrodes have good
detection limits, but often suffer from long respentimes and short life times [77].
Approaches to improve the selectivity of ISEs uscigemometric data treatment for

multivariate sensor arrays have been described dyirta et al. [82]. Furthermore,
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adaptations of these instrumental techniques to iftgection systems have been described
in the literature to satisfy the increasing demérdautomated, rapid water analysis [83—
89].

2.2.2 Wine

2.2.2.1 pH and acidity of wine

In the area of oenology the pH and the acidity ofeaplay an important role because both
parameters influence the properties and the qualityine. The pH and the acidity affect
the colour and the flavour of wine, as well asriierobiological stability and shelf time of
a wine [90]. The acids existing in wines are rekly weak organic acids [91], with
tartaric acid and malic acid dominating. Wine atsatains various other volatile and non-
volatile acids in lower concentrations [90].

There are three sources of the organic acid comtewine: (i) The grape itself
contains tartaric acid, malic acid and, in muchdowoncentration, citric acid. (ii) During
alcoholic fermentation, several acids are formedyaproducts, mainly lactic acid, acetic
acid and succinic acid. (iii) Bacteria may prodlee&tic acid, acetic acid, and occasionally
propionic acid and butyric acid. Besides, mouldngioon the grape may result in gluconic
acid [92].

A criterion for the acid content in wine is thé&rdtable acidity, which is usually
expressed as gram tartaric acid per litre. Somstithe titratable acidity is expressed as
contents of other acids, e.g., in France it is exped as sulphuric acid [91]. In contrast, in
Germany the titratable acidity is given in millignahydronium ions per litre [90].

Often it is necessary to adjust the pH and acidityine aiming at producing a
well-balanced wine, because too low acid contentistao high pH values cause abnormal
colour, flat taste and less microbiological stapi[@0, 91], whereas too high acidities or
too low pH values yield a spicy, less pleasantet§@0]. Therefore different methods for
acidity and pH adjustment are employed, amongsintladition of organic acids
(commonly tartaric, malic or citric acid), additioh water, sugar or a combination of both;
neutralization of the acidity by addition of carlates (carbonate deacidification), ion
exchange of acid anions by hydroxide ions, biolagideacidification by malolactic

fermentation or by the use of selected yeasts,bderading by combining wines of high
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acidity with those of low acidity [92]. Hence, favine producers the determination of
titratable acidity and pH of wine is essentialpider to decide to what extent a correction
of the acidity is necessary. Thus, both parametiratable acidity and pH, are measured
during processing and finishing operations to saatide a wine and to notice unwanted

changes caused by bacteria or yeast [91].

2.2.2.2 Methods for the determination of titratable acidity of wine

For the determination of the titratable aciditywohe, different procedures are applied. The
European standard method is based on the poteritiontiération with a solution of
0.1 mol L sodium hydroxide to an endpoint of pH 7. Altermely, the acidity is
determined by titration with bromothymol blue aslicator, especially in case of white
wine [93]. In the USA, pH 8.2 is used as endpointpbenolphthalein is applied as
indicator [91, 92]. However, with these methods tilue value of the titratable acidity of
wine is not measured, because the endpoint ofditebase titration is different for each
wine. The true endpoint depends on the composai@hconcentration of the acids present
in the wine sample. Since the acids existing inenane relatively weak, the real endpoint
will be more alkaline than pH 7.0. Usually, the paitht varies between pH 7.8 and pH 8.3
[91]. Furthermore, classical acid-base titratiohsvine samples are time-consuming and
require quite a large sample and titrant volume.

To overcome the drawbacks of the conventionaltidans, alternative methods have
been described. Berezin et al. gave a review ¢&érdit methods for the determination of
the titratable acidity in various products [94].rFe determination of the titratable acidity
iIn wine some electrochemical methods have beerridedc Potentiometric measurements
with a copper electrode [95] as well as voltamneetneasurements with microelectrodes
[95, 96] were suggested. Ohtsuki et al. proposedethod based on the voltammetric
reduction of quinone [97]. Recently, Torres etsalggested a digital image-based method
using acid-base titrations without any indicatoeré] the pH dependence of the colour
change of the anthocyanines present in the wirexpdoited for the determination of the
titratable acidity [98]. Similar to the classicdfdtions, there are a few drawbacks of these
alternative methods, like large sample and titkaitme, extended analysis time and the
requirement of supplementary reagent additions.

To automate the determination of the titratabldicof wine several flow-through

systems have been suggested [99-106]. These meth®tisss laborious. However, all of



Il Flow-Injection-Analysis with a pH sensitive gii@ige/quinhydrone composite electrode 21

them use photometric detection systems, what caseca lot of problems especially in
case of coloured samples like red wine. Also, simdtrumental methods are rather

expensive.
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3 Experimental

3.1 Chemicals

All chemicals used were of p.a. quality (exceptians marked in the text) and ultrapure
water was used for all solutions (ariti11 UV, Sartorius, Germany).

3.1.1 Preparation of the pH sensitive layer of the deteotr cell and preparation of

the salt bridge

Quinhydrone and graphite powder (fine and extraepwvere purchased from Merck
(Germany). For surface modification of the graplpibevder concentrated nitric acid (65%)
from Merck (Germany) was used. As binder commdsciavailable polysiloxane
(“Aquarium Silikon”) from MASTER fiX’ (Austria) was used. For the preparation of the
salt bridge potassium chloride and agarose purdhifasm Merck (Germany) were used.

3.1.2 Simple FIA acid-base titrations

Sodium hydroxide solution (ampoules for 1000 ro{lyaOH) = 0.1 mol [* Titrisol®) and
hydrochloric acid (ampoules for 1000 mt(HCI) = 0.1 mol L* Titrisol®), glacial acetic
acid, concentrated sulphuric acid (96%, Suprapupotassium dihydrogen phosphate,
concentrated ortho-phosphoric acid (85%), boric d aqSuprapd?), citric acid
monohydrate, sodium acetate trihydrate, sodiumdxyde pellets, di-sodiunbL-malate,
borax, dipotassium hydrogen phosphate, disodiuntatarisodium citrate dihydrate and
potassium chloride were purchased from Merck (GegnaOxalic acid dihydrate was
from Fluka AG, Buchs SG (Switzerland).
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3.1.3 FIA acid-base titrations in buffered solutions

Hydrochloric acid (ampoules for 1000 m&(HCI) = 0.1 mol L* Titrisol®), glacial acetic
acid, potassium dihydrogen phosphate, dipotassiydiohen phosphate and potassium

chloride were purchased from Merck (Germany).

3.1.4 Determination of water hardness

Calcium nitrate tetrahydrate, magnesium nitrateahggrate, calcium sulphate dihydrate,
magnesium sulphate heptahydrate, calcium chlomdagnesium chloride hexahydrate,
potassium chloride, sodium hydroxide, hydrochlaged, ammoniac, ammonium chloride,
Triplex® 1l (ampoules filled with a solution for 1000 mLg(Na-EDTA-2 HO) =
0.1 mol L* Titrisol®, and containing NaOH in an unknown concentratidjpochrome
black T and calconcarbonic acid were from Merckr(@any). Testalofi Ill (ampoules
filled with a solid for 1000 mL,c(Na-EDTA) = 0.01 mol %) was purchased from

Feinchemie Sebnitz (Germany). Sodium chloride was fLancaster (England).

3.1.5 Determination of titratable acidity and pH of wine

DL-malic acid, potassium chloride, boric acid, phasphacid, sodium perchlorate, glacial
acetic acid, sodium hydroxide solution (ampoules ¥600 mL,c(NaOH) = 0.1 mol [*
Titrisol®) and hydrochloric acid (ampoules for 1000 ne{HCl) = 0.1 mol L* Titrisol®)
were purchased from Merck (Germany). Sodium hydlexpellets were from Sigma

Aldrich (Germany). Wine samples were purchased fimsal supermarkets.
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3.2 Instrumentation of the FIA system

3.2.1 The detection system

Figure 11-4 shows schematically the constructionhaf detector cell.

Figure 1I-4: Scheme of the detector cdl): lateral view,(b): 3D view from the front. A:
pH sensitive layer, B and C: Plexiglas plates, @ews to fix the plates, E: hole punctured
through the pH sensitive layer, F: conic holeslettilin the Plexiglas plates, G: tube

fittings, H: copper wire for electrical contacthiole to house the gel filled tube.

First of all, for the preparation of the pH senatiayer (A) based on graphite and
quinhydrone, surface oxidized graphite powder waspg@red to enhance the
electrochemical reversibility of quinhydrone ongide. The surface oxidized powder was
obtained by reflux boiling of 15 g milled commeicigraphite powder with 150 mL
concentrated nitric acid for 2 h. Then, the powdas washed with water until the washing
water had a neutral pH. Subsequently, it was wastidd ethanol and then with water
again. After washing, the powder was dried at 6@&A@ milled for 30 minutes. Due to the
modification procedure, surface-confined quinhydréike redox centres are formed.
Because of the similarity of these surface-confirsdictures and quinhydrone, the
electrochemical reversibility of the quinhydronestgyn on graphite is guaranteed [2].

Without oxidative surface modification of the gr@ghpowder, the quinhydrone on
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graphite would be quasi-reversible and thus thpestif the potential versus pH plot would
differ from the theoretical slope [1].

The surface oxidized graphite powder was mixedth \gitinhydrone in the ratio 9:1
in a ball mill. 1 g polysiloxane was added to 1.bfgthe graphite-quinhydrone-mixture,
and the resulting paste was carefully mixed betonas pressed to obtain a planar layer of
1 mm thickness. The layer was allowed to polymeasel harden for 2 days. After
hardening, the layer was cut into proper squares aof approximate size of
10 mm x 10 mm. One piece was placed in the cavitthe Plexiglas plate (B), and a
second plate (C) was fixed on the other side watkwss (D). With the help of a cannula, a
hole (E) was punctured through the sensitive lagevbtain a flow-through channel with
an inner diameter of 0.5 mm. Conic holes in botigd (F) allowed the connection of FIA
tube fittings (G). A copper wire (H) was plungedoirthe sensitive layer to make electrical
contact. As reference electrode a KE 10 saturasddmel electrode (Sensortechnik
Meinsberg, Germany) with an electrode potentidEef 244.4 mV at 25 °C or a saturated
Ag/AgCI electrode (DPST Behnert GmbH, Germany) wéh electrode potential of
E=197.0 at 25 °C was used. The reference electwmie kept in a beaker containing
saturated KCI solution. A tube filled with KGtagarose gel was used as salt bridge. One
end of the tube was immersed in the beaker withreéference electrode; the other end of
the tube was placed in a hole (I) 1 mm downstreaihe sensitive layer. The salt bridge
was placed as close as possible to the sensitree ta avoid marked potential drops due to

a possible high resistance of solutions with ailomic strength.

3.2.2 FIA configuration

For all FIA measurements, a single line FIA confggion according to the scheme shown
in Figure II-1 (cf. Chapter 2.1.1) was used. A nullannel peristaltic pump (ISMATEC,
Switzerland) propelled the carrier stream with@nflrateQ of 1.75 mL min*. Since the
carrier has to provide a stable basic signal atdéector [5], 1-18 mol L™ KCI was
added to each carrier solution. This KCI conceittnaensures a sufficient conductivity
which provides a smooth baseline and thus a markegtroved signal-to-noise ratio. A
6-port-valve (VICI, USA or Rheodyne, USA) was udedinject a sample volum§, of
150uL. The sample loop was filled with a syringe. The pensitive detector cell was
connected with the injection valve via a 10 cm I@mdlon® tube with an inner diameter of
0.5 mm. Previously, it has been shown that witls ttonfiguration optimal dispersion
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coefficients for FIA titrations can be obtained.[&hronopotentiometric measurements
were recorded using an AUTOLAB with a PSTAT 10 (Edimemie, The Netherlands) in
conjunction with a personal computer (IBM compa)blThe potential difference between
the pH sensitive layer and the reference electveaemeasured every 0.2 s. For evaluation

of the signals, the peak areas were determined tisshSoftware OriginPro 7.5.

3.3 Measurement performance

3.3.1 Simple FIA acid-base titrations

Solutions of different acids and bases, which daeth titratable hydronium ions or
titratable alkaline groups in a concentration rafigen 6:10° mol L™ to 1.2-10° mol L™,
were prepared. The acids were injected into aaasolution of 5-13 mol L™* NaOH and
the bases were injected into a carrier solution5df0° mol L™* HCI. All carrier and

standard solutions contained 1-4ol L™* KCI to improve the conductivity.

3.3.2 FIA acid-base titrations in buffered solutions

Acetic acid was used as analyte in a concentratmme from 1-13 mol L™ to
1.10 ' mol L' dissolved in buffer solutions (pH =7.12). The Idoling buffer
compositions were tested: 6.25 mM D, + 6.25 mM KHPQO, (12.5 mM buffer);
12.5mM KHPO, + 12.5mM KHPO, (25 mM buffer); 25 mM KHPO, +
25 mM K;HPO, (50 mM buffer); 50 mM KHPO, + 50 mM K;HPO, (100 mM buffer);
100 mM KH,PQO, + 100 mM KHPQO, (200 mM buffer). Solutions of hydrochloric acidan
concentration range from 5-f@nol L™ to 5-10° mol L™ were used as carrier solution.
All analyte solutions and all carrier solutions @ined 1-10° mol L™* KCI to ensure a
sufficient conductivity.

Conventional pH measurements were performed ugaimiH meter set Qph 70
including a glass electrode in conjunction with ld meter (VWR International GmbH,

Germany).
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3.3.3 Determination of water hardness

3.3.3.1 FIA titration

As carrier, two different EDTA solutions were teksteCarrier solution 1 contained
0.01 mol L=* of the disodium salt of EDTA (Testaf®nll ampoule, Feinchemie Sebnitz),
and carrier solution 2 was prepared by dissolvingitesol® ampoule (Merck) in 5 L
ultrapure water as to obtain a 0.02 mot Isolution. As mentioned before, the KCI
concentration in both carrier solutions was 13100l L™ (cf. Chapter 3.2.2). The EDTA
concentrations were chosen to obtain a large wgriange.

The FIA system was calibrated using calcium andymaaium salts in different
concentrations. In order to improve the condugtitit10? mol L™ KCI were added to all
standard solutions.

For the determination of the sum of calcium andmesium ions the water samples
were injected into the FIA system without any pmemtment, whereas for the
determination of the calcium ion content separatkly samples were pre-treated in the
following way: 40 mL of the water sample were puti 50 mL measuring flask and 5 mL
of 1 mol L'* NaOH were added in order to precipitate magnesions ias magnesium
hydroxide in the sample solution. The volume wagistdd to 50 mL in the measuring
flask using ultrapure water. The magnesium hydmxihs then filtered off by using a
syringe filter (pore size: 0.45 pm). To 25 mL oé¢ tiiitrate, hydrochloric acid was added to
adjust the solution pH to 6 and the volume was stdplito 50 mL. This solution was

injected into the FIA system.

3.3.3.2 Batch titration

Conventional complexometric titrations of calciumdamagnesium ions were performed
for the sake of comparison.

For the determination of the total hardness, the,sum of calcium and magnesium
ions 50 mL of the sample were used and 10 mlg/NH4Cl buffer solution ¢(NHz) =
5 mol L%, ¢(NH4CI) = 1 mol L'}, pH = 10) were added. Eriochrome black T (mixethwi
sodium chloride in a ratio 1:99 in a mortar) wasledl as indicator. The solution was
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titrated using a 0.02 mol LEDTA solution (Merck) as reagent until the colatange of
the indicator from violet to blue appeared.

Also, for the determination of the calcium concatibn 50 mL sample were used.
However, here 5 mL NaOH solutioo(ilaOH) = 1 mol L*) were added so that a pH value
of 12 was achieved. Under these conditions magmesims precipitate as magnesium
hydroxide, so that only the calcium content is miead. As indicator calconcarbonic acid
(mixed with sodium chloride in a ratio 1:99 in a maw) was used and as reagent a
0.02 mol L* EDTA solution (Merck) was employed. The colour e of calconcarbonic

acid at the equivalence point occurs from pinklteeb

3.3.4 Determination of titratable acidity and pH of wine

3.3.4.1 FIA measurements

3.3.4.1.1 Determination of the titratable acidity

A solution of 5-10° mol L™ sodium hydroxide (+ 1-I&mol L™* KCI; cf. Chapter 3.2.2)
was used as carrier solution. The sodium hydroga®entration was chosen to obtain a
convenient dynamic working range.

Solutions of bL-malic acid in a concentration range from 5*@ol L to
1.25-10% mol L™* were used to calibrate the FIA system. Malic agib used as it is one
of the main acids in wine [90]. To all calibratisnlutions 1-17 mol L™* KCI was added
to ensure a satisfactory conductivity.

The wine samples were purged with nitrogen foraxmately 10 minutes in order
to eliminate carbon dioxide before they were dduded injected into the FIA system.

3.3.4.1.2 pH measurements

As carrier a solution of-10°2 mol L™ hydrochloric acid and-102 mol L™ KCI was used.
The FIA system was calibrated using Britton—Robméaiffer solutions in a pH range
from 2 to 8. The Britton—Robinson buffer solutionere prepared as described in [107].
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Because of the high ionic strength of the buffdutsons, what ensures a sufficiently high
conductivity, no KCI| was added to the standard tsmis. The wine samples were injected

into the FIA system without any pre-treatment.

3.3.4.2 Batch measurements

Conventional pH measurements and potentiometratibhs were performed using the pH
meter set Qph 70 (VWR International GmbH, Germangjuding a glass electrode in
conjunction with a pH meter. All batch titration$ wine samples were performed as
follows: At first the wine sample was purged withrogen for 10 minutes to eliminate
carbon dioxide. After the purging procedure, 10wihe were titrated using a solution of
0.1 mol L NaOH as reagent, and the pH was measured aftarastition of NaOH to
the wine sample.

For redox potential measurements, a platinum reldet was used as working
electrode and an Ag/AgCI electrode in 3 M KCI (Métm, Switzerland) with an electrode
potential ofE = 207.0 mV at 25 °C served as reference electrBdore redox potential
measurements 40 mL of sample solution were purggdnitrogen for 30 minutes. Then,
a solution of 0.5 mol ' NaOH was added to the sample solution successamdythe
redox potential was measured after each additi@spectively. During the whole
procedure the sample solution and also the 0.3.mtdWaOH solution were purged with

nitrogen to exclude the influence of oxygen onrd@ox potential.
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4 Results and discussion

4.1 Simple acid-base titrations

In a first experiment, the composite electrode #ase graphite and quinhydrone in
conjunction with polysiloxane as binder was tedtgdhe titration of different acids and
bases. In Table II-2 the applied acids as welha# tassociatediy, values are given, and

in Table II-3 the applied bases as well as thKj yalues are given.

Table 1I-2: pK, values of the titrated acid3 € 25 °C, exceptions: 4803 T = 20 °C and
CeHgO; T =18 °C).

Acid pKa1 pKaz pPKas
HCI -7 - -
CH;COOH 4.75 - -
NH," 9.25 - -
H.SQy -3" 1.92 -
C,H,0, 1.23 4.19 -
H,PQ, 712 12.37° -
HsPQy 1.96° 7.12 12.37°
H3BO3 9.14 12.74 13.80
CsHgO> 3.08 4.74 5.40

"[108],7 [109]

Table 11-3: pK;, values of the titrated baseg= 25 °C, exceptionC,H,O> T = 18 °C).

Base b1 PKp2 PKp3
CH;COO 9.25 - -
OH" -1.74 - -
C,H,0* 8.90" 10.54™ -

B,O% 0.20 1.26 4.86
HPO” 6.88" 12.04" -
C,0F 9.81 12.77 -

C,H.O% 8.60 9.26 10.92

"[108],7[109], " [110]
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Solutions containing different concentrations oida or bases were injected into
the FIA system. In the FIA titrations typical asymtmc peak shaped signals were recorded
and the peak area@s were determined. The obtained peak areas werteglagainst the
concentration of titratable hydronium ions or agathe concentration of titratable alkaline

groups, respectively (cf. Figure 1I-5 and 11-6).

3.54
1 = HCI
3.04 v H2504
1 “ C2H204
2.5 * CsHsO7
1 e CH,COOH
2.04
- ]
2. 1.51
< ]
1.04
0.5
0.0

¢(H,0") [mol L™

Figure 1I-5: Dependence of the peak amgaon the hydronium ion concentratio(HzO")
obtained for FIA titration of different acids (cimr solution: 5-10° mol L™ NaOH +
1-10% mol L™ KClI, injection volume: 150 pL, flow rate: 1.75 nmhin™).

10" 10° 10°

c(alkaline groups) [mol ]

Figure 1I-6: Dependence of the peak ar®&aon the concentration of titratable alkaline
groups obtained for FIA titration of different basgarrier solution: 5-I&mol L™* HCI +
1-102 mol L™ KClI, injection volume: 150 pL, flow rate: 1.75 nmhin™).
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As can be seen in Figure 1I-5 and II-6, non-linealibration curves were obtained.
The calibration curves can be fitted best by siglabielations according to the following

type of function:

__A-A
y= A (11-22)
1+(x/%,)

with  A;: initial y-value
A final y-value
p: power

Xo: centre X-value of the inflection point of the sigmoidal eaj.

Furthermore, it was found that the peak size &nd the shape of the calibration
curve depended on th&pvalue of the acid or thep value of the base, respectively. The
lower the Ky or K, value was (i.e., the stronger the acid or basdhs)larger were the
peak areas and the higher was the increase ofetlle grea with increasing concentration
of hydronium ions or alkaline groups. If a polypcadcid or base was measured, the peak
size and increase of the peak area with increasomgentration of hydronium ions or
alkaline groups depended not only on thgyor pKp; value of the respective acid or base;
in contrast all i, or pK, values of the respective acid or base played goitant role. In
fact, the mean of alli, or K, values of the respective acid or base affecteghdiad sizes
and the shapes of the calibration curves. For el@mpposphoric acid .1 = 1.96) is a
stronger acid than acetic acidkp= 4.75). However, in the FIA titration phosphoacid
(mean of all K, values = 7.13) appears as a weaker acid thancaaetl. This can be
explained by the fact that FIA titration is a dyneymon-equilibrium titration method.

In summary, it follows that the calibration curves different acids (or bases)
resemble each other, if th&pvalues of the acids (and th&gpvalues of the bases) are
similar. In contrast, if thelg, or pKp, values differ strongly, also the calibration cunage
different. That means that for the determinatiothefacid or base content of a sample it is
essential to know thekp or Ky, values of the acids or bases in the sample, bedais
essential to calibrate the FIA system with an acithase of aly, or pKy, value similar to
the K, or K, value of the analysing acid or base. That is the way to calibrate the FIA

system exactly so that an accurate measuremeunaramteed.
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4.2 FIA acid-base titrations in buffered solutions

The determination of the acid content in bufferedusons plays an important role
especially in biological issues. For example a nembf enzymes (e.g., lipases,
carboxylesterases, amidases, peptidases, nitrilase} convert substrates with formation
of acids [111, 112]. Thus, the activity of theseyames can be determined by measuring
the change of the acid content in the medium dutivegy enzymatic reaction. Because
enzymes are only active in a proper pH range, tizgrae reaction has to be performed in
a buffered medium.

Previously, it has been shown that the FIA sysiteroonjunction with a graphite
quinhydrone composite electrode is suitable fod-hase titrations in buffered solutions
and for the determination of enzyme activitiesipase type B fronCandida antarctica
[24].

Now, the FIA system with the modified compositeeattode (containing
polysiloxane instead of PMMA as binder) had to ésteéd for the suitability of acid-base
titrations in buffered solutions, and the titrationbuffered solutions had to be optimized
concerning buffer concentration and concentratiothe carrier solution.

At first, a calibration curve for acetic acid inuffer solution of
0.025 mol ! KH,PQ, + 0.025 mol [* K,;HPO, was recorded by injecting the sample
solutions into the carrier solution of 173@nol L' HCI. The FIA titration yielded
asymmetric peak shaped signals as expected forrateddispersion. The peak area was
used for calibration and non-linear calibration vesr resulted. As can be seen in
Figure 1I-7, the peak area decreased exponentialith increasing acetic acid
concentration. In fact, using an acid as carriéstsm the concentration change of the base
component of the buffer caused by the acid additeonitrated. The higher the acid
concentration was, the more pronounced was theedserof the concentration of the base

component of the buffer and the smaller was thergametric signal.
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Figure 1I-7: Dependence of peak ardaon acetic acid concentration in buffer solution of
0.025 mol L KH,PQ, + 0.025 mol L* K,HPO, (carrier solution: 1-I8 mol L™* HCI +
1-102 mol L™ KClI, injection volume: 150 pL, flow rate: 1.75 nmhin™).

To investigate the influence of the buffer concatndn on the calibration curve of
acetic acid, standard solutions of acetic acid wdiffierent buffer concentrations were
prepared and injected into the carrier solutiod@¥-mol L™* HCI). The peak area was
used for evaluation and was plotted against thécaaeid concentration. Furthermore the
lowest detection limits were determined by injeatiof blank solutions (proper buffer
solutions without acetic acid) ten times, respe&tyivThe mean values of the peak areas
and the standard deviations were determined angsinyg the proper calibration functions
the lowest detection limits 3 were calculated. Figure 11-8 shows the obtainaltbcation
curves. In Table II-4 the functions of the calilbwatcurves, the mean values and standard
deviations &) of the peak areas obtained for the blank injestiand the lowest detection

limits (LODs) are given.



Il Flow-Injection-Analysis with a pH sensitive gii@ige/quinhydrone composite electrode 35

= 12.5 mM buffer
e 25 mM buffer
4 50 mM buffer
o 100 mM buffer
200 mM buffer

T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10
¢(CH,COOH) [mol L]

Figure 11-8: Dependence of peak ar@a on acetic acid concentration in buffer solutions
with different concentrations (carrier solution1@? mol L™ HCI + 1-10% mol L™* KClI,

injection volume: 150 pL, flow rate: 1.75 mL mth

Table II-4: Calibration functions of acetic acid in differdmiffer compositions obtained
with FIA titration; mean and standard deviation pfak area®s, and lowest detection
limits (LODs) for acetic acid determined with FlAration for 10 repeated injections of

different buffer compositions respectively.

c(buffer_)l Calibration function A LOD [mol L ]
[mmol L] Mean [Vs] | s [%]
12.5 y=0.8308 7% + 0.4¢ | 1.28 +0.02 1.6 1.0-19
25 y=0.990¢ %9 + 0.6: | 1.61+0.02 1.2 1.4-19
50 y=1.14087°% + 0.8t | 2.01+0.01 0.5 3.0-16
100 y=1.818"" + 0.6 | 2.39+0.03 1.3 8.9-1d
200 y=2.96- 7.7X 2.95 +0.03 1.0 1.3-10

In case of the lower concentrated buffer solutiars exponential dependence of
the peak area on the acetic acid concentration reccWith increasing buffer
concentrations, the dependence approaches morenared a straight line resulting in a
linear calibration curve in case of a buffer sauticonsisting of 1-IT&mol L™* KH.PQ,
and 1-10" mol L™ KoHPQ.

As expected, the lower the buffer concentratibe, smaller is the peak area. With

increasing buffer concentration the concentratibthe base component increases. Hence,
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the amount of base component, which reacts withtittet, increases and the peak size
increases. An advantage of a small peak size aredldha lower buffer concentration lies
in the more rapid signal formation. Besides, atdowuffer concentrations the sensitivity
for low acetic acid concentrations is higher aralldwest detection limit (LOD) is smaller
(cf. Table II-4). The smallest LOD is obtained fobuffer concentration of 50 mmorl'L
However, if high acetic acid concentrations in #emple are expected, a high buffer
concentration should be chosen, because in caadafer concentrated buffer the peak
area changes only slightly in the range of highie@id concentrations. That means that
for high acetic acid concentrations the sensitivillgreases with increasing buffer
concentration. Furthermore, in case of buffer soh# containing equimolar amounts of
acid and corresponding base, of course the bufferapacity is the higher the higher the

concentration of the buffer is (cf. Table 1I-5).

Table II-5: pH values of solutions containing acetic acid phdsphate buffer in different

concentrations measured with a glass electrode.

H
C(CH3COOH) [molL 7] | 125 mM | 25 mM 50pmM 100 mM| 200 mM
buffer buffer | buffer buffer buffer

0 6.96 6.93 6.89 6.84 6.76

1-10™* 6.88 6.90 6.87 6.81 6.75

5.10* 6.84 6.85 6.84 6.80 6.79

1107 6.74 6.80 6.82 6.80 6.73

51073 5.91 6.49 6.68 6.70 6.70

11072 4.77 5.92 6.51 6.62 6.65

5.10°2 3.82 4.17 4.62 5.45 6.22

110 3.54 3.87 4.20 4.62 5.45

Moreover, the dependence of the calibration cuofe acetic acid on the
concentration of the carrier solution was inveggdaTherefore, solutions of acetic acid in
a concentration range from 173énol L™* to 1-10'mol L™ in buffer solutions of
2.5-10° mol L™ KH,PQ, and 2.5-17 mol L™* K,HPO, were injected into hydrochloric
acid solutions of different concentrations. In Feguil-9, the peak shaped signals obtained
for a 5-10° mol L™ acetic acid solution injected into the differemrrier solutions of
hydrochloric acid are shown, and in Figure 1l-1@ tibtained calibration curves of acetic

acid for the different solutions of hydrochloriacgare given.
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Figure 11-9: Potentiometric peaks and the corresponding timgeak formation obtained
for a solution of 5-10 mol L™ acetic acid injected into different carrier sobus

containing hydrochloric acid in different concemivas (injection volume: 150 pL, flow

rate: 1.75 mL mift). The baseline is related to zero.
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Figure 1I-10: Dependence of the peak amaon the acetic acid concentration in 50 mM
buffer solution injected into HCI solutions of difent concentrations (injection volume:
150 pL, flow rate: 1.75 mL min).

Figure II-9 and Figure II-10 clearly show that tlwver the hydrochloric acid
concentration of the carrier was the larger weee ihak areas, i.e., the slower was the

signal formation and the lower was the samplinggdency. However, the higher
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sensitivity especially for lower acetic acid contcation is advantageous in case of using a
lower concentration of hydrochloric acid as carrielf a solution of
5.102 mol L™ hydrochloric acid was used as carrier the sigmahétion was rapid, but the
sensitivity was low.

The  calibration  curves  obtained  with  546olL™*  and
1-10° mol L™ hydrochloric acid as well as the calibration csrvebtained with
5-10° mol L™ and 1-10* mol L™* hydrochloric acid as carrier solution showed thms
shape respectively, but they were shifted alongtdaate. That means that the peak areas
obtained with 1-17 mol L™ hydrochloric acid as carrier were smaller thanpbek areas
obtained with 5-10 mol L™ hydrochloric acid, and thus the signal formatioaswnore
rapid. Similarly, the peak formation was more rafuida 1-10% mol L™* hydrochloric acid
solution than for a 5-I&mol L™ hydrochloric acid solution.

To choose the most suitable hydrochloric acid eatration of the carrier solution,
the required sensitivity as well as the required@ang frequency has to be considered. If
a high sensitivity is required, a carrier solutmmtaining 1-10 mol L™* hydrochloric acid
should be applied. If a high sampling frequencyeguested and a lower sensitivity is

sufficient, a solution of 1-I&mol L™ hydrochloric acid is suggested as carrier solution
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4.3 Determination of the calcium and magnesium conternih aqueous solutions

4.3.1 Basic studies concerning the carrier solution

Two carrier solutions, one containing 0.01 mat H,Y? and one containing 0.02 moT'L
HY?", were tested with respect to the detection limkinable for calcium ions. Carrier
solution 1 (prepared from the disodium salt of EDTA Chapter 3.3.3.1) had a pH value
of 4.5 at 23 °C. At this pH value,M* is the dominant species. In contrast, the pH of
carrier solution 2 (prepared from a Titri8@mpoule, cf. Chapter 3.3.3.1) was determined
to be 9, meaning that HYis the dominant species in this solution.

With both carrier solutions smooth baselines wals&ined. In order to ascertain
which of both carrier solutions is more suitable flee determination of water hardness,
solutions of calcium nitrate in a concentrationgafrom 1-10° mol L™ to 1-10° mol L™
were injected into both carrier solutions, respetyi. 0.01 mol L* KCI was added to all
calcium solutions for improving the conductivitynchthe pH values of the calcium
solutions were adjusted to 6. In Figure II-11 tygbipotentiometric peaks obtained for the
calcium ion solutions injected into carrier soluti@ (cf. Figure 1l-11a) and into carrier
solution 2 (cf. Figure 11-11b) are shown.
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Figure 1I-11: Potentiometric peaks obtained for calcium ion sohs injected into(a)
carrier solution 1 andb) carrier solution 2 (injection volume: 150 uL, flovate:
1.75 mL min?).

In general, an increase in potential means a dseren pH according to the
function of the quinhydrone electrode (cf. Chafet.3.2). Obviously, the peaks of the
same calcium concentration obtained in case oferagolution 1 were smaller than in case
of carrier solution 2. Furthermore, the peak shapained in case of carrier solution 1 was

more complex than in case of carrier solution 2cdse of carrier solution 2 single peaks
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occurred, whereas in case of carrier solution lbbBoypeaks appeared. A schematic

explanation for the peak shape is given in Figii2h and 11-12b.
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Figure 1I-12: Schematic explanation of the obtained peak sl{apen case of carrier
solution 1 and(b) in case of carrier solution 2. Dotted line: baselwithout sample
injection, dashed line: injection of a sample withoalcium or magnesium ions, full line:

injection of a sample with calcium or magnesiumsion
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The pH of carrier solution 1 (pH = 4.5) is slightbwer than the pH of the calcium
containing solutions (pH = 6). If no reaction wowldcur between the carrier solution and
the sample, one had to expect that the potentithlslightly decrease when the sample
passes the detector and it will slightly increadeemv the carrier passes the detector,
respectively. That means that a negative peakapplkear (cf. dashed line in Figure 11-12a).
However, after injection of the calcium solutionarthe carrier solution a dispersion zone
is formed on both sides of the sample solutiorthindispersion zone, a complex is formed
between the calcium ions of the sample solution @u@dEDTA of the carrier solution

according to the following reaction:
[HY]” +Cca = [caf” +2H (11-23)

Due to the proton release by the complexationptten the dispersion zone decreases and
thus the potential of the quinhydrone electrodedases depending on the proton release
and hence on the concentration of calcium ionsthin centre of the sample zone, the
concentration of reagent (EDTA) diminishes and ketite proton release decreases.
Because of the higher pH of the sample solution gHeincreases and the potential
decreases. The extent to which the potential deesea the centre of the sample zone
depends on the concentration of calcium ions. Thkee, pH decreases and thus the
potential increases again, when the backside ofdifigersion zone passes the detector,
before the potential decreases again to the basetitential (cf. full line in Figure 1l-12a).
The appearance of double peaks during FIA titrgtibas already been described in the
literature and has been traced back to the lackeafent in the centre of the injected
sample zone [21].

In case of carrier solution 2, the EDTA has a bighH value than the sample
solution (cf. Figure 1I-12b). The difference of tip# values is about 3. If no reaction
would occur between the carrier solution and theapde, one had to expect that the
potential increases when the sample passes thetatetecording to the lower pH of the
sample (cf. dashed line in Figure 1I-12b). Howevafter injection of the calcium
containing sample solution, the mixing of sampled asarrier solution starts in the
dispersion zone, and thus a complexation of calcioms with EDTA takes place

according to the following reaction:

[HY]” +ca = [ca)” +H (11-24)
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While the complexation reaction occurs in the disjp® zones, protons are released and
the slope of the increasing potential must depemdhe amount of released protons and
hence on the calcium ion concentration (cf. futleliin Figure II-12b). The higher the
calcium ion concentration, the more calcium ions oeact with EDTA, and hence the
more protons can be released and the steeperdpe wglill be. This holds true for the
backside of the dispersion zone, too. This meaatsthie peak area depends on the extent
of reaction 11-24 and hence on the calcium ion emtiation. Whereas the concentration of
protons increases in the dispersion zones, theghiie\of the sample zone is lower than in
the dispersion zones and hence a decrease in ijpbianthe centre of the sample zone is
not observable and no double peaks appear.

At very low calcium concentrations (lower than @*Imol L™), negative peaks
were observed also in case of carrier solutionhzs Was somewhat surprising. To explain
this phenomenon 25 mL of the carrier solution 2ensrccessively diluted in a beaker and
the pH was measured with a glass electrode aftér @idution step (cf. Table 11-6).

Table I1-6: Dependence of the pH of carrier solution 2 (0.@2 ;' HY*", Merck) on its

dilution with ultrapure water.

V(H20)add [ML] pH
0 8.94
5 8.96
10 9.04
15 9.08
20 9.12
25 9.14

Table II-6 clearly shows that when diluting carrigolution 2 in a beaker an
increase in the pH of the solution was observed, ite., the appearance of negative peaks
could be caused by a simple dilution of the cas@ution in the sample zone. Besides, at
low calcium concentration the amount of protonaetin the dispersion zones is too small
to compensate the dilution effect and thus no emeeof the potential can be observed.

Since the peaks obtained with carrier solution &ewless complex and better

quantifiable, this carrier solution was used father experiments.
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4.3.2 Calibration curves

In a first series of experiments, the dependencé¢hefpeak area on the calcium ion
concentration had to be investigated. Therefordutisns of calcium chloride in a
concentration range from 1.20nol L™* to 5-10° mol L™ were prepared. All standard
solutions contained 0.01 mol'LKCI and the pH of all standard solutions was asjtigo

6. The standard solutions were injected into cas@dution 2 (Merck) and potentiometric
measurements were performed. The peak areas ofdbeled peaks were determined and
they were plotted against the calcium ion concéotra. A typical calibration curve is

given in Figure II-13.
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Figure 1I-13: Dependence of the peak ardaon the concentration of calcium ions in
solutions (by using Cag@)lin case of carrier solution 2 (injection volunis0 pL, flow
rate: 1.75 mL mift).

As Figure 1I-13 shows, a non-linear calibratiomvawas obtained. In fact, the

calibration curve could be fitted best by a signabigrowth function of the type:

__A-A
y= A (1-25)
1+(x/%,)

with  A;: initial y-value
A final y-value
p: power
Xo: centre X-value of the inflection point of the sigmoidal eaj.
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Furthermore, it had to be studied, if there isfeence of the peak areas obtained
with calcium ions containing solutions and the paadéas obtained with magnesium ions
containing solutions. Also, the effect of the anafrthe calcium and magnesium salts on
the peak area was investigated. Therefore, calilbraurves were recorded with different
magnesium and calcium salts in a concentration eafigm 1.10°mol L™ to
1-10°mol L™}, in the same way as described before for the oésmalcium chloride.
Beside calcium chloride, the following other catoiland magnesium salts were used:
calcium sulphate, calcium nitrate, magnesium ct&ri magnesium sulphate and
magnesium nitrate. In Figure 1l-14 the calibrataamves obtained for the different calcium

and magnesium salts are shown.

2.5 = Mg(NOy,
] * MgSQ
2.0- A MgCI2
i A CaCL
1.54 o Casq
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Figure 1I-14: Dependence of the peak arfa on the concentration of calcium and
magnesium ions in solutions of different calciund anagnesium salts (carrier solution 2,

injection volume: 150 pL, flow rate: 1.75 mL mth

Again, it was established that a sigmoidal grofutirction according to Equation II-
25 is most suitable to describe the shape of thibraion curves. The parameters of the
function for the calibration curves of the diffet@alcium and magnesium salts are shown
in Table II-7.
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Table II-7: Parameters for calibration curves with differescmm and magnesium salts.

Aq Az Xo p
Ca(NO3): -0.17 4.66 0.009 0.81
CaSO, -0.15 4.02 0.006 0.83
CaCl, -0.17 3.55 0.004 0.83
Mg(NOs),| -0.13 4.05 0.012 0.81
MgSO, -0.14 3.12 0.005 0.84
MgCl>, -0.15 3.45 0.006 0.81

It is not only that Equation 1I-25 gave the basbf the experimental data, but also
some calibration curves really showed at the higbescentrations a decrease of slope as
it is expected for a sigmoidal curve, so that theice of Equation II-25 is additionally
supported. Further, at calcium concentrations elngethe concentration of EDTA salt,
the signal must become constant for reasons aftstonetry.

As expected, the kind of anion has no influencetloa calibration curve (cf.
Figure II-14 and Table II-7). However, small di#aces of the calibration curves for
calcium and magnesium ions are observed. At corat@ns higher than 1-1bmol L™,
the peak areas obtained for calcium salts werdatbfigarger than the peak areas obtained
for magnesium salts of the same concentration. $imall differences of the calibration
curves were most probably due to different conweati stability constants of the EDTA
complex of magnesium ions (I&gMg®*) = 8.79 forl =0.1 at 20 °C [113]) and of the
EDTA complex of calcium ions (lo(Ca") = 10.69 forl =0.1 at 20 °C [113]). The
higher the conventional stability constant, theydaris the extend of complex formation
and thus the more hydronium ions are released,hwtacise an increase of the potential.
Because of the higher stability constant of th&"&DTA-complex compared to the Mg
EDTA-complex, the production of hydronium ions wagher in case of calcium solutions,
and hence the signals obtained with calcium soistwere slightly larger than the signals
obtained with magnesium solutions.

Consequentially, for the determination of the ltdtardness the calibration had to
be performed with solutions containing a mixturealicium and magnesium ions, whereas
for the determination of the calcium hardness, temls which only contain calcium ions
had to be used to calibrate the system. An unknoamcentration of the mixture of
calcium and magnesium ions or an unknown concéorradf only calcium ions can be
calculated with Equation [I-25 by using the fittingarameters from the respective

calibration curve.
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4.3.3 pH sensitivity

For automatic real sample analysis it is intergstinow sensitive the method is with
respect to sample pH. Therefore, solutions of gaicinitrate using three different
concentrations were preparedcy(Ca’) = 1-:10° mol LY,  c(C&") = 5-10° mol L™,
cs(Cah) = 1-102 mol L) and the pH values of each solution was variediéen 3 and 9.
The FIA system was calibrated with calcium nitratdutions in a concentration range
from 1:10° mol L™* to 1-10° mol L™. The pH of all standard solutions was adjuste€l.to
All standard solutions and all sample solutionstapred 1-10° mol L™* KCI. Table II-8

gives the determined calcium ion concentrationgddmg on the pH.

Table II-8: Measured calcium ion concentration depending a gHl of the sample

solution (carrier solution 2).

c(Ca®*)given = 0.01 mol Lt | ¢(Ca**)given = 0.005 mol L | ¢(Ca*")given = 0.001 mol L*
PH | c(Ca®)exp[mol L™ | pH | c(Ca™)exp[mol L™ | pH | c(Ca®)exp [mol L]
3.06 0.160 3.06 0.0079 3.02 0.0030
4.09 0.010 4.04 0.0052 3.97 0.0011
4.91 0.010 4.88 0.0050 4.87 0.0010
5.40 0.010 5.63 0.0050 5.34 0.0010
6.02 0.010 6.38 0.0051 5.80 0.0010
7.09 0.010 6.80 0.0050 6.98 0.0010
8.11 0.010 7.90 0.0047 7.84 0.0010
9.19 0.011 9.09 0.0048 9.19 0.0009

Interestingly, the influence of sample pH was ighle over a large range, namely
from pH 4.5 to 7.0. To explain this, two effectsvédo be considered, which influence the
peak area in FIA titrations: On one side, the pmaa depends on the acidity of the sample
solution and on the other side the effective stghilonstant and thus the complexation in
the dispersion zone depends on the pH of the solutf no complexation would take
place, the peak area would increase with decregdihgf the sample solution. However,
in complexation reactions the effective stabilignstant plays an important role. The
effective stability constant is the lower, the lovibe pH of the sample solution is, i.e.,
with decreasing pH values less amounts of complexfa@amed and thus less hydronium
ions are released during complexation. In caseatrmlkaline sample solutions, the peak
areas caused only by the pH of the sample solwtionld be smaller, but the effective
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stability constants increase, and hence more psaomreleased, so that the peak areas are
increasing.

For practical applications, the pH independencthefpeak area in the range from
pH 4.5 to pH 7 is very convenient, because the pkhany water samples lies in that
range, i.e., the pH of such sample solutions hagambe adjusted. Only if the pH of the
sample solution is out of the mentioned rangeptidias to be adjusted.

4.3.4 Determination of the detection limit, the dynamic veorking range and the

precision

For the determination of the detection limits faloatum and the sum of calcium and
magnesium ions, calibration curves were recorddterdfore solutions were prepared,
which contained on one side calcium ions only amdhe other side equimolar amounts of
calcium and magnesium ions in a concentration raifd®")) from 1-10° mol L™ to
5-10  mol L™ . 1-102 mol L™ KCI was added to all standard solutions. In Figixks, the

obtained sigmoidal calibration curves are given.

6 - cf'
. Ca2+ + MgZ+

y = (-0.21—- 10.07)/(1 + (x/0.24}) + 10.07
44 R = 0.99855

A, [Vs]

y = (=0.20 — 8.38)/(1 #(0.11*Y + 8.38
R’ = 0.99874

10° 10* 10° 10° 10"

c(M*") [mol L™

Figure 11-15: Dependence of the peak ar®aon the concentration of calcium ions and on
the concentration of the sum of calcium and magmesons respectively (carrier solution
2, injection volume: 150 pL, flow rate: 1.75 mL min
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Afterwards, a blank solution, i.e., ultrapure watgth 1-10° mol L™* KCI, was
injected into the carrier solution 2 ten times.Ufgyll-16 shows the obtained peaks.

-0.096—-
-0.098—-
-0.100—-
-0.102—-

-0.104

E[V]

-0.106+

-0.108+

-0.1104

-0.112
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tfs]

Figure 1I-16: Potentiometric peaks obtained for the blank sotufultrapure water with
1-10% mol L™* KCI) injected into carrier solution 2 ten timesjéction volume: 150 pL,
flow rate: 1.75 mL mif).

The mean and standard deviation of the obtainedk peeas was calculated as

follows:

mean = -0.095 Vs
standard deviation = -0.002 Vs (~ 2%).

Using this values and the functions of the calibraturves, the lowest detection limits
(30) were calculated as 7-Famol L™ for calcium and as 9-10mol L™ for the sum of
calcium and magnesium ions, respectively. By mednhe obtained calibration curves
and the tenfold injections of the blank solutidnyas found that for calcium and the sum
of calcium and magnesium ions the dynamic workaengge extends to at least four orders
of magnitude with a standard deviation of 2% (maxim deviation for small
concentrations). Of course, the precision dependsthe fitting parameters of the
calibration curve (cf. Chapter 4.3.2). The largee difference betweeA; and A,, the

largerp and the better the unknown concentration appraaghthe better is the precision.
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4.3.5 Measuring of sample solutions

Different water samples were analysed with respethe content of the sum of calcium
and magnesium ions and with respect to the comtiecdlcium ions separately, using the
FIA system. In parallel, also batch titrations wpezformed for the sake of comparison.
To determine the sum of calcium and magnesium ithiesFIA system was calibrated with
equimolar calcium nitrate and magnesium nitrateitsmts in a concentration range from
5.10° mol L™ to 2.5-10° mol L™}, respectively. The mixture of both ions was used t
eliminate slight deviations due to slight differescin the calibration curves of separate
calcium and magnesium ion solutions (cf. Chapter2). After addition of
0.01 mol L* KCI, the water samples were injected in the FlAtsgn without any further
pre-treatment, and the sum of calcium and magnesinswas determined.

To determine the calcium ion content separatbly,RIA system was calibrated by
using calcium ion solutions in a concentrations genfrom 1-10°mol L™ to
5.102 mol L™, After removing magnesium ions (cf. Chapter 3B.3and addition of
1-102 mol L™ KClI, the water samples were injected in the FlAtem, and the calcium
ion concentration was determined. The results &f &hd batch titrations for synthetic

water sample, mineral water, river water and drigkivater are compared in Table 11-9.

Table 11-9: Comparison of the results of different water sampbbdtained with batch

titrations and FIA titrations (number of replicatics 3).

c(Ca?" + Mg®") [mmol L™ c(Ca?") [mmol L™
Batch FIA Batch FIA
Synthetic water 4.49 £0.01 452 £ 0.0% 2.03+0.01 1.90+£0.01
Drinking water 3.28 +0.04 3.44 +0.14 259+0.02 2.35+0.10
Mineral water 2.94 £ 0.02 3.16 £ 0.02 1.52+0.06 .301+0.01
River water 3.37£0.01 3.52 £ 0.08 1.75+0.13 22:3.07

Table 11-9 shows that a rather good agreementdcbalachieved between the FIA
results and batch titrations. By applying a studertest it was confirmed that there is no
statistically significant difference of the resultdbtained by FIA and batch titrations
(p = 0.95).



Il Flow-Injection-Analysis with a pH sensitive gii@ige/quinhydrone composite electrode 51

4.4 Determination of titratable acidity and pH of wine

4.4.1 Titratable acidity of wine

4.4.1.1 Batch titration

Conventional potentiometric batch titrations offelient wine samples were performed for

the sake of comparison. Typical titration curvesenabtained (cf. Figure 11-17).

V(NaOH) [mL]

Figure 1I-17: Titration curve obtained for a classical acid-b&gation of a white wine
using a solution of 0.1 mol't NaOH as titrant (volume of sample solution: 10 m(g):
equivalence point determined from the zero crossihghe second derivative of the
titration curve(b): pH 7 is used as endpoint of the titrati¢s); pH 8.2 is used as endpoint

of the titration.

The equivalence point was determined from the zmwssing of the second
derivative plot of the titration curve, and fromethonsumption of sodium hydroxide the
titratable hydronium ion concentratioo(HsO") in the wine sample was evaluated.
Figure lI-17a shows the determined equivalencetgaithe titration curve. Furthermore,
the endpoint obtained for the titration up to pldntl the endpoint for the titration up to

pH 8.2 are marked in Figure Il-17. To calculate fthteatable acidity expressed as
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g L™* tartaric acid, the following formula was appliek60.09 g mol* is the molar mass of

tartaric acid [107]):

titratable acidity [g L' tartaric acid4c (H 0&50.092g mot . (11-26)

For each wine sample, three batch titrations wewecwed. The results are shown in
Table 1I-10. The table shows the results of batthtions (i) for titration until the real
equivalence point, (ii) for the titration up to ptD, (iii) for the titration up to pH 8.2.

Table 11-10: Comparison of the results of different wine sarapddtained for titration
until the real equivalence point (EP), for thetiton up to pH 7.0 and for the titration up to

pH 8.2.

Titratable acidity in mmol L " H30" (and in brackets in g L~
tartaric acid)
EP pH 7 pH 8.2
Red wine 1 68.0 (5.10) 66.2 (4.97) 72.0 (5.40)
Red wine 2 63.3 (4.75) 62.6 (4.70) 67.4 (5.06)
Red wine 3 73.8 (5.54) 69.7 (5.23) 75.9 (5.70)
Red wine 4 74.2 (5.57) 71.9 (5.40) 75.8 (5.69)
White wine 1 65.7 (4.93) 63.9 (4.80) 67.6 (5.07)
White wine 2 67.8 (5.09) 65.1 (4.89) 69.1 (5.19)
White wine 3 82.8 (6.21) 78.5 (5.89) 83.2 (6.24)
White wine 4 81.5 (6.12) 78.9 (5.92) 82.6 (6.20)
Rosé wine 63.1 (4.74) 59.6 (4.47) 63.9 (4.80)

It is shown that for all three methods of endpaietermination, different values of
the titratable acidity were obtained. Neither dyation up to pH 7 nor by titration up to
pH 8.2, the true value of titratable acidity isatetined; in fact, the pH of the true endpoint
was different for each wine and was between pHd @ 8 [91]. By analysing the zero
crossing of the second derivative plot of the ftiibra curve to determine the endpoint, a

good approximation to the true endpoint was obthine
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4.4.1.2 FIA titration

4.4.1.2.1 Matrix simulation of wine

In preliminary experiments with water as solvengry well reproducible peaks were
obtained, but a systematic and highly reproduallgeiation between the results obtained
with FIA and batch titrations were observed. Theamraason for that lies in the fact that
wine is a very complex matrix containing constitisemwhich obviously interfere in the
Sensor response.

One of the main redox systems in wine are phenolsTable II-11, further

examples of typical redox systems in wine and tsigindard potentialE® are given [92].

Table II-11: Typical redox systems found in wine and the cqoesling standard
potentialsE® at pH 3.5 [92].

Reaction E® inV
120, +2H +2e 2 H( 1.022
Fe" +é = F& 0.771
0,+2H +2é 2 HQ 0.475
Dehydroascorbate + 2’H +2e=  ascorl 0.267
Fumarate + 2 H +2ez succin 0.237
Cu +€ = Cd 0.158
Oxaloacetate + 2H +2Zez= mal 0.105
Acetaldehyde + 2 H +2ez etha 0.044
Pyruvate + 2H +2ez lacte 0.027
Acetyl-CoA+2H +2& &= acetaldehyde €& -0.203
SO +4H +2e = HSQ +H -0.244
Acetate + 2 F +2ez= acetaldehy -0.390

Of course, redox systems can disturb the respomde the used
graphite/quinhydrone/polysiloxane composite elatdressince quinhydrone is a redox
system itself. To confirm this assumption a whiteevsample, an aqueous solutiorbaf
malic acid and a solution abL-malic acid dissolved in a white wine titrated toet
equivalence point were titrated with 0.5 mof NaOH and the redox potentiBlegox Was
measured after each NaOH addition using a platimlectrode in conjunction with a

common reference electrode (cf. Figure 11-18). Tigdronium ion concentration of time -
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malic acid solutions was similar to the hydroniwn concentration in the wine. The redox
potential in such a malic acid solution must chaafier NaOH addition, because malic
acid is in chemical equilibrium with malate and ataloxaloacetate is a redox system, the
potential of which is dependent on the pH of thieitsmn (hydronium ions are involved in

the electrochemical equilibrium).

100+

-1004

[mV]

redox

-200+

E

—o— white wine
-3004 —e— malic acid
—— malic acid in neutralized wine

A0+ T T T T T

V(NaOH) [mL]

Figure 11-18: Dependence of the redox potenti&lqox VS. Ag/AgCl (3 M KCI) on the
volume of 0.5 mol [* NaOH added to (i) aqueous solutionbetmalic acid, (ii)DL-malic
acid dissolved in wine titrated to equivalence pand (iii) wine (volume of sample

solution: 40 mL).

In Figure 11-18, it is shown that the curves of tiiqueous solution of.-malic acid
and wine had similar shape, but the redox potemntialependence of the added NaOH
volume was shifted. In case of the wine sampleptitential jump at the equivalence point
was larger than in case of the aquebusnalic acid solution. The differences of the redox
potential indicated that additional redox systeneseapresent in wine, which affected the
quinhydrone response of the sensor. Wbhermmalic acid was dissolved in white wine
titrated to the equivalence point, the titratiomveuapproached the titration curve of the
wine (cf. Figure 11-18).

Consequently, the matrix of the standard solutigsed to calibrate the FIA system
has to be similar to the wine matrix. To simulate tmatrix of wine, a solution of
4 mol L sodium hydroxide was added successively to a witiéthe pH of the wine was
equal to the pH of its equivalence point (pH ~ 7H)is wine titrated to the endpoint was



Il Flow-Injection-Analysis with a pH sensitive gii@ige/quinhydrone composite electrode 55

used as solvent for all calibration solutions asdsalvent for the dilution of all wine

samples.

4.4.1.2.2 Calibration curves

Calibration curves were recorded with solution®bfmalic acid in a concentration range
from 5-10°mol L™ to 1.25-10°mol L™ . This range corresponds to hydronium ion
concentrations between1D°mol L™ and 2.5102 mol L™, because malic acid is a
dibasic acid. All standard solutions contained 1% ifol L™* KCI. As solvents, white wines
as well as red wines titrated to the equivalendatpeere used, respectively. Asymmetric

peak shaped signals, which are typical for FlAatibms, were recorded (cf. Figure 11-19).

0.004 C1
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Figure 11-19: Potentiometric peaks obtained for calibration gohs (C1 to C7) and wine
sample solutions (S) injected into the carrier Sotu (510°mol L' NaOH +
1:102 mol L™ KCI) (injection volume: 150 pL, flow rate: 1.75 nmhin™). C1: 1.25107
M pL-malic acid, C2:8.7510° M bpL-malic acid, C3: 8.0° M pL-malic acid, C4:
3.7510°° M pL-malic acid, C5: 2.80° M pL-malic acid, C6: 1.240™* M pL-malic acid,
C7: 510* M pL-malic acid.

The peak area®» was used for calibration. With both solvents, canaple
calibration curves were obtained: linear depend=n@f A» on the hydronium ion

concentration were observed (cf. Figure 1I-20).
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Figure 11-20: Dependence of peak ar@a on theconcentration of hydronium ions in the
solution. White wine adjusted to pH 7.5 was used sadvent (carrier solution:

510°mol L*NaOH + 1102 mol L*KCI, injection volume: 150 uL, flow rate:

1.75 mL min?).

4.4.1.2.3 Measuring of wine samples

After purging with nitrogen, the wine samples wditited by a factor of 5 in a volume
flask using the same white wine titrated to the & solvent as for the calibration
solutions. The diluted wine solutions were injedi®@d the FIA system and the hydronium
ion concentration was calculated using the calibnagquation and taking into account the
dilution of the wine. Equation 11-26 (cf. Chapter44l.1) was applied to calculate the
titratable acidity expressed as @ ttartaric acid. In Table 11-12, the results of Rifation
and batch titration until the real equivalence p&on different wine samples are compared.
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Table 11-12: Comparison of the results of different wine sarapédtained with FIA

titrations and batch titrations until the real egleénce point (number of replication is 3).

Titratable acidity in mmol L ™" H30" (and in brackets in g L*
tartaric acid)
FIA Batch
Red wine 1 64.8 (4.86) 68.0 (5.10)
Red wine 2 63.6 (4.77) 63.3 (4.75)
Red wine 3 73.3 (5.50) 73.8 (5.54)
Red wine 4 75.9 (5.70) 74.2 (5.57)
White wine 1 67.5 (5.07) 65.7 (4.93)
White wine 2 68.9 (5.17) 67.8 (5.09)
White wine 3 83.3 (6.25) 82.8 (6.21)
White wine 4 79.6 (5.97) 81.5 (6.12)
Rosé wine 66.6 (5.00) 63.1 (4.74)

The results of FIA titrations were in good agreameith the results obtained with
batch titrations until the equivalence point. Bypymg a pairedt-test, it could be
established that for the different wine samplestitnatable acidity determined with FIA
titration and batch titration to the equivalencenpalo not differ significantly g = 0.98).
Furthermore, theélrganisation Internationale de la Vigne et du Vin (OIV) requires a
reproducibility of 0.3 g [* tartaric acid for white and rosé wines and a repcibility of
0.4 g L tartaric acid for red wines [93]. That means ttre differences of the results
obtained with FIA titration and batch titration urnhe real equivalence point were within
the specified range for all the wine samples.

However, the legal requirements in the US and pin@quire titrations up to pH
8.2 and 7.0, respectively. Thus, the results obthioy FIA titration have to be corrected.
Therefore, a solution afL-malic acid dissolved in white wine titrated to thguivalence
point was titrated with NaOH and the pH was meabwaiter each NaOH addition. The
consumption of NaOH up to pH 7 and up to pH 8.2 determined and compared to the
NaOH consumption until the real equivalence poregpectively. With respect to the
NaOH addition until the real equivalence point, ddded NaOH volume amounts to
96.2% in case of titration up to pH 7 and 100.5%ase of titration up to pH 8.2. These
correction factors were applied to the FIA titratiby multiplying thepL-malic acid
concentrations of the calibration curves with 0.9621.005 to determine the titratable
acidity of wine samples up to pH 7 or up to pH 8&spectively. In Table II-13, the
titratable acidity of the wine samples determingdcorrection of the FIA results and

determined by batch titration up to pH 7 and pHr@&spectively are compared.
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Table II-13: Comparison of the results of different wine sarmap@btained with FIA
titration after multiplication with a correctionder and batch titrations up to pH 7 and pH

8 (number of replication is 3).

Titratable acidity in mmol L ™" H30" (and in brackets in g L tartaric
acid)
Titration to pH 7 Titration to pH 8.2
FIA Batch FIA Batch
Red wine 1 62.2 (4.67) 66.2 (4.97) 65.0 (4.88) 72.0 (5.40
Redwine2 | 61.1 (4.59) 62.6 (4.70) 63.8 (4.79) 67.4 (5.06
Red wine 3 70.6 (5.30) 69.7 (5.23) 73.7 (5.53) 75.9 (5.70
Redwine4 | 72.8 (5.46) 71.9 (5.40) 76.2 (5.72) 75.8 (5.69
White wine 1 64.8 (4.86) 63.9 (4.80) 67.8 (5.09) 67.6 (5.07
White wine 2 66.2 (4.97) 65.1 (4.89) 69.1 (5.19) 69.1 (5.19
White wine 3 79.9 (6.00) 78.5 (5.89) 83.6 (6.27) 83.2 (6.24
White wine 4 76.4 (5.73) 78.9 (5.92) 80.0 (6.00) 82.6 (6.20
Rosé wine 63.9 (4.80) 59.6 (4.47) 66.9 (5.02) 63.9 (4.80

By using the correction values, the FIA results sr good accordance with the
results of batch titration up to pH 7 and pH 8.heTdifferences were within the range
specified by the OIV for nearly all wine samplesilYDin case of the titration of red wine 1
up to pH 8.2 and the titration of rosé wine up té P, the differences of the results
determined with FIA and batch titrations were algsithe required range. While the
obtained deviation for the rosé wine was only mally outside the required range
(0.33 g 'Y, while only a difference of 0.3 g tis allowed), the deviation for red wine 1
was larger; here, the values determined with Firation and batch titration up to pH 8.2
differed by around 0.52 gL tartaric acid, while only a difference of 0.4 g'lis allowed

according to the requirements of the OIV.
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4.4.1.2.4 Determination of the repeatability

The repeatability of the determination of titratablcidity of wine with FIA titrations was

studied using a red wine. Four samples of the wieee prepared by purging the wine with
nitrogen and diluting the wine using a white wirnteated to the equivalence point as
solvent. Each sample was injected into the FIAeysthree times and the titratable acidity

was determined (cf. Table 11-14).

Table II-14: Investigation of the repeatability of the deteratian of titratable acidity of

wine by FIA titration. Four samples of one red wiwwere prepared and injected three

times.
Titratable acidity in mmol L ™ H30" (and in brackets in g L~
tartaric acid)
Injection 1 Injection 2 Injection 3 Mean

Samplel| 67.9 (5.10) 66.9 (5.02) 67.5 (5.07 67.4 (5.09)
Sample 2| 70.7 (5.31) 70.4 (5.28) 66.2 (4.97 69.1 (5.19)
Sample 3| 66.0 (4.95) 68.3 (5.13) " 67.2 (5.04)
Sample 4 | 67.8 (5.09) 70.4 (5.28) 68.0 (5.10 68.7 (5.16)

“sample 3 could be injected only twice

Using the mean values of the four samples thataitMe acidity of the studied red
wine was determined to be 0.0681 + 0.0009 nidH;O" (5.11 + 0.07 g [* tartaric acid),
l.e., the standard deviation for the determinabbrthe titratable acidity of wine via FIA
titration was less than 1.5%. The obtained devmatudfilled the requirements of the OIV,
which requires a repeatability of 0.07 g tartaric acid [93].

4.4.2 pH measurements

The pH values of different wine samples were measwumder FIA conditions, and the
data were compared with pH measurements using\entanal glass electrode.

The FIA system was calibrated using Britton—Robmbuffer solutions in the pH
range 2 to 8. Peak shaped signals typical for Fekewobtained and the peak heiglidp
was used for calibration. By plottingEp versus pH of the injected buffer solution, a linea
dependence with a satisfactory slope of —51.1(pi¥)"* was observed in a pH range 2 to
6 (cf. Figure 1I-21).
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Figure 11-21: Dependence of peak heighEr on the pH of the Britton—Robinson buffer
solution (carrier solution: 10 2mol L"*HCI + 1:10?mol L™* KCl, injection volume:
150 pL, flow rate: 1.75 mL min).

The obtained slope is smaller than the theoretiahle of —59.2 my(pH)™ (for
T=25°C), because steady state signals were nt#ined under the measurement
conditions (injection volume: 150 pL) allowing rdpdeterminations of small sample
volumes. As could be shown, for the pH measuremehtbe wine samples, no steady
signals are necessary.

In more alkaline regions, the pH dependenceABf deviated from the linear
behaviour due to the oxidation of the  hydroquinoneof the
graphite/quinhydrone/polysiloxane composite elatdroby atmospheric oxygen (cf.
Chapter 2.1.3.2) [46]. However, the linear parttloé calibration curve can be used for
evaluation, because the pH value of wine usualigea between 2.9 and 4.2 [90]. After
injection of the calibration buffers, the samplesrevinjected into the FIA system without
any pre-treatment andEp was determined. The pH values of the wine samples

calculated using the calibration data (cf. Tabl&3).
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Table 1I-15: Comparison of the pH values of different wine skwspetermined with the

FIA system and the glass electrode (number ofcafitin is 3).

pH
FIA Glass electrode
Red wine 1 3.32+0.01 3.32
Red wine 2 3.58+0.04 3.55
Red wine 3 3.71£0.03 3.73
White wine 1 3.26 £ 0.01 3.34
White wine 2 3.23+£0.02 3.17

Table 11-15 shows that there was a good agreetetmieen the FIA measurements
and the batch determinations using a glass elextfiod statistically difference, pairéd
test, p=0.98). In Table II-15, also the standard dewiai of the threefold pH
measurements of the wine samples with the FIA systee given. For most of the studied
wines, the standard deviation of the pH valuesrdeted with the FIA system was less
than 1%, i.e., the pH measurements deviated less dbout 0.05 pH units. According to
the OIV, a determination within £ 0.05 pH unitsriecessary, so that the repeatability

obtained with the FIA system fulfilled also thatjugrement of the OIV [93].
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5 Conclusions

A flow-through composite electrode based on grapaitd quinhydrone was improved by
using polysiloxane as binder and was successfutiplemented in a FIA system.
Compared with electrodes, in which PMMA was used basder, the polysiloxane
electrodes were much easier to handle, wheregsotieatiometric response behaviour was
comparable with that obtained with PMMA. By usinglysiloxane as binder, a hole
through the pH sensitive layer can be punctured easily with the help of a cannula,
whereas a driller has to be employed for makingla through a pH sensitive layer with
PMMA as binder. This is an important advantagertartine analytical use. Further, the
pH sensitive layer with polysiloxane as binderaplaceable, so that no new detector cell
has to be fabricated when new electrode surfaeesesded.

The modified electrode proved to be a very uspéientiometric detector for FIA
acid-base titrations of aqueous solutions. Thatitn of several acids and bases showed
that the calibration curves depend on tKg yalues of the acids or on th&pvalues of the
bases, respectively: For the determination of ttid ar base content of a sample, it is
essential to calibrate the FIA system with an acithase of aly, or pKy, value similar to
the K, or pK,, value of the analysed acid or base. That is tie way to ensure accurate
measurements.

Furthermore, it was demonstrated that the FIAesgsin conjunction with the
graphite/quinhydrone/polysiloxane composite elatdras a useful tool for acid-base
titrations inbuffer solutions. This offers the opportunity to measure activitdkenzymes,
which produce acids during the enzymatic reactiorthe same way as described already
in [24].

New  applications of the flow injection system  with the
graphite/quinhydrone/polysiloxane composite elatdravere developed in the area of
water analysis andfood analysis. The FIA system was applied to determine the gaici
and magnesium content in agueous solutions (watelnless) by measuring the hydronium
ion release during the complexometric reaction betwEDTA and calcium or magnesium
ions. The method was employed successfully to treyais of mineral water, drinking
water and river water.

Further, a method was established to determinaesgiglly the titratable acidity
and the pH of wine. White wine, red wine as wellrasé wine were analysed. The

obtained results were in good agreement with tludgeined by classical potentiometric
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titrations or by pH measurements using a convealigtass electrode. The new FIA
methods fulfil the official requirements of tl@ ganisation Internationale de la Vigne et

du Vin with respect to reproducibility and repeatabilityhe developed titration method to
determine the acidity of wine can be easily adplistethe legal requirements in the USA
and Europe, which require titrations up to pH &a &.0, by introducing a multiplication

factor. It is expected that the described methoddetermine pH and titratable acidity of
wine are easily adaptable to other aqueous drikkdea, coffee or juice.

The main advantage of the described FIA systerh thié potentiometric detector
based on graphite and quinhydrone lies in thetfaattfor all the different applications one
and same FIA configuration can be used, withoutnghmg the detector system. Only
different carrier solutions are necessary and eaprbvided by a proper stream selector. In
this thesis, it could be successfully shown that BWA system in conjunction with the
graphite/quinhydrone/polysiloxane composite ela#roallows simple, rapid and
automated determinations of small sample volumethénareas of water analysis, food

analysis or even biochemical analysis, provideti higdronium ions are involved.
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[l Modification of gold surfaces for medical applicatons

1 Introduction

Gold is one of the most important materials in tadc devices [114], for optics [115], in
medicine as implants [116] and as electrode matgria/, 118] due to its physical and
chemical properties as high conductivity, excell@mrosion resistance and high reflecting
capacity for infrared radiation.

In electrochemistry, gold electrodes are ofterdusesubstrate for various modified

electrodes, e.g., gold electrodes modified with-assembled monolayers (SAMSs). It is

known that’OH radicals generated in Fenton solutions dissolwd sather stable SAMs
of alkyl thiols on gold. Lopez de Lara Gonzaleslgeinann and Scholz have used this

destructive interaction to detect radicals andoadicavengers [119, 120].
In further studies, Nowicka et al. have invesgghathe impact ofOH radicals on

mechanically polished gold surfaces. Unexpectetligy have found thatOH radicals

generated in Fenton solutions smooth mechanicallighped gold surfaces by dissolution
of the asperities of the gold surface [6]. The sthimg of the surface goes along with a
selective knock-out of the electrocatalyticallyiaetsites [7]. Since gold is known as a

chemically inert metal, the obtained results wdtehee more surprising. Especially for

medical gold implants, the attack of gold §H radicals may play an important role, as it
iIs known that such implants release gold into tveosinding tissue, which is most likely
attributed to an immune reaction in which free axygadicals are formed [8, 9]. Thus, one
aim of this thesis was to investigate, if theramsanalogue effect between the exposure of
gold to Fenton solutions and the exposure of golidnimune reactions. Furthermore it was
an aim to examine, if the release of gold from @mmi$ can be reduced by chemical

polishing of gold implants withOH radicals of Fenton solutions. Therefore, mechélyica
polished gold pieces and “Fenton-polished” goldtesgewere implanted into the peritoneal
cavity of mice and the impact on the gold surfagess analysed by atomic force
microscopy (AFM). The animal experiments have bperformed by the co-workers of
Prof. Jack in the Institute of Immunology and Tifasgpn Medicine, Greifswald

University.
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Beside the application to gold implants, the pohig of gold surfaces withOH
radicals was employed to another medical devicedas gold, which has been recently
developed by the German company GILUPI GmbH. Thimmgany has introduced a
functionalized and structured medical wire (FSM\M) thein vivo isolation of circulating
tumour cells (CTCs) from the peripheral blood oh@ar patients [10]. The wire is coated
with a gold layer before it is functionalized wigim antibody directed to the epithelial cell
adhesion molecule (EpCAM), which is present onghdace of most CTCs. For catching
CTCs from the blood stream, the FSMW is insertadubh a standard venous cannula
into the cubital vein of the patient. For suchiarnvivo method, a high sterility of the
intravenous device is indispensable. Since autoajawvould partially destroy the hydrogel
layer, the FSMW has to be sterilized by gamma iatawh. However, in previous
investigations undertaken by GILUPI GmbH, it hagermbeshown that the gold layer is
cytotoxic after irradiation with gamma rays. Thiuss essential to find a method, which
diminishes the cytotoxicity of the gold layer belaw acceptable level. Only if this goal is
achieved, the FSMW can be used for catching spemsfisin vivo.

As mentioned before, the investigations of Nowiekaal. have clearly shown that
highly reactive gold atoms can be dissolved frogolal surface. These reactive gold atoms
are most probably responsible for the cytotoxioitygold. Furthermore, it has been shown
that the dissolution of the reactive gold atomdregtment with Fenton solutions results in
a more inert gold surface, from which almost noengold atoms are dissolved [6].

Hence, a further aim of this thesis was the modiion of the gold layer of the
FSMW by treating with’OH radicals purposing no cytotoxicity of the gold éayafter
gamma irradiation. Two methods of radical generatimmely the Fenton reaction and the
UV-photolysis of hydrogen peroxide, were applied aptimized. After treating the gold
layer with "OH radicals, the FSMWs were sterilized by gamma iatésch and the
cytotoxicity was determined. In addition, the impa¢ the "OH radicals on the gold
surface was investigated applying atomic force asicopy (AFM), and the solutions used
for the treatment of the FSMWs were analysed bywatidely coupled plasma atomic

emission spectroscopy (ICP-AES) determining thel gohtent.
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2 Theoretical background

2.1 Free radicals

The term “free radical” cannot be strictly defindthwever, one may use this term as
denoting any species having an unpaired electrdreaisting for a certain time period so

that it can interact with other chemical specie&lj1122]. The simplest, although highly
reactive radical is atomic hydrogetH(), which contains only one electron and thus the

electron must be unpaired.
Free radicals can be formed, e.g., by homolyslsyaedox reactions [121, 123]. In
case of homolysis, a covalent bond is broken anal tadicals are formed from one

molecule:

AB - A +B. (1-1)

The required energy to dissociate the chemical lwamdbe provided by heat (thermolysis)
or by electromagnetic radiation (photolysis).
Radicals can also be generated by one-electrovsfénareactions, e.g., a one-

electron oxidation:

X o X*+6 (I11-2)

or a one-electron reduction:

Y+e - Y. (I11-3)

Because of the unpaired electron, free radic@gparamagnetic and usually highly
reactive. They tend to loose the free electrortpagain another electron for electron pair
formation. The latter may also result from dimeti@a of radicals. The high reactivity of
free radicals normally results in very short lif@és. Only the careful exclusion of reaction
partners may be used to increase their life timenddization can be decreased only by

dilution of the free radicals. Some free radicais @hemically rather stable and hence quite
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unreactive. The stability of these radicals mayultedrom steric protection of the
paramagnetic centre by bulky groups or from delpatibn of the unpaired electron over

many conjugated or aromatic chemical bonds [122].

2.2 Oxygen and its derivates

Molecular oxygen in its ground state, i.e., tripdelgen 629"02), is a radical. It possesses

two free electrons with parallel spins, which aveated in different antibonding orbitals
(z* 2p) (cf. Figure 1ll-1). Due to the parallel spoonfiguration, triplet oxygen is quite
unreactive and only a weak oxidant. The oxidatibaremther atom or molecule by triplet
oxygen would be only feasible, if both electrons$jck have to be accepted, would have
antiparallel spins so that they can pair with the &lectrons in the* 2p orbital of oxygen.
However, due to Pauli’s principle a pair of eleasadn one orbital will not comply with
this requirement, because they would have oppepites [121]. That is the reason why a
spin conversion is required for simultaneous twextbn reactions. Since a spin
conversion is rather slow [124], most of the reawi involving triplet oxygen are one-
electron reactions [125]. This contributes to exple low reactivity of oxygen with
many non-radicals.

However, triplet oxygen can be activated physycatly energy-transfer or
chemically by electron-transfer, and hence moretiea derivates of oxygen are formed
[126]. The physical activation does not changerthmber of electrons, but the electron
spin is reversed from parallel to antiparallel amdexcited state of oxygen results, which is

called singlet oxygen [127]. Two forms of singletygen are known, namely delta

(1A902) and sigma 1(29+02). In case of the delta form both electrons occtlpy same

orbital, while in case of sigma singlet oxygen #hectrons are placed in different orbitals
(cf. Figure llI-1) [124]. Since in both forms ofnglet oxygen the spin restriction is
eliminated, the oxidizing ability of oxygen is gtlyaenhanced.

Oxygen can be activated chemically in differenyysyanamely (i) by the successive
addition of electrons to triplet oxygen to formexiss of intermediates, (ii) by the reaction
of carbon-centred radicals with oxygen, or (iii) bdye complexation of oxygen with
transition metals, which also contain unpaired teters.

In a first step of oxygen activation by electraid@ion the superoxide radical anion

(O, ) is formed via a one-electron reduction processa8dition of a further electron to
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then* 2p orbital, the peroxide iond, ) is formed. As Figure IlI-1 shows, the peroxida io

Is not a radical because two electrons have bededatb the ground state oxygen [121].
Hydrogen peroxide (kD,) is formed via two-electron reduction of triplekygen. If

another electron is added to hydrogen peroxiddidi@y reactive hydroxyl radical QH)
is generated (cf. Figure 111-1) [124].

® O ® ®
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Figure IlI-1: Spin-orbital diagram of the electron configuratiafi oxygen and its
activated derivatives in the antibonding molecwoldnital (=* 2p) [124, 127].

Water is formed when four electrons are transfetoedplet oxygen (cf. Figure 111-2):
O,+4e +4H - 2HC (111-4)
This four-electron reduction of oxygen is one & thost important biochemical reactions.

e e +2H ell-rjo e +H
0, AN 0y A H,0, "OH AN H,O

-0.16V +0.94V +0.38V +2.33V

Figure IlI-2: Reduction of molecular oxygen to water [128].
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2.3 Reactive oxygen species (ROS)

The activated oxygen species mentioned beforeCeapter 2.2), e.g., singlet oxygen and
the intermediates generated during the reductiamxgfen to water, belong to the group of
reactive oxygen species (ROS). The term reactiwg@x species is a collective term
including oxygen radicals and also non-radical \dgives of oxygen (cf. Table Ill-1)
[121].

Table IlI-1: Reactive oxygen species [121].

Radicals Non-radicals

Superoxide anion radicaly, ) Hydrogen peroxide (+D-)
Hydroxyl radical (OH) Hypochlorous acid (HOCI)
Peroxyl radical RO;) Ozone (Q)

Alkoxyl radical (RO') Singlet oxygen {A,0,)
Hydroperoxyl radical HO,) Peroxynitrite ONOO )

ROS play an important role in several biologicabgesses, like inflammation,
ageing and cancerogenesis. Due to the permanentR@fSure, aerobic organisms would
be damaged continuously. But in the course of @waiuhe organisms developed several
enzymatic or non-enzymatic antioxidant defence esyst which make the life under
permanent oxygen exposure possible. However, if dbence systems are strongly
perturbed, toxic effects may occur. The oxidathemdge caused by reactive oxygen
species is called oxidative stress [124].

However, ROS have also positive effects: They @layessential role in immune

defence as they can destroy invading microorganamsactivate leucocytes.

2.3.1 Sources of ROS

Various internal and external sources exist coutily to the cellular steady-state
concentration of ROS in aerobic organisms: ROS@raeedin vivo by aerobic metabolic

processes in electron transfer chains and by ceeiatymes. ROS are also produced in
response to stimuli by certain reactions; e.g.,gexyradicals are formed during the

respiratory burst. In addition to these internalrses, ROS are formed in the environment
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by air pollution, photochemical smog, industriakohicals and ionising radiation [126]. In

the following some internal sources are discussedare detail.

2.3.1.1 Mitochondrial electron transport chain

In vivo, O, is mainly formed as by-product of the mitochonde&ctron flow of the

respiratory chain [121, 129]. More than 95% of txggen, which is breathed by human
organisms, is converted to water via the four-etecteduction process (cf. Chapter 2.2)
catalysed by cytochrome oxidase of complex IV ia thitochondrial electron transport
chain [130]. However, it has been found that soarées components of the mitochondrial

electron transport chain do leak a few electrorsiclvreact with molecular oxygen and
generateO, [121, 130]. The major source @), within mitochondrian vivo is complex

[, but also at complex Ill ROS production occur91131]. It is estimated that 1-2% of
the oxygen consumed during the respiratory chaiy lmeaconverted t®;, [129, 130].

2.3.1.2 Immune system

Phagocytes produce large amount of ROS to killding microorganisms during infection
defence. Phagocytosis is accompanied by an inaeéasaptake and consumption by the
phagocytes. This phenomenon is called respiratamgtb[121]. The respiratory burst
observed during phagocytosis results in oxygenvaimtin and formation of reactive
species [124]. The initial reaction, in which tldelgional oxygen of the respiratory burst is

converted toO; , is catalysed by NADPH oxidase [124, 132]:

NADPH + H" +2Q OMY¥I'?r*, NADP +20Q +2F (11-5)

The formedO; is converted into kD,, which undergoes a series of reactions generating

HOCI, "OH, and 'O, [132, 133]. The reactive oxygen species releasadngl

phagocytosis can attack macromolecular substantgdei the phagocytic vacuole or

outside the cell. This way the formed ROS contebiat anti-bacterial, anti-parasitic and
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anti-tumour functions. Beside bacteria, also sdvesadogenous substances and
xenobiotics can operate as stimulators [124].

ROS serve not only as weapons against invadintebacbut also as signalling
species for leucocytes. By the release of ROSpleyes are activated and provided at the

source of infection [124].

2.3.1.3 Fenton and Haber—-Weiss reaction

Transition metal ions, especially iron and coppersi play an important role fon vivo
ROS generation as they catalyse several free-lagi@etions [121]. The archetype of such
reactions is the so-called Fenton reaction, whias weported firstly by Henry John
Horstman Fenton (1854—1929) at the end of tHeckhtury [134]. The Fenton reaction is
based on the decomposition 0f®4 by FE" under generation of the highly reactit@H

radicals:

F€* +HQ - F& + OH+OF. (11-6)

In cells, various forms of iron complexes (chedatexist (e.g., haem or ADP)

facilitating the Fenton reactiom vivo [125]. The Fenton reaction is the main source of

"OH radicals in biological systems. Since the formi@H radical is a non-selective and
highly reactive oxidant, it will not diffuse far ay from its locus of formation until it

attacks almost all organic molecules and can dyretdimage most biomolecules. Thus,

DNA is a particularly favoured target 6OH radicals abstracting electrons from the sugar

or base moieties as well as transferring electtonssaturated bases [128].

Another reaction to producgOH radicals was suggested by Fritz Haber and
Richard Willstatter in 1931 [135] and Fritz Habedaloseph Joshua Weiss in 1932 [136]:

H,0,+0, -~ Q + OH+OH. (11-7)
This reaction is now referred to as the Haber—\Wastion. Instead oD, these authors

wrote HG, i.e., the protonated form, but this is nothingesttial. The rate constant of the

Haber—Weiss reaction in aqueous solution is verallsnbut can be increased by
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employing transition metal ions as catalysts (efg) [121, 124].In vivo the non-
catalytic Haber—Weiss reaction is irrelevant, beeaof the very low intracellula©;,

concentration (~ I8° mol L™ [137]) [128]. The catalysed Haber—Weiss reactian be

formulated as follows; here with iron ions as ozl

FE" +Q - F& +0Q (111-8)
FE* +HQ - F& + OH+OF (11-9)
Then the net reaction i$1,0, + O, - O, +" OH + OH. (11-10)

2.4 Methods to generate oxygen radicals

Oxygen radicals can be generated by various chénphbgsical or enzymatic reactions.

Some of the main methods to produce radicals stedlibelow:
Fenton reaction (cf. Equation I1I-6)

UV-Photolysis of hydrogen peroxide [138]
H,0, O™~ 2 OH (11-11)
(atA = 200-280 nm [139])

Radiolysis of water [138]
H,OOM- HO +é - H + OH+g (11-12)

(at ionising radiation, e.g., x-rays, gammgs [140])

Enzymatic reaction [141, 142]
xanthine + H O+2Q 0T uricacid + 20 2 (11-13)
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2.5 Impact of "OH radicals on electrode surfaces, especially on gaddrfaces

Recently, Nowicka et al. have started to inveséight impact of OH radicals generated

in Fenton solutions on gold surfaces. Although gslldnown to be a chemical rather inert

metal [61], the results obtained by Nowicka ethalve shown thatOH radicals attack
mechanically polished gold surfaces and dissoleeatperities [6, 143]. The dissolution
stops after removal of the asperities. This melasthe effect of the Fenton solution upon
the gold surface is selective with respect to thpedties, and the smooth gold surface
remains unaffected. In further studies, these asthave found that the smoothing of the
gold surface goes along with a selective knockeduhe electrocatalytically active sites of
gold [7, 143]. These active sites are obviouslyeisged with the asperities, since the
removal of the asperities by Fenton solutions rendée gold surface catalytically
inactive; i.e., the electron transfer ratég (©f electrochemical reactions having radical
intermediates are slowed down (cf. Figure 111-3).

Mechanically polished gold .Fenton—polished” gold

Y A
" K. Ox Red

500.00 nm. 500.00 nm;
.
‘ OH ‘
L SO 6 o~ |
10— 107

um pm

Y A
Ox Red K.

Figure 111-3: Scheme of the effect 6OH radical attack on a gold surface [7].

In additional investigations, Sievers et al. codlemonstrate that not only the
number of electrocatalytically active sites is dimhed by treatment with Fenton
solutions, but also the number of active sitegpfatinum nucleation [144].

Dutta et al. were inspired by the results of Ndwiet al. to study the effect of

Fenton solutions on gold nanoparticles (AuNPs) [14Bhey have shown that the

electrocatalytic activity of AUNPs is also decrehsdter treatment withOH radicals,

although no surface alterations were observed.
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Feng et al. confirmed the smoothing of a goldaefby radicals in the framework
of a study about different pre-treatment methods gbld electrode, as they observed a

decreasing of the roughness factor of a gold serddter treatment with UV and;QL46].

Meanwhile, Nowicka et al. extended their studies the interaction of'OH
radicals with materials to silver, palladium, phatm and glassy carbon. In case of silver,
they observed similar effects as in the case of §fod7]. The treatment of glassy carbon
electrodes with Fenton solutions led to a lossatifvaly, although a surface roughening
was observed [148]. In contrast, in case of palledihe surface became smoother, while
the activity did not change by Fenton treatmen¥[1&or platinum, no significant changes
in roughness and electrochemical activity were iobthafter exposure to Fenton solutions
[147].

2.6 Circulating tumour cells (CTCs)

Circulating tumour cells (CTCs) discovered by Asinthan 1869 [149] are malignant cells
which are detached from the primary tumour or ntatessites, circulating freely in the
peripheral blood [14, 150]. CTCs can be detectednduall tumour stages, including
early-stage diseases, in which distant metastasa®oayet diagnosable, whereas no CTCs
could be detected in healthy persons [10]. If Ca€spresent in the blood, their number is
usually extremely low. Estimates range from one C& 16 to one CTC per 10
mononuclear cells, or even lower in patients wihyestage disease [11-13].

Tumour cells reach the systemic circulation vianmal neighbouring vessels, or
through newly formed capillaries by tumour-inducatjiogenesis [14]. The presence of
CTCs in the peripheral blood is in good accordawié the “seed and soil” theory of
metastases formation, which was firstly describgdPlaget in 1889 [151, 152]: After
detaching from the primary tumour, tumour cellseenihe blood circulation and migrate to
distant organs, where they can implant themseladspaovoke metastasis formation [11].
During the process of epithelial-mesenchymal ttaosi(EMT) the phenotype of cancer
cells changes, what enables their detachment frenptimary tumour and transformation
into mobile and invasive cells. These mobile celds invade through the basement
membrane and so intravasate into the blood ciomlatn the blood circulation, the cells
survive intact, come to rest, and then enter tlssug of a secondary organ by

extravasation. It is hypothesized that the revgnsxess called mesenchymal-epithelial
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transition (MET) facilitates the adhesion of thésmour cells to the new tissue and the
development of the tumour cells into a distant stetgs (cf. Figure 111-4) [12, 14].
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Blood — ' T Endothelial

Vessel @i = / Cels
Intravasation into systemic circulation
(blood or lymphatic vessels) ﬂ
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a Extravasation at site of
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Figure IlI-4: Schema of the metastatic process [14].

Cells in the peripheral blood possessing the ptypeoof cancer are called CTCs
[14] and play a crucial role in the metastatic eagc This is the reason why the detection
and analysis of CTCs offers several crucial appboa in the field of oncology, e.g., as
prognostic marker, as a tool to monitor therapyoese, and as a method to understand

basic tumour characteristics [14] (cf. Table 111-2)

Table I1I-2: Potential applications of circulating tumour caflalysis [153].

Enumeration of CTCs Molecular characterisation of CTCs

» Guide prognosis sSurrogate for biological activity of

» Assist in measuring response to underlying tunforeal-time biopsy")
anticancer therapy (predictive and/or Etucidate prognostic and predictive
pharmacodynamic biomarker) molecular features

» May lead to more accurate prognosis whenDetection of treatment-resistant profiles
added to existing staging classification (easseofal sampling)

» Select patients for adjuvant chemotherapy Inwrove understanding of mechanisms of

» Detect recurrent disease biological processes

 Aid diagnostic process Piscover and identify new targets for

therapeutic manipulation
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For example, the survival prognosis of cancer p#ieepends strongly on the number of
CTCs in the peripheral blood. To point out the elation between the number of CTCs
and the survival in cancer, Cristofanilli et al.rjpemed a multicentre study with breast
cancer patients [154]. They demonstrated that pigteith 5 or more CTCs per 7.5 mL of
blood had a shorter progression-free survival (2onths vs. 7.0 months) and shorter
overall survival (10.1 months vs. > 18 months) tipatients with less than 5 CTCs per
7.5 mL of blood.

2.6.1 Methods to detect and analyse circulating tumour dés

Tumour cells are released in the early-stage ofdtbease and can be found in the blood
before metastases are diagnosed. About 30—-40%eqbahents afflicted with a localised
disease have occult metastases, which are probabipating from CTCs [11]. Thus, the
detection and analysis of CTCs play a crucial nol#he diagnosis and treatment of cancer.
Due to the very low numbers of CTCs in the blood3Ganalysis is a very demanding task.
High sensitivity and specificity are required [150] the last years a lot of new methods
have been developed to improve the analysis of CIiCbe following a short overview is
given about the main methods applied for CTC ismtatind detection. Several vitro
methods for CTC detection are based on the techrofjpolymerase chain reaction (PCR)
[155-157]. Furthermore, image-based immunologiggbr@aches [158-160] and flow
cytometric techniques [161, 162] were reported. ridlget al. described the identification
and measurement of CTCs in cancer patients usmgm@fluidic chip technology [163].
Currently, manyex vivo tests to quantify CTCs in the blood of cancer edt use an
antibody-coated magnetic particle isolation systargeting the EpCAM, which is present
on the surface of most CTCs [154, 164-167]. Howeaktex vivo methods are limited by
the blood volume obtainable from the patients, #iedsensitivity of these analysis systems
is usually relatively low [10]. Thusn vivo methods are needed, which offer the detection
of CTCs in a larger blood volume. In the last decadmean vivo methods were described
using the principle of flow cytometry with photoatic [168, 169] or fluorescent
detection systems [170, 171].
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2.6.1.1 In vivo method based on a functionalized and structured ntkcal wire

Recently, Licke and co-workers have developed amethod for then vivo isolation of
CTCs from peripheral blood using a functionalized structured medical wire (FSMW)

[10]. In Figure 11I-5 the constitution of the wiend the principle of the method is shown.

EpCAM

Targetcell
-

Antibody to
EpCAM Hydrogel

Part of the guidewire
which remains inside the
puncture cannula

20 mm long gold-coated tip of the stainless steel guidewire which is
in direct contact with the blood circulation

Figure IlI-5: Schematic drawing of the functionalized tip of #&MW [10].

The FSMW is based on a stainless steel Seldingetegwire [172], which is
normally employed for divers diagnostic and thetaigeapplications, in which safe access
to blood vessels and other organic cavities isiredue.g., for angiography, insertion of
chest drains, and central venous catheters [10, O tip of the wire is preliminarily
coated with gold, and then a hydrogel layer comgjstof a linear, synthetic
polycarboxylate is attached to the gold layer. Tadoxyl groups of the hydrogel layer are
activated with 1-ethyl-3-(3-dimethylaminopropyl)badiimide (EDC) and 1-hydroxy-2,5-
pyrrolidinedione (NHS), allowing the covalent cougl of an antibody via a primary
amino group. The used chimeric antibody is diretctethe EpCAM, which is present on
the surface of most CTCs. In that way, CTCs canaught and enriched from blood using
the FSMW by inserting the FSMW through a standamous cannula into the cubital vein
of the patient for 30 minutes. The FSMW is slowlysped forward into the cannula until
the functionalized tip is exposed to the blood flathin the lumen of the cubital vein. A
mark on the FSMW, which is not inserted into tharada, indicates the correct length of
insertion. Using an IN-Stopper the FSMW is fixedwgely to the intravenous cannula (cf.
Figure IlI-6).
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() (b)

Insertion Mark
\ IN-Stopper
———— Indwelling cannula Skin

Functionalized tip of the FSMW

Figure I1I-6: Insertion of the FSMW into the cubital ve{@a): Arm bend with the inserted
FSMW; (b): Principle of the insertion of the FSMW into tharvgLOQ].

After removing the FSMW from the vein, the CTCsnche identified by
immunocytochemical staining of EpCAM or cytokeratiand staining of their nuclei,
before the CTCs can be counted.

Compared tcex vivo CTC enrichment technologies, the main advantagéhisf
method is the large volume of blood, which comesadntact with the FSMW during the
application period, and thus a higher number of €T@n be caught and detected. The
total blood volume amounts to approximately 1.8tb [10, 174], whileex vivo methods
allow the detection of CTCs only in a few milligs blood, that can be obtained from the
patients or handled by the detection system [10113-177].

Besides trapping CTCs, also non-tumour cells eaddiected with the FSMW by
attaching other cell surface-directed antibodiestite hydrogel. In fact, the FSMW
functionalized with an antibody directed to a troplast surface antigen was used to trap
circulating trophoblasts from peripheral blood okgnant women in order to test the

trophoblasts with respect to genetic foetal abntitiea[10].
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2.7 Basic principles of the used analytical methods

2.7.1 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a special, higlsotution type of scanning probe
microscopy (SPM), in which the force acting betwesample and probe is used for
imaging [178]. Binnig, Quate and Gerber developled first atomic force microscope
(AFM) in 1986 [179].

The operating principle of a typical AFM is shown Figure 1lI-7. A sharp tip
(probe), which is located at the end of a cantiieissscanned over a sample surface in a
distance of less than a few nanometres or in meéchlacontact. For scanning, either the
sample moves against the fixed tip, or the tip rseagainst the fixed sample. The moving
element is usually mounted on a piezo scanner stimgiof piezoelectric crystals, which
change their dimensions in dependence of the applitage and thus allow the
systematic movement of the sample or tip in thneections [180]. While scanning, the
cantilever is deflected caused by the forces batvgaenple and tip. The deflection of the
cantilever is measured and thus a topographic inédgee surface can be obtained [181].
Nowadays, the deflection measurements are uswedlized by an optical detection system
collimating a laser beam onto the back of the tardgr and determining the reflected laser

beam using a position-sensitive photodiode [182].

QPhotodiode
Laser

Tp—_ ~——— Cantilever
Sample——r———~ ——

‘\ Piezo scanner

Figure IlI-7: Schematic illustration of atomic force microscopy.

AFM measurements can be performed in differentesatepending on the kind of

interaction. Two imaging modes of AFM can be digtiished: (i) the static (contact)
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mode, and (ii) the dynamic (non-contact or tapping)de. In the contact mode, the tip
touches the sample surface during the whole measmte what causes a strong
electrostatic repulsion between the sample sudadethe tip provoking a deflection of the
cantilever. The deflection of the cantilever canused to measure the contours of the
surface directly. In the dynamic modes, the tipssillating at or close to its resonance
frequency. Due to force interactions between tig sample the oscillation amplitude, the
phase, and the resonance frequency of the vibcaetlever are modified [180]. These
changes in oscillation, which provide informatidmoat the characteristics of the sample
surface, are measured in the dynamic mode of AFRMhan-contact mode the oscillating
cantilever tip is moved slightly away from the saengurface, while in tapping mode the
tip impacts the sample surface for a minimal amadititme, i.e., the tip is intermittently in
contact with the sample surface. So, the tappinglencombines qualities of both the
contact and non-contact modes [183].

The interaction forces between sample and tifnénthree modes can be identified

on a force—distance curve (cf. Figure 11I-8).

Force
Intermittent
contact

ﬁ Repulsive force
Distance
(tip—sample separation)

ﬂ Attractive force

- .
Contact Non-contact

Figure 111-8: Interatomic force variation versus distance betw@&&M tip and sample
[183].

If the cantilever tip is far away from the samplarface, no force is measured.
Approaching the tip to the sample, weak attraciirees between the atoms of sample and
tip occur. These attractive van der Waals forcesdatected in the non-contact mode. By

further approach, the atoms are gradually broudbsec to each other. Hence, the
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attractive forces between tip and sample increaséthe atoms become so close that the
electron clouds start to repel each other eleatiosily. Decreasing the tip—sample
distance, the repulsive force between the atomgdahe attractive forces progressively
until the interaction force becomes zero. At thisnp the distance of the atoms reaches a
couple of Angstroms. When the atoms are in contaxt,in contact mode, the interaction
force becomes completely repulsive [183].

2.7.2 Inductively Coupled Plasma Atomic Emission Spectrapy (ICP-AES)

Atomic emission spectroscopy (AES) is based omibasurement of the element-specific
radiation emitted during the relaxation of thermakcited valence electrons of the atoms
[5]. AES is an analytical tool for the quantitatidgetermination of elements in a sample.

For AES measurements, a common optical spectroretesisting of a radiation
source, a monochromator and a detection systembeansed. Different methods, like
flame, arc or plasma, can be employed to excitmatand to act as radiation sources [32].

When inductively coupled plasma (ICP) is used tfog excitation of atoms, the
method is called Inductively Coupled Plasma Atoigmission Spectroscopy (ICP-AES).
It allows the simultaneous determination of sevesi@ments because of its excellent
exciting conditions [5]. In the following, the pdiple of ICP is described briefly: The
plasma torch consists of three concentric quadssytubes through which argon flows.
The top of the plasma torch is surrounded by theat@ high frequency (HF) generator.
The argon gas flowing through the torch is igniteda Tesla discharge resulting in a
partial ionisation of the argon and in free chacgeriers. Subsequently, a HF current is
induced in the conducting gas causing further atios. This generates a stable high
temperature plasma in which temperatures of 60003& are achieved [32]. The
analyte is introduced as an aerosol through therigoartz glass tube. First, the analyte is
dried in the plasma, then the solid particles arelted, evaporated, and finally the
molecules dissociate and free atoms and also ienfbaned. Both the atoms and ions are
thermally excited.

The relative long residence time of the atomshie plasma as well as the high
plasma temperature ensure ideal conditions of atmion, ionisation and excitation. The
effective sample input allows the determinatiovefy small amounts of analyte; for some
elements detection limits in the range of g ¢an be obtained using ICP-AES [32].
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2.7.3 Tests forin vitro cytotoxicity of medical products

In vitro cytotoxicity tests for the biological evaluatio mmedical products have to be
performed according to DIN EN ISO 10993-5 issuedtiy European committee for
standardization (CEN) [184]. DIN EN ISO 10993-5 serves rather &dile a test scheme
requiring successive decisions than to define divitual test procedure. The test scheme
should result in the best suited test procedures;Ta variety of different methods can be
applied to determine the cytotoxicity of medicabgucts (e.g., the following cytotoxicity
tests: absorption of toluylene red [185], cell egldormation [184], test using MTT [186],
test using XTT [186]). Application of these methaaltows determining the biological
reaction of mammalian cells to medical produietsvitro based on suitable biological
parameters.

Three classes of test procedures can be distimggiisepending on the type of
sample, the place of application and the type qfliegtion: (i) testing of extracts, (ii)
testing with direct contact between cell and mateand (iii) testing without direct contact
between cell and material. By selection of one @doce the preparation of the sample, the
preparation of the cultured cells as well as thellof exposure of the cells to the sample
(or to the extract of the sample) is provided g/ BO norm.

At the end of each test procedure the qualitatiwd/or quantitative grade of
cytotoxicity is determined. Assessing the cytotayican be performed according to the
following criteria: (i) evaluation of cell damageua to morphological changes, (ii)
measurement of cell damage, (iii) measurement lbfgcewth, and (iv) measurement of
certain aspects of the cell metabolism.

Different analytical methods can be applied taneste the cytotoxicity. Among
them, there are especially microscopic examinatafnthe cells (often after staining the
cells) or photometric measurements allowing themenation of different parameters for

cell vitality and metabolic activity of the cells.
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3 Experimental

3.1 Chemicals

All chemicals used were of p.a. quality and ultr@water was used for all solutions
(arium® 611 UV, Sartorius, Germany). Ammonium irdbn(sulphate hexahydrate,
hydrogen peroxide (30%), glacial acetic acid, sodacetate trihydrate, nitric acid (65%)
and gold standard solution (CertiPurc = 1000 mg [*) were purchased from Merck
(Germany). Disodium ethylenediaminetetraacetateydildte was from Fisher Scientific
(USA). Ethanol and acetone were purchased fromaVaMP (Germany). Diethyl ether

was from Roth (Germany) and isopropanol was pueth&®m Merck.

3.2 The impact of ‘OH radicals on gold implants

3.2.1 Gold preparation

Gold foils of 0.1 mm and 0.05 mm thickness wereiotd small pieces. The gold surfaces
were mechanically polished with 1 pm and 0.3 pnméata (Bihlef, Germany) on a wet
pad. Afterwards, the gold pieces were rinsed withapure water and ultrasonicated in
ultrapure water for 5 minutes to remove residuaraha particles.

Some of the mechanically polished gold pieces weraed with Fenton solutions:
The mechanically polished gold pieces were intreduto a freshly prepared solution of
ammonium iron(ll) sulphate hexahydrate (1 mM), disan ethylenediaminetetraacetate
dihydrate (1 mM) and acetate buffer (10 mM, pH 4THe Fenton reaction was started by
addition of hydrogen peroxide, and the gold pieaese exposed to this solution for
5 minutes. This procedure was repeated 12 timdbhatahe total exposure time was 1 h.
The molar ratio of hydrogen peroxide to ferroussiomas 10 to 1. To stop the Fenton
reaction, the gold pieces were removed from theédresolutions and carefully rinsed with

ultrapure water.



84 [1l Modification of gold surfaces for medical apgditions

3.2.2 Implantation of the gold pieces

Rectangular pieces of gold were implanted intopetoneal cavity of C57BL/6 wild type
mice and into the peritoneal cavity of C57BL/6 gP¥iknock-out mice by B. T. Tran of
the group of Prof. Jack (Institute of Immunologydafransfusion Medicine, Greifswald
University). The C57BL/6 gp$1° knock-out mouse is a congenic strain of the C58BL/
wild type mouse, in which the gene coding for tp&3)"°* subunit of the NADPH oxidase
Is deficient.

After removing the gold from the mice, the goldswadeaned (a) by immersing the
gold pieces into a 1%-ic sodium dodecyl sulphat@3Bsolution at 50 °C for 10 minutes,
or (b) by washing the gold pieces in a solutionsahM EDTA in phosphate buffered
saline (PBS) followed by immersing the gold piete® a mixture of collagenase D
(2 mg 'Y and deoxyribonuclease | (DNase 1) (2 md)lin PBS at 37 °C for 30 minutes.
Then, the pieces were carefully rinsed with isoprap and water. After that, the gold
pieces were ultrasonicated in a mixture of isopnopaethanol, diethyl ether and acetone
(equal volume of each component) until the goldaz@s were clean.

3.2.3 AFM measurements

AFM measurements were performed in the contact nusideg a “NanoScope |I” (Digital

Instruments, USA) and the software “NanoScope Br3:2

3.3 Diminishing of the cytotoxicity of the FSMW by treament with "“OH radicals

3.3.1 Wires

For all experiments, stainless steel wires withemgth of 160 mm and a diameter of
0.5 mm were used. The wires have been plated orenddthe first 20 mm) with a gold
layer of 2 um thickness. The gold layer was galw@ihy deposited (OTEK, Germany).
The wires plated with the gold layer were obtaifredh GILUPI GmbH (Germany).
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3.3.2 Washing of the wires

Before the gold layer of the wires was treated vidiiH radicals, the wires were washed
with (i) diethyl ether, (ii) ethanol, and (iii) udpure water for 5 minutes, respectively, in

order to remove all potential organic and inorgarmntaminations from the gold layer.

3.3.3 Treatment of the gold layer of the wires with*"OH radicals

After washing the wires, the gold layer was exposedOH radicals immediately. The

"OH radicals were generated in two different ways, @lgn(i) by Fenton solution and (ii)

by UV-photolysis of hydrogen peroxide.

3.3.3.1 Fenton solutions

The Fenton solutions were made from ammonium itps(liphate hexahydrate, disodium
ethylenediaminetetraacetate dihydrate, acetatebaffd hydrogen peroxide.
For treatment with'OH radicals generated by Fenton solutions, the wivese

placed in a wire holder allowing the simultaneaestment of five wires (cf. Figure 111-9).

i PVC plate B
Wsi Rubber stopper R
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! ?
Screw Screw

/
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Glass jar fiIIe_d with PVC plate A
Fenton solution

Figure 11I-9: Scheme of the wire holder used for the Fentoririreat.
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The wire holder consisted of two PVC plates coneeatia two metal rods. PVC plate A
had five cavities, in which the jars for the Fensmiutions were placed. PVC plate B had
also five cavities in the same position, in whicdblver stoppers were placed. A hole was
punctured through each rubber stopper using a ¢tamama a wire was stuck into the hole
of each rubber stopper. The wire was firmly fixadhe rubber stopper since the hole was
small enough. While PVC plate A was fixed, PVC elBtwas vertically removable along
the metal rods by screws allowing the exchangéefdrs.

For treating of the gold layer of the wires withrfon solution, 4 mL of a freshly
prepared solution (solution A) containing ammoniuran(ll) sulphate hexahydrate,
disodium ethylenediaminetetraacetate dihydrateagethate buffer were filled into each jar.
The jars were placed into the cavities of PVC platelrhen, PVC plate B including the
wires was moved down until the gold layers of theesvwere immersed completely in the
solution. To start the Fenton reaction, hydrogemoxide was added to the solution. Then
the wire holder was placed on a laboratory shakdter a certain time, the Fenton
solutions were exchanged, i.e., the wire holder taken down from the shaker and the
PVC plate B was moved up resulting in emergingwiires from the solution. New jars
filled with solution A were placed in the cavitie§ PVC plate A and the Fenton reaction
was started again. The whole procedure was repéatedfixed number of times. To stop
the Fenton reaction the wires were immersed intmaplire water for 5 minutes.
Subsequently, the wires were washed successivety (@i 0.1 mol ! acetic acid, (ii)

ultrapure water, (iii) ethanol, and (iv) ultrapwater for 5 minutes, respectively.

3.3.3.2 UV-photolysis of H,O,

A 705 UV Digester (Metrohm, Switzerland) was usedreat the gold layer of the wires
with “OH radicals generated by UV-photolysis of hydrogeropiele. In the centre of the
digester a high pressure mercury lamp (radiatiaurcgo power: 500 W) generated UV
light. Quartz sample tubes were arranged concatifriaround the UV lamp ensuring a
consistent UV light exposure to all the quartz sife. Figure 111-10).



[1l Modification of gold surfaces for medical apgditions 87

Sample vessel holder
Frame with 12 quartz tubes

Figure 11I-10: Schematic assembly of the UV lamp and the quartzpée tubes in the UV

digester (top view).

The temperature of the sample solutions in thertgutubes was adjusted to
approximately 65 °C by controlling the water floate of the continuous-flow cooler.

Four wires were treated simultaneously. Four quaubes were filled with
ultrapure water and a certain concentration of bgdn peroxide was added. One wire was
hung into one quartz tube fixed by a rubber stoppenersing the whole gold layer of the
wire in the solution of hydrogen peroxide and ydtree water. The other quartz sample
tubes were filled with ultrapure water only. Aftercertain exposure time, the wires were
removed from the quartz sample tubes and were washi (i) ultrapure water, (ii)

ethanol and (iii) again with ultrapure water fombnutes, respectively.

3.3.4 Electrochemical reduction of the treated gold layer

After treatment with "OH radicals, the gold layer of some of the wires was
electrochemically reduced at constant potentiak Téduction was performed using an
AUTOLAB with a PGSTAT 20 (Eco-Chemie, The Netheda) using a three-electrode
system. The gold layer of the wire served as wagylalectrode, an Ag/AgCI electrode in
3 M KCI (Metrohm, Switzerland) with an electrodet@atial of E = 207.0 mV at 25 °C
was used as reference electrode and a glassy catbotrode was used as auxiliary
electrode. As electrolyte a solution of 0.1 motH,SO, was used. The wire was
immersed in the electrolyte as far as the goldrlayes covered completely and a voltage
of 0.5 V (vs. Ag/AgCl) was applied for 120 s. Aftidwe electrochemical reduction, the wire

was removed and the gold layer was rinsed witlapiltre water.
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3.3.5 ICP-AES

All solutions used for the treatment of the golgelaof the wires with OH radicals were
stored and analysed with respect to the gold corignCP-AES using an ICP-Optical
Emission Spectrometer Optima 2100 DV (PerkinEImESA). Small amounts of
concentrated nitric acid were added to all soligianmediately after gold treatment to
ensure that the gold remains dissolved until the-KES measurements were performed.
Argon of high purity (ALPHAGAZM 1 Argon, 99.999%, Air Liquide, Germany) was used
for plasma generation. For calibration, solutioisgold in a concentration range from

1 pg L' to 100 pg C* were prepared by dilution of a gold standard sofuCertipur®).

3.3.6 Gamma sterilization

The sterilization of the wires by irradiation wiglamma rays was performed by BGS Beta-
Gamma-Service GmbH & Co. KG (Germany) or by BBFrisationsservice GmbH
(Germany). Both companies u€o as source for the gamma rays applying a radiatio
dose of 25 kGy.

3.3.7 Cytotoxicity test

To examine the cytotoxicity of the wires, mategdltion tests were performed vitro by
GILUPI GmbH (Germany) based on the DIN EN ISO 1093384]. The cytotoxicity was
tested using normal human adult dermal fibroblg@stidDF-cells) in a concentration of
approximately 35000 cells mt.

For elution, the gold covered part of a wire wasinto small pieces. According to
DIN EN ISO 10933-5, the conditions of elution shibudimulate or even exceed the
conditions of the medical application to examine tbxic risk potential [184]. Thus, an
eluate of the gold covered part ohe wire was tested, as this simulates the medical
application of one wire in a vein. In addition tosttest, an eluate of the gold covered part
of three wires was tested, as this amount of gold surfaceexls the normal application of
one wire in a vein, and thus this test gives a muadhér confidence with respect to the
cytotoxicity risk. Therefore, the pieces ofe wire were inserted into 1 mL of RPMI-

medium and the pieces dhree wires were inserted into 1 mL of RPMI-medium,
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respectively, and incubated at 37 °C for 24 h. Addally, eluates of reference materials
(copper wire as positive control and Teflon wirenagative control) were prepared, and
1 mL RPMI-medium was incubated as further negatbemtrol. Simultaneously, the
NHDF-cells in a microtiter plate (96 wells) werecubated causing an adhering of the
NHDF-cells to the bottom of the wells. After 24 hiocubation, the eluates and controls
were added to the NHDF-cells followed by furthecubation for 48 h at 37 °C. Finally,
the cytotoxicity was determined quantitatively adlvas qualitatively.

A colorimetric assay based on the conversion géllow tetrazolium compound
into an orange formazan compound due to metabelialar activity was used to examine
guantitatively the viability of the NHDF-cells. Tiefore, after 48 h of incubation of
NHDF-cells with the eluates and the controls, tegazolium reagent (EZ4U-Kit, Cell
proliferation and cytotoxicity assay, Biomedica Nsaprodukte GmbH & Co. KG,
Austria) was added and the NHDF-cells were incubdie further 3 h at 37 °C.
Afterwards, 50-100 pL of each sample were transfemto a new microtiter plate. The
orange staining of the formazan correlates with angunt of vital cells. The colour
intensity was determined in threefold replication dbsorption measurements at 450 nm
and additionally at 620 nm as reference using aratiter plate reader (SPECTROstar
Omega, BMG Labtech, Germany). The mean value ajrakisn obtained for the negative
control (RPMI-medium) was defined as 100% celllitiga

For the qualitative assessment of cytotoxic effees, e.g., alterations of
morphology, adherence or cytolysis, the same edlsised for the quantitative analysis
were studied under the light microscope NIKON ECRHEPTS100 (Nikon Instruments
Europe B.V., Germany) with 20-fold magnification.

3.3.8 AFM measurements

AFM images of the gold layer of the wires were reéled in the non-contact mode using a
DME Dualscop®! C-26 (DME — Danish Micro Engineering A/S, Denmark)
combination with the software DME ScanTool Versioa.5.3.
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4 Results and Discussion

4.1 The impact of "OH radicals on gold implants

4.1.1 Variation of the residence time of gold implants inwild type mice and the

influence of Lipopolysaccharide (LPS)

As mentioned before, Nowicka and co-workers haveadsstrated thatOH radicals

generated in Fenton solutions, smooth a polishédi ggoface by dissolution of gold atoms

that are part of asperities on the gold surfac@][6Therefore it was decided to see@H
radicals generated by vivo reactions induced by inflammation affect a goldate in a
similar way. A mechanically polished gold pieceG®fL mm thickness (10 mm x 3 mm)
was implanted into the peritoneal cavity of twelvitd type mice, respectively. Into six of

the mice, 5ng LPS were injected after implantatioomediately. LPS advances the

inflammation in the organism and thus an enhan&éase of'OH radicals may be
induced so that an increased smoothing of the gotthce could be expected. Six of the
gold pieces remained in the mice for 2 days (thvige injection of LPS and three without
injection of LPS) and the other six gold piecesaerad in the mice for 14 days (three with
injection of LPS and three without injection of LPS

AFM measurements of the gold surfaces were peddrbefore implantation and
after removing the gold from the mice. Surprisingty difference was observed between
the gold pieces implanted in the mice without itipgt of LPS and the gold pieces
implanted in the mice with injection of LPS. HoweyvEigure IlI-11 clearly shows that a
smoothing of the gold surfaces could be observegetmiding on the residence time in the
mice. Even after 2 days the surface is smoothempgaoed with the AFM images
measured before implantation (cf. Figure lll-1legpecially the peaks of the asperities of
the gold surface were removed (cf. Figure llI-1Tie AFM images of the gold pieces,
which remained inside the mice for 14 days, illatrthat the smoothing is further
proceeded with increasing residence time of thd gothe mice (cf. Figure IlI-11c). These
results clearly confirm an analogical effect betwebe exposure of gold to Fenton

solutions and the exposure of goldrnivo reactions in mice.
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Figure 111-11: Atomic force micrographs and section analysis otmamically polished
gold surfacega) before implantation(b) after implantation in C57BL/6 wild type mice for

2 days, andc) after implantation in C57BL/6 wild type mice fo4 tlays.

4.1.2 Implantation of mechanically polished gold and “Femon-polished” gold plates

into wild type mice and knock-out mice

Since it has been shown that the surface of gateplwas smoothed when implanted in
wild type mice, in further experiments it should bwestigated if the treatment of a
mechanically polished gold surface with Fenton soitu passivates the gold surface
avoiding an alteration of the gold surface. Addiaitly, gold pieces were implanted into

knock-out mice to examine if the smoothing of theldg surface observed after

implantation into wild type mice is really provokegt "OH radicals generated by immune
reactions.

Thus, six mechanically polished and six “Fentotighed” gold pieces of 0.05 mm
thickness (15 mm x 5 mm) were prepared for implatia The mechanically polished
gold pieces were implanted into three wild type enand into three knock-out mice,
respectively, and also the “Fenton-polished” goleces were implanted into three wild
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type mice and into three knock-out mice, respebtivehe gold pieces were implanted into
the peritoneal cavity of the mice for 14 day. AFMasurements were performed before
implantation and after removing the gold from thieen(cf. Figure 11I-12). For each case,

at least 10 AFM images were recorded.
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Figure 11l1-12: Atomic force micrographs and section analysis(a@f a mechanically
polished gold surface before implantati¢b) a mechanically polished gold surface after
implantation in wild type micgc) a mechanically polished gold surface after im@#an
in knock-out mice andd) a “Fenton-polished” gold surface before implamtati(e) a
“Fenton-polished” gold surface after implantatiom wild type mice,(f) a “Fenton-

polished” gold surface after implantation in knamkt mice.

Figure 11I-12 clearly shows that a smoothing o€ tgold surface can only be
observed after implantation of mechanically polgigeld into the wild type mice, but not
after implantation into the knock-out mice. Furtihere a roughening of the gold surface is
observed after implantation of both mechanicallyighed and “Fenton-polished” gold
pieces into knock-out mice. To confirm these resulhe AFM images were analysed
statistically. Therefore, the roughness factorstlod gold surfaces were determined.
Table 11I-3 shows the mean values and the standawihtions of the roughness factors
obtained for mechanically polished gold and “Ferpotished” gold before implantation,
after implantation into wild type mice and after piantation into knock-out mice,

respectively.

Table I1I-3: Mean values and standard deviations of the rowghfectors calculated for

the different gold surfaces.

Roughness factor [nm]
. Before implantation 14.7+2.1
Mecok:%r;llgglly After implantation into wild type mice 10.2+0.5
P After implantation into knock-out mice 22.6 +6.8
. Before implantation 126 +1.0
p';ﬁ;t]%rg.. After implantation into wild type mice 13.4+1.3
After implantation into knock-out mice 264+12.1

Regarding the implantation of mechanically poligeld pieces into the wild type
mice, the roughness factor obtained for the surédter implantation is smaller than the
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roughness factor obtained for the surface befoq@amation. By applying a studentts
test 0 =0.95), it is shown that the roughness factorshef mechanically polished gold
surfaces before and after implantation into thel\wpe mice differ significantly indicating
that the gold surface is smoothedihyivo reactions inside the wild type mice. Thus, the
results mentioned in chapter 4.1.1 are confirmedadntrast, the roughness factors of the
“Fenton-polished” gold surfaces before implantateord after implantation into the wild
type mice do not differ significantly. That mearstt the roughness of the “Fenton-
polished” gold surface is not altered inside thielwype mice. Furthermore, the roughness
factors of the mechanically polished gold surfand the “Fenton-polished” gold surface
before implantation differ significantly indicatinthat the gold surface is made less
corrosive by the Fenton-treatment. Further, it ddogé shown that the roughness factors
obtained for the mechanically polished gold surfafter implantation into the wild type
mice and the “Fenton-polished” gold surface aftaplantation into the wild type mice
differ significantly by applying the studentgest p = 0.95).

The mechanically polished gold plates and the témipolished” gold plates
distinguish each other with respect to their betavias implants: Only the mechanically
polished gold plate was smoothed during implantaiio the wild type mice. As the
surface of the Fenton-polished gold pieces wasahieted inside the wild type mice, it is

assumed that a knock-out of the highly active sitethe gold surface byOH radicals

generated by Fenton solution avoid the alteratioth@ surface of the gold implants by the

attack of ‘OH radicals generated hiy vivo reactions. Hence, it is very likely that the
biocompatibility of gold implants can be improved fbeating gold with Fenton solution
before implantation.

Concerning the implantation of the mechanicallylighed and the “Fenton-
polished” gold pieces into the knock-out mice, iothb cases no smoothing of the gold
surface can be observed; in contrast the surfacenies even rougher. Furthermore the
standard deviations of the roughness factors détethfor the mechanically polished gold
surfaces and the “Fenton-polished” gold surfaces aémoving from the knock-out mice
are very high, i.e., the roughness of the surfai#srs strongly, respectively. Due to the
fact that the gold surface does not become smoatineng implantation into knock-out
mice lacking the gp®i® subunit of the NADPH oxidase, it can be concludieat a
smoothing of the mechanically polished gold sudacside the wild type mice is caused
by oxygen radicals generateadvivo by immune reactions catalysed by NADPH oxidase
(cf. Equation 1lI-5, Chapter 2.3.1.2).
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4.1.3 Investigation of the roughening effect of the goldurface during implantation

in knock-out mice

A possible explanation for the roughening effecthef gold surface in the knock-out mice
could be the bending of the gold piece inside tiheemaused by movements of the mice.
To test this assumption, firstly @& vivo experiment was performed. Therefore, a piece of
mechanically polished gold was bent and atomicegforicrographs were recorded before
and after bending the gold (cf. Figure llI-13a and Figure 111-13b shows that “hills”
occur on the surface area, where the bending Hem tplace. Also, the calculated
roughness factors confirmed that the gold surfamaime rougher by bending the gold foil
(cf. Table IlI-4). Thus, it was confirmed that theughening of the gold surface in the
knock-out mice is probably the result of bending ¢jold foil caused by movements of the
mice. Because the roughening effect was not obddrvevild type mice, it is supposed
that the asperities caused by bending the goldafeilsmoothed byOH radicals produced
in the wild type mice. To prove this assumptiore trended gold foil was exposed to
Fenton solution and AFM images were recorded agssncan be seen in Figure 11l-13c,

the asperities are dissolved and the surface bemmumther compared to the bended
surface (cf. Table IlI-4).

).

Figure 111-13: Atomic force micrographs of a gold surfa@ before bending(b) after
bending, andc) after bending and “Fenton-polishing”.

Table IlI-4: Mean values and standard deviations of the rowghfectors calculated for

the gold surfaces before bending, after bending adter bending and “Fenton-polishing”.

Roughness factor [nm]
Before bending 86+1.0
After bending 125+ 35
After bending and "Fenton-polishing 9.8+1.0
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That indicates that the gold surface is affectedwn opposed-acting processes in
the wild type mice. On one hand the gold foil is\tbed caused by the movement of the

mice resulting in a roughening of the surface. @a bdther hand’ OH radicals are

produced in the wild type mice smoothing the galdace. Since a smoothing of the gold

surface inside the wild type mice was observed IBMAthe effect of 'OH radicals

exceeds the effect of the bending process. In ashtthe knock-out mice are not able to

produce ‘OH radicals, so that the surface cannot be smoofhileat means that in the
knock-out mice only the bending process takes placel thus the gold surface was
roughened.

Additionally, anin vivo experiment was performed to test the drawn corarigs A
gold foil (thickness: 0.05mm) was glued on a pieoé PVC (dimensions:
12 mm x 4 mm x 2 mm) using 2-component adhesivat(eR Spezialkleber Kraft Mix
Metall”, Henkel) to avoid a bending of the goldlfimside the mice. After the adhesive was
hardened, the gold surface was mechanically palisingl the piece was implanted into the
peritoneal cavity of a knock-out mouse for 14 dayBM images were recorded before
implantation and after removing the gold from theouse, and the corresponding
roughness factors were determined. It was realiydothat the roughness factors of the
gold surface before implantation (mean value ofgrmess factor: 15.6 nm) and after
removing the gold from the mouse (mean value ofylhoess factor: 14.7 nm) did not
differ distinctly. That means that the roughnesdhef gold surface is not altered in the
knock-out mouse, if the gold is not liable to bergdprocesses. The slight differences of
the roughness factors could be ascribed to the that the roughness of the mechanically
polished surface is not totally identical at alims of the surface and so it is impossible to
measure the same locations of the gold surfacadefad after implantation. A statistical
analysis requiring much more measurements woulckedsential to ensure the results
definitely. However, the obtained results clearhpow that the roughening of the gold
pieces is caused by bending processes. If the hgiglavoided, the roughness of the gold
surface is similar to the mechanically polisheddgairface before implantation. Thus, it is
proved that the gold surface is not smoothed irktieek-out mice.
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4.2 Diminishing of the cytotoxicity of the FSMW by treament with "OH radicals

4.2.1 The effect of'OH radicals generated by Fenton solution

The treatment of the wires with Fenton solutionwtidbe optimized due to chemical
consumption and expenditure of time purposing airdghing of the cytotoxicity of the
wires. Therefore, the concentrations of the ingrets of the Fenton solution, i.e., ferrous
ion concentration o(F€*"), hydrogen peroxide concentration(H,0,)), acetate buffer
concentration dbuffer)) and disodium ethylenediaminetetraacetatencentration
(Na-EDTA) were varied. Also, the total treatment tift@otal)) as well as the time after
which the Fenton solutions were renewed during treatment proceduret({feagent
change)) had to be optimized. As it is known frorevious investigations, the gold layer is
oxidized after treatment with Fenton solution [@]hus, some of the wires were
electrochemically reduced after treatment with Bensolutions in order to exclude an

effect of the redox state to the cytotoxicity o thires.

4.2.1.1 First experimental series

In a first experimental series the seven factorsitiored above had to be investigated

considering 2 levels of each factor (cf. Table3)l-

Table 1lI-5: Factors and their levels.

Factor | Factor description - +

A |c(Fé 0.001 M 0.01 M

B c(H20,) 0.01 M 0.1M

C c(buffer) 0.01 M 0.1 M

D c(Nax-EDTA) 0.001 M 0.01 M

E t(total) 30 min 120 min

F t(reagent change) 5 min 10 min

G Redox state Oxidized Reduced

To investigate all possible combinations of thetdes, 2 (= 128) experiments

would have been necessary. Such a high numberpafriexents was not feasible because
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of the necessary time. Thus, 42 fractional factorial design containing 16 experiise
was compiled using the Software Design-Exparersion 8.0.7.1 Trial (cf. Table IlI-6).

Each experiment was performed with five wires.

Table 111-6: 20 fractional factorial design of experiment.

No. | c(Fe*") | c(H-05) | c(buffer) | c(Na-EDTA) | t(total) | t(reagent change Rs(teglt(;x
1 + + - + - - _
2 + + - - - + *
3 + + + + + + +
4 + + + - + - _
5 + - + + - _ *
6| - - + - + * *
7| - + - - + hl -
8| - * - + * . i
9| + - + - - * -
10 - - - - - - —
11| + - - + * * -
12| - - - + - * *
13| - - + + * _ —
14| - + + + - al -
15| + - - - + - *
16| - - + - - . *

4.2.1.1.1 Cytotoxicity test

After completing all experiments of the factoriagsign, the wires were irradiated with
gamma rays and the cytotoxicity of the wires waseased. For the cytotoxicity test, an
eluate of the gold covered part ohe wire (to simulate the conditions of medical
application) as well as an eluate of the gold cedgrarts ofthree wires (to exceed the
conditions of medical application) were prepared #meir effects on NHDF-cells were
examined quantitatively and qualitatively. The detieed cell vitalities are shown in

Table 111-7.
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Table I1I-7: Results of the quantitative determination of tii®toxic potential determined
in case of the wires treated with different Fenpsacedures according to the fractional

factorial design.

NG Relative cell vitality [%0]
1 wire 3 wires
1 107 78
2 103 60
3 119 118
4 111 78
5 115 84
6 105 76
7 114 74
8 98 99
9 111 58
10 114 60
11 107 69
12 97 79
13 107 73
14 107 74
15 109 60
16 112 70

In case of the cytotoxicity test using the eluafeone wire to simulate the
conditions of the medical application, the deterdircell vitality is 100% for all the wires;
l.e., the cytotoxic potential of the wires is zeegardless of the treatment procedure of the
wires. However, that means that from these reswtgonclusions could be drawn with
respect to optimization of the Fenton treatmenuslhin further experiments, cytotoxicity
tests with the eluate ahe wire were not performed anymore.

In case of the cytotoxicity tests using the eluatdhree wires (to exceed the
conditions of the medical application), the cethlities vary between 58% and more than
100% for the wires treated with different proceduaecording to the fractional factorial
design. The best results were obtained by trediiagvires according to experiment No. 3
and experiment No. 8; here the cell vitalities amproximately 100% for both the
cytotoxicity test with the eluate ane wire and the cytotoxicity test with the eluate of
three wires, respectively. In both experiments, the Iewé the following four factors were
similar: c¢(Na-EDTA) =0.01 M, c(H.0;) =0.1 M, t(total) =120 min, redox state =

reduced. These data suggest that these four faofothe wire treatment affect the
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cytotoxic potential of the wires, and thus the celiality mainly. To confirm this
assumption, the effects of the factors were caledlécf. Table 111-8).

Table 11I-8: Effects of the factors on the cell vitality calatdd for the experiments with

three wires.

t(reagent| Redox

c(Fe?") | ¢(H-0y) | c(buffer) | c(Nax-EDTA) | t(total) change) | state

Mean +| 75.6 81.4 78.9 84.3 80.9 76 80.8
Mean —| 75.6 69.9 72.4 67.0 70.4 75.3 70.5
Effect 0 11.5 6.5 17.3 10.5 0.7 10.3

As can be seen in Table IlI-8, the NBDTA concentration has the highest effect
on the cell vitality, but also the hydrogen per@xibncentration, the total treatment time
and the redox state affect the cell vitality distip. In contrast, the buffer concentration
has only a low impact on the cell vitality whileetfierrous ion concentration as well as the
time after that the Fenton solution was renewed rtagffect on the cell vitality in the
investigated range. From the calculation of thea# of the factors it follows that the cell
vitality is highest, if the factors(Na-EDTA), c(H.0,), c(buffer), t(total) and redox state
are on the positive level, i.&(Na-EDTA) = 0.01 M,c(H»0,) = 0.1 M, c(buffer) = 0.1 M,
t(total) = 120 min and redox state =reduced. Ineca$ the treatment of the wires
according to experiment No. 3, all these conditiars fulfilled and the highest value of
cell vitality was achieved. For the wires treatedading to experimental No. 8, a slightly
lower value of cell vitality was determined whatnche explained by the used buffer
concentration of 0.01 M (negative level).

Based on these results some twofold and thredfitddactions could be calculated
using the Software Design-Expérersion 8.0.7.1 Trial. The results are shown in
Table I1I-9. The effects of interactions clearlydicate that the ferrous iron concentration
impacts the cell vitality indirectly. Particularlthe interaction ACq(Fe€**) andc(buffer))
plays an important role, but also the interactiaBs(c(Fe**) andc(H.0.)) and AD €(Fe*)
andc(Na-EDTA)) are relevant. All of these interaction effe are characterized by a plus
sign indicating that the improvement of the celiality by increasing concentrations of
acetate buffer, NeEDTA and hydrogen peroxide is enhanced by usitggher ferrous
ion concentration. Furthermore, a minor interactieifiect of the hydrogen peroxide
concentration and N&DTA concentration (BD) is observed. All other exaed

interactions are negligible.
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Table 111-9: Effects of the interactions of the factors on ¢led vitality calculated for the
experiments with three wires (cf. Table 111-5 factor description).

Interaction Effect of interaction

AB 4.25
AC 11.25
AD 6.00
AF 0.5
AG -0.5
BC 0
BD 45

ABD 1.25

In addition to the quantitative determination loé¢ tcytotoxic potential of the wires,
the cytotoxic potential of the same wires was ested qualitatively applying microscopic
measurements. Similar to the quantitative assaygcytotoxicity of all the wires was
observed in case of using the eluateomd wire. However, in case of using the eluate of
three wires respectively, it was found that the NHDHsceff all samples except the sample
prepared in experiment No. 3 are rounded and dethictdicating that the eluates of these
wires have a toxic effect to the cells. Only ineas$ the samples prepared from the wires
of experiment No. 3, the NHDF-cells attain theitural oblong shape and stay attached to

the bottom of the wells of the microtiter plate:. j.these wires are not cytotoxic.

4.2.1.1.2 ICP-AES

All Fenton solutions used for the treatment of thiees were analysed by ICP-AES
measurements determining the gold content. Thexefbe five solutions simultaneously
used for the treatment of five wires were mixedontler to ensure sufficient sample
amounts for the ICP-AES measurements. Additiondity, each experiment a blank
solution was analysed. As blank solutions, the s&maeton solutions as used in the
corresponding experiments but without getting imtaot with gold were used. The
intensity obtained for the blank solution was satiied from the intensity obtained for the
corresponding sample solutions and the concentratigold in the sample solutions was
determined. The dissolution rates relating to teengetric area of the gold surface, which
amounts to 0.32 chfor one wire, were calculated (cf. Figure 111-14).
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Figure lll-14a: Results of ICP-AES measurements: Rate of goldollisen from the
wires as function of time obtained for experimerd. N to 8 of treatment with Fenton

solution (overall geometric surface area of theldayer of one wire is 0.32 én
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Figure llI-14b: Results of ICP-AES measurements: Rate of goldotlisen from the

wires as function of time obtained for experimertt. 9 to 16 of treatment with Fenton
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As can be seen in Figure 1ll-14, traces of goldemdetected in the solutions of
each experiment, especially in the solutions usékdeabeginning of the treatments. For all
experiments, the largest amounts of gold were nmedsun the solutions used for the
treatment of the wires during the first 10 to 20nutes. Afterwards, only very small
amounts of gold or even no gold were detected enstiiutions. That means that most of
the gold dissolution happens at the beginning efttbatment with Fenton solution. These
results are in good agreement with previous ingatitins, in which Nowicka and co-
workers have measured the same effect by treatipgliahed gold plate with Fenton
solution [6].

Furthermore, the total amounts of gold dissolveainf the five wires of one
experiment during the whole treatment with Fentolutson were calculated (cf. Table IlI-
10) and the gold amounts were correlated with th# vitalities obtained by the

cytotoxicity test (cf. Figure 111-15).

Table I11-10: Total amount of

gold dissolved from the five \?12&_ *
: : S 1104
wires of each experiment. >
= 1004
No. mM(Au) [pg] 5 ool
1 1.16 8 50
2 0.46 0 1
3 1.41 £
4 0.52 £ 601
50 P
2 8% 00 02 04 06 08 10 12 14 16
= 0'83 M(AU) [ug]
8 113 Figure 11-15: Dependence of cell vitality on the
190 83@ total amount of gold dissolved from the wires
11 0:19 during the whole treatment with Fenton solution.
12 0.39
13 0.49
14 0.56
15 0.21
16 0.73

From the data shown in Figure IlI-15 it can be aoded that the cell vitality and
thus the cytotoxicity of the wires depends on timmant of dissolved gold. There is a clear

tendency that the cell vitality increases and thus cytotoxic potential of the wires
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decreases with increasing amount of dissolved dgidiis assumption is supported by the
fact that the highest value of dissolved gold whtiomed for the solutions of experiment
No. 3. And as mentioned before, the wires treatedraing to experiment No. 3 result in
the highest cell vitality (cf. Chapter 4.2.1.1.A)so for experiment No. 8, high cell vitality

is observed combined with a large amount of dissblyold.

4.2.1.1.3 AFM measurements

The effect of Fenton solutions on the gold surfat¢he wires was also investigated by
atomic force microscopy. For AFM measurements,Réeton treatment of the wires was
performed according to experiment No. 3 since tteatment procedure resulted in the
highest cell vitality and largest amount of dissalvgold (cf. Chapter 4.2.1.1.1 and
4.2.1.1.2.), and thus the largest effect on thel goirface is expected for this treatment
procedure.

Atomic force micrographs of four gold surfacespaneed in different ways were
recorded: (i) a gold surface without Fenton treathaad without gamma irradiation, (ii) a
gold surface without Fenton treatment and afterrganradiation, (iii) a gold surface after
Fenton treatment and without gamma irradiation &)l a gold surface treated with
Fenton solution and irradiated with gamma rays. &ach type of gold surface, AFM
images on five different locations were recordedd ghe roughness factors were
determined. In Figure IlI-16 one typical AFM imagkeach type of gold surface is shown
and in Table IlI-11 the mean values of the roughrfastors calculated for each type of

gold surface are given.
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(b)

<~ Topography [242nm]312 nm nm

(d)

<~ Topography [ 328 nm ] 406 nm

10.0 ym

Figure I1I-16: Atomic force micrographs of a gold surface of wiee (a) without Fenton
treatment and without gamma irradiatigh) without Fenton treatment and after gamma
irradiation, (c) after Fenton treatment and without gamma irragiieind(d) after Fenton

treatment and after gamma irradiation.

Table 111-11: Mean of roughness factors of atomic force micrpgsa

Roughness factor
Without Fenton treatment, without gamma irradiation 15
Without Fenton treatment, after gamma irradiation 4 2
After Fenton treatment, without gamma irradiation 41
After Fenton treatment, after gamma irradiation 25

As can be seen in Figure lll-16a the surface & tjold layer deposited by
galvanisation is quite smooth containing only a Besperities. After gamma irradiation, the
surface is much rougher (cf. Figure 11l-16b) whatonfirmed by the calculated roughness
factors (cf. Table IlI-11). Comparing Figure Ill-46and Figure l1lI-16¢c, no distinct

differences of the structure of the gold surface ba observed before and after Fenton
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treatment. Also, the roughness factors have nehdysame values. These results are in
contrast to previous investigations of Nowicka aondwvorkers, who observed a smoothing
of a gold surface by treatment with Fenton soluién7]. However, in contrast to the
previous investigations, in this study an unpolisigeld surface was treated with Fenton
solution. Thus, no highly reactive gold atoms wgeeerated before treatment with Fenton
solution provoking that the gold surface does ntar aistinctly by treating with Fenton
solution. The detected gold traces in the Fentdatisas (cf. Chapter 4.2.1.1.2) indicate
that minor surface alterations occur though, whidnnot be detected by AFM
measurements.

After irradiation with gamma rays, the Fenton teglagold surface is much rougher
than before gamma irradiation. Although the rougisn&actor is nearly similar to the
roughness factor obtained for the gamma irradigtéd surface without Fenton treatment,
the structures of both gamma irradiated gold sedatiffer. In case of the Fenton treated
gold surface, the gamma irradiation results indéeelopment of a high number of small-
dimensioned hills (cf. Figure 111-16d), while therdadiation of a gold surface without
Fenton treatment results in a large-scaled rouglgeaf the gold surface (cf. Figure llI-
16b). However, in contrast to the untreated goldase, the surface alteration of the
Fenton treated gold surface caused by gamma itradliprovoke no cytotoxic effects to

the wires as it was demonstrated by the cytotoxteist.

4.2.1.2 Second experimental series

From the results of the first experimental seriedollows that the Fenton solution
containing the following concentrations of the iedients is suitable to provide non-
cytotoxic gold surfaces of the wiresc(F€") =0.01 M, c(Na-EDTA) = 0.01 M,
c(buffer) = 0.1 M andc(H.0,) = 0.1 M. In all experiments of this second expemtal
series these concentrations of the ingredients uszd.

The aim of the second experimental series wasfuttber optimization of the
treatment procedure of the gold layer of the wibgsFenton solution with respect to
expenditure of work and time. Therefore it had ® ihvestigated, whether the total
treatment time t(total)) can be reduced and whether the time afteich the Fenton
solution has to be renewed during one treatmentepiare {(reagent change)) can be
extended. In previous studies of the Fenton reac@pplying chemiluminescence

measurements, it was found that even after 60 Omiidutes the chemiluminescence and



108 [1l Modification of gold surfaces for medical apgditions

thus the radical concentration was comparable éactiemiluminescence measured during
the first minutes after starting the Fenton reactibhus, now it had to be tested, whether
renewing the Fenton solution every 20 minutesge alifficient to generate a gold surface,
which is non-cytotoxic after gamma irradiation.also had to be studied whether the
reduction of the gold surface after Fenton treatmmemeally necessary. Hence, this third
factor was investigated within this second expentakeseries. Table 11I-12 shows the

estimated factors and their levels, and Table 3lishows the design of experiment. Since
the investigation of three factors considering ti@eels of each factor requires only 8

experiments, a full factorial design of experimemss compiled. Each experiment was

performed twice with four wires respectively.

Table 1lI-12; Factors and their levels.

Factor | Factor description - +
A t(total) 60 min 120 min
B t(reagent change) 10 min 20 min
C Redox state Oxidized Reduced

Table 111-13: 22 full factorial design of experiment.

No. t(total) t(reagent change) | Redox state
1 + - +
2 - + +
3 + + +
4 - - +
5 — — —
6 - + -
7 + - -
8 + + -

4.2.1.2.1 Cytotoxicity test

After treating the wires according to the desigrexperiments (cf. Table 111-13), the wires
were irradiated with gamma rays and the cytotoyioitthe wires was examined. For the
cytotoxicity test, eluates of the gold covered parthree wires of one experiment were
prepared only, because in the first experimentaésefrom the cytotoxicity test with the

eluates ofone wire no conclusions could be drawn with respectofdimizing the
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parameters of Fenton treatment (cf. Chapter 4.24)1.In Table IlI-14, the results of the

guantitative cytotoxicity test are shown.

Table 11I-14: Results of the quantitative determination of thotoxic potential obtained

for the wires treated with different Fenton proaeduaccording to the full factorial design.

No Relative cell vitality [%]
First run Second run Mean
1 114 74 94
2 57 49 53
3 77 90 84
4 83 68 76
5 85 60 73
6 49 31 40
7 79 69 74
8 49 93 71

Table IlI-14 clearly shows that the highest cealiaity was obtained with the
eluates of the wires of experiment No. 1: it reachknost 100%. The treatment procedure
of experiment No. 1 was similar to the procedurexgeriment No. 3 of the first series of
experiments, which resulted also in a cell vitabfyl00% as mentioned before. Thus it is
confirmed that non-cytotoxic wires were obtainedthg following treatment conditions:
c(FE) = 0.01 M, c(EDTA) =0.01 M, c(buffer) = 0.1 M, c(H20;) = 0.1 M,
t(total) = 120 mint(reagent change) = 10 min and redox state = reduced

The calculations of the effects on the cell vitadilso prove these results (cf. Table
11-15).

Table I1I-15: Effects of the factors on the relative cell vitali

t(total) t(reagent change) Redox state
Mean+ 80.8 62.0 76.8
Mean- 60.5 79.3 64.5
Effect 20.3 -17.3 12.3

The effect of the total treatment time as wellklas effect of the redox state has a
positive sign indicating that a positive level tiese factors improves the cell vitality,
while the effect of the time of reagent change daggative sign indicating that a negative
level of this factor improves the cell vitality. @hmeans that the highest cell vitality is

obtained for a total treatment time of 120 minusewing the Fenton solution each 10
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minutes. A decreasing of the total treatment tim&@ minutes and an extension of the
time of reagent change to 20 minutes has a negetiget to the cytotoxicity of the wires.
Further, the gold surface should be reduced agatihg with Fenton solution to improve

the cell vitality.

4.2.2 The effect of'OH radicals generated by UV-photolysis of hydrogen pexide

Beside chemical generation 6OH radicals by Fenton solution, the method of UV-
photolysis of hydrogen peroxide had to be studegdyenerating OH radicals to treat the
gold layer of the wires. The UV-photolysis of hygem peroxide had to be performed
under different conditions to optimize the procedaf treating the gold layer of the wires
for the purpose of a decrease of the cytotoxic itk of the wires. Therefore, the
concentration of hydrogen peroxidgH.0,)) and the total treatment tim&total)) were
varied. Further, it should be tested whether awamg of the hydrogen peroxide solution
each 15 minutes (reagent change) during 'thE treatment of the wires has a positive
effect on the cytotoxicity of the wires. Additiohglthe effect of the redox state of the gold
layer of the wires after treating witlOH radicals had to be investigated in the same way
as it was done after the Fenton treatment. Thageféwtors were investigated considering

2 levels of each factor (cf. Table IlI-16).

Table 1l1I-16: Factors and their levels.

Factor | Factor description - +
A c(H20) 0.3% 3%
B t(total) 30 min 120 min
C Reagent change No Yes
D Redox state Oxidized Reduced

A full factorial design of experiments containih§ experiments was compiled to
investigate all combinations of the factors usihg Software Design-Exp&rtVersion
8.0.7.1 Trial (cf. Table 11I-17). Each experimentasv performed with four wires

simultaneously.
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Table I11-17: 2* full factorial design of experiment.

No. c(H205) t(total) Reagent change| Redox state
1 + - + +
2 + + - +
3 - + - +
4 — — — —
5 + + - -
6 + + + +
7 — + — —
8 - - + +
9 + + + -

10 - + + +

11 - - + -

12 - + + -

13 + - + -

14 + - - +

15 - - - +

16 + - - -

4.2.2.1 Cytotoxicity test

The treated wires were irradiated with gamma rays the cytotoxicity of the wires was
examined. For the cytotoxicity test, eluates of gloéd covered part ahree wires of one
experiment were prepared and their effect on NHBIlsavas examined quantitatively and
gualitatively. Furthermore, the cytotoxicity of vedited wires before and after gamma
irradiation was examined.

In case of all the untreated wires, the determicet vitalities amount to around
50%; i.e., the untreated wires have cytotoxic éffen the NHDF-cells, as expected.

In Table 111-18, the cell vitalities of the treatewires determined with the
quantitative assay are shown. The obtained cellitits amount to more than 90% for all
experiments. Compared to the cell vitality detemulifior the eluates of Teflon as negative
control (80—90%), the cell vitalities determined floe eluates of all treated wires are in the
same range or even higher. That means that allriex@ets result in wires, which are not
or only marginally cytotoxic whatever the positige the negative levels of the factors

were used respectively.
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Table 111-18: Results of the quantitative determination of thtxic potential obtained

for the wires treated with different proceduresaading to the full factorial design.

No. Relative cell vitality [%]
1 99
2 104
3 105
4 119
5 127
6 90
7 101
8 91
9 95
10 92
11 109
12 106
13 93
14 108
15 99
16 96

Nevertheless, the effects of the factors wereutatied. As can be seen in Table IlI-
19, the concentration of hydrogen peroxide andidked treatment time have no effect on
the cell vitality in the tested ranges. In casehd redox state and the renewing of the
hydrogen peroxide solution during the treatmentcedore, a certain effect to the cell
vitality was detectable. From these results follawat slightly higher cell vitalities are
obtained by the treatment without renewing the bgdn peroxide solution and for the
oxidized surface. However for both levels the atxtdicell vitalities are around 100%, and
thus all treated wires are harmless relating tar tiogtotoxic potential determined

quantitatively.

Table 111-19: Effects of the factors.

c(H20,) t(total) Reagent change Redox state
Mean+ 101.5 102.5 96.9 98.5
Mean- 102.8 101.8 107.4 105.8
Effect -1.3 0.7 -10.5 -7.3

Additionally to the quantitative determinationtbk cell vitality, the vitality of the

cells was estimated qualitatively. In Figure lll;1lihicroscopic images of the cells
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incubated with the eluates of (i) the controls tagure IlI-17a—c), (ii) the untreated wires
(cf. Figure IlI-17d—f) and (iii) the wires treateatcording to experiment No. 4, 12 and 14
(cf. Figure 1llI-17g—i) are shown.

Figure 11I-17: Light microscopic images of the cells in the RPMidium of(a) negative
control (only medium),(b) negative control (Teflon)(c) positive control (copper)d)

untreated and non-irradiated wirgs) untreated and irradiated wirg$), only washed and
irradiated wires,(g) wires treated according to experiment No. (B) wires treated

according to experiment No. 12 afidwires treated according to experiment No. 14.

In case of all negative controls, vital NHDF-cdtisming a confluent cell layer are
observed (cf. Figure Ill-17a and b). In contrastcase of the positive control the cells are
rounded and detached from the bottom of the welicating that the cells are destroyed
nearly completely (cf. Figure 1llI-17c); i.e., théuate of copper is toxic for the NHDF-
cells, as expected. All images of the cells incebawith the eluates of the treated wires



114 [1l Modification of gold surfaces for medical apgditions

look similar; hence only a selection of three inmge shown (cf. Figure 1lI-17g—i). In
comparison with the images of the negative andtipestontrols, the images obtained for
the cells incubated with the eluates of the treatieds resemble the images of the negative
controls since a confluent cell layer and only alramount of rounded cells (less than
20%) is observed. That means that the cytotoxierg@l of the treated wires is negligible.
Thus the results of the qualitative estimationsficanthe results of the quantitative assay.
By analysing the images of the cells incubated witheluates of the untreated wires, it is
ascertained that much more cells are rounded aagditerl and thus more disengaged areas
are observed between the cells (cf. Figure llI-IydFhat means that the untreated wires
have cytotoxic effects on the NHDF-cells, as shd&fore by the quantitative analysis of

the cell vitality.

4.2.2.2 ICP-AES

All hydrogen peroxide solutions used for the treatbof the wires were analysed by ICP-
AES measurements determining the gold contentase ©f all solutions, the measured
intensities are in the range of the intensity ot®difor ultrapure water, i.e., no gold can be
detected in the hydrogen peroxide solutions usethftreatment of the gold layer of the
wires. Two reasons can be discussed here: Eithgolabwas dissolved from the wires or
the volume of the hydrogen peroxide solution resplifor the treatment of the wires
(10 mL) was too large and thus the dissolved gotidunt was too low to be detectable by
ICP-AES measurements. The latter would be more inomg if it is assumed that the
effect of UV-photolysis of hydrogen peroxide to @@urfaces is similar to the effect of
Fenton solution (the volume of Fenton solutions WasiL). Of course it cannot be
excluded that the UV irradiation may change thesaigion mechanism also in the way
that the preliminarily dissolved gold may be quycktduced back and deposited again on
the surface, which could also decrease the cytotgxiThis would lead to equilibration of
the surface in the sense that reactive gold atomsdessolved and this gold is then
deposited to form less reactive surface sites.
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4.2.2.3 AFM measurements

The effect on the gold surface caused by the trewitrof the wires via UV-photolysis of
hydrogen peroxide with and without subsequent gammmaiation was investigated
employing atomic force microscopy. Atomic force migraphs of four different treated
gold surfaces were recorded: (i) a gold surfacénaut treatment by UV-photolysis of
H,O, and without gamma irradiation, (i) a gold surfas&hout treatment by UV-
photolysis of HO, and after gamma irradiation, (iii) a gold surfadter treatment by UV-
photolysis of HO, and without gamma irradiation and (iv) a gold aué treated by UV-
photolysis of HO, and irradiated with gamma rays. The treatmenthefwires by UV-
photolysis of HO, was performed according to experiment No. 4 (cbl& IlI-17).
Experiment No. 4 was selected randomly since alttnent procedures resulted in high
cell vitalities. For each type of gold surface,maio force micrographs on five different
positions were recorded and the roughness facters determined. In Figure 11l-18 one
typical AFM image of each type of gold surfacehewn, respectively and in Table 111-20
the means of the roughness factors calculatedafdr g/pe of gold surface are given.

As can be seen in Figure 1llI-18a and c, the treatrof the wires by UV-photolysis
of hydrogen peroxide has no distinct effect to gloéd surface. The calculated roughness
factors confirm this results as both roughnessofacare nearly the same. However, the
treatment of the gold layer by UV-photolysis of hygen peroxide has an effect on the
influence of the gamma irradiation on the gold acef If an untreated gold surface is
irradiated with gamma rays, the surface becomeghmu (cf. Figure IlI-18a and b).
Comparing the roughness factors, the roughnessases by a factor of 1.6. In contrast,
the gamma irradiation of a treated gold surfacesesuo distinct roughening of the surface
(cf. Table 11I-20 and Figure 11l-18c and d). Thaeans that the gold surface treated by UV-
photolysis of hydrogen peroxide is passivated ajagamma rays resulting in a non-
cytotoxicity of the gold layer of the wires (cf. @bter 4.2.2.1). This supports the idea
expressed at the end of Chapter 4.2.2.2.
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Figure 111-18: Atomic force micrographs of a gold surface of thiee (a) without UV
treatment and without gamma irradiatidip) without UV treatment and after gamma
irradiation, (c) after UV treatment and without gamma irradiatiamd gd) after UV

treatment and after gamma irradiation.

Table 111-20: Mean of roughness factors of atomic force micrpgsa

Roughness factor

Without UV treatment, without gamma irradiation 15
Without UV treatment, after gamma irradiation 24
After UV treatment, without gamma irradiation 14

After UV treatment, after gamma irradiation 15
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4.2.3 Comparative discussion of the results obtained withoth treatment methods

The gold layer of the wires was treated successtilining at decreasing the cytotoxic
potential by applying both methods, i.e., Fentolutsans and UV-photolysis of hydrogen
peroxide. Both treatment methods were optimizedultieg in cell vitalities of
approximately 100% indicating that the cytotoxicteadial of the treated wires is zero.
Thus the main aim of the study has been achieved.

In addition to the cytotoxicity test, the altecets of the gold surface caused by the
radical treatment and by the subsequent gammaadtiaa were investigated. After both
treatment methods, i.e., with Fenton solutionsantdVV-photolysis of hydrogen peroxide,
no distinct smoothing of the gold surface was olerby atomic force microscopy.
Nevertheless, in case of the treatment with Ferswintion, gold was detected in the
treatment solutions indicating that the gold swefa@s changed slightly, but the alteration

could not be detected by AFM measurements. In asftrin the hydrogen peroxide

solutions irradiated with UV light to generat®H radicals for treating the gold surfaces
no gold was detected. That means that either naissblution of gold happened, or the
amounts of dissolved gold were too low for detettiy ICP-AES measurements or by
atomic force microscopy. Furthermore, it is assured not only the generated radicals
but also the UV light and the high temperatureswkich the gold surfaces are exposed
during UV-photolysis of hydrogen peroxide, affdot igold surface.

Further, it was found that the roughness of tHd garface after gamma irradiation
depends on the forgoing treatment procedure. A golthce treated with Fenton solutions
gets rougher by irradiation with gamma rays, wthke gamma irradiation of a gold surface
treated by UV-photolysis of hydrogen peroxide cause roughening of the gold surface.
Despite these different surface roughnesses olotafter gamma irradiation, both surfaces
behave similar with respect to the cytotoxicity @#®y are non-cytotoxic. Since an
untreated gold surface is cytotoxic after gammediation, it follows that the gold surface
properties are changed by treating with Fenton tewolst and by treating with UV-
photolysis of hydrogen peroxide, although no swfadteration could be observed by

atomic force microscopy.
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5 Conclusions

Recently, it has been found out tH&@H radicals generated by Fenton solution smooth
mechanically polished gold surfaces by dissolutdrnighly reactive gold atoms. In the

light of this finding, in this thesis the surfaces medical products based on gold were

investigated and modified by treating witbH radicals.

The surfaces of gold implants were analysed byn&tdorce microscopy before
implantation and after remaining the gold in thetpaeal cavity of mice for several days.
It was found that there is an analogy between ¥posgure of mechanically polished gold
to Fenton solutions and the exposure of mechagipalished gold to immune reactions as
a smoothing of the gold surface is observed aftgrlantation of gold in the peritoneal
cavity of wild type mice. The effect can be asailie oxygen radicals formed during
NADPH oxidase catalysed immune reactions, becaasamoothing of the gold surface is

ﬁ_hox

observed after implantation into knock-out micekiag the gp9 subunit of the

NADPH oxidase. Further, an alteration of the swfat gold implants could be prevented

by treating the gold surface wittOH radicals of Fenton solutions before implantation.
This indicates that the release of gold from imfdaran be reduced.
In a further study, the gold layer of a recentlveloped nanodetector used to

isolate circulating tumour cells from the bloodestm of cancer patients was treated with

"OH radicals aiming at a diminishing of the cytotoyciof the gold after gamma

irradiation. In addition to Fenton solutions, ald¥-photolysis of hydrogen peroxide was

used to generatédOH radicals. Both methods 6OH radical generation were optimized
successfully for treating the gold layer resultimya non-cytotoxic gold layer of the
nanodetector. These results make possible givo application of the nanodetector.

From the obtained results it follows that the mdies of metallic gold for its use as
medical material can be improved by treatment witiygen radicals. Metallic gold is
widely employed as implant material in medicine alehtistry, e.g., in reconstructive
surgery of the middle ear [187-189], in upper elyehplant surgery [190, 191], as coating
of voice prostheses [192], in endovascular stet@3][ in antitumour treatment [194], in
drug delivery microchips [195] and in dental prestés like inlays, onlays, crowns, and
bridges [116]. Although gold is widely acceptedbéscompatible implant material, some
undesired negative effects of gold implants havenbeeported, e.g., rejection reactions,
formation of granuloma and allergy to gold [18801293, 196, 197]. Such complications
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can possibly be attributed to material propertie36] causing a dissolution of gold from
the implants. Thus, it is easily conceivable theatesal undesired effects of gold implants
can be reduced by a pre-treatment of the gold wiigen radicals. By treating the gold
with oxygen radicals before implantation, the reteaof gold from implants can be
reduced, and a potential cytotoxicity of gold candecreased. Thus, the biocompatibility
of gold implants can be further improved.
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IV Summary

Surface and electrode modifications allow the atien of surface and electrode properties

required for certain applications.

In the first part of this thesis, a pH sensitiveaghite/quinhydrone composite
electrode for FIA systems was optimized by usintygitoxane as binder material. This
allows an easier handling of the electrode. Funtoee, new applications of the FIA
system in conjunction with the pH sensitive detatsystem were developed.

The electrode used here in conjunction with a commeference electrode proved
to be a very useful potentiometric detector for Fh&id-base titrations of aqueous
solutions. Even acid-base titrations in bufferelditons were performed successfully with
the FIA system allowing the determination of adies of enzymes, which catalyse
reactions with increasing or decreasing proton entrations.

A FIA system was applied to measure calcium andrmesium ions in different
water samples by measuring the hydronium ion reldasing the complexometric reaction
between EDTA and calcium or magnesium ions.

A method was established to determine sequentildytitratable acidity and the
pH of different wine samples. The new FIA metholfil&ithe official requirements of the
Organisation Internationale de la Vigne et du Vin with respect to reproducibility and
repeatability and can be easily adjusted to thal legjuirements in USA and Europe.

In summary, the first part of this thesis showat tthe FIA system in conjunction
with the graphite/quinhydrone/polysiloxane compmsiectrode is very well suited for
simple, rapid and automatic determinations of srsathple volumes in the areas of water
analysis, food analysis or even biochemical anglysiovided that hydronium ions are
involved. For all applications, one and the sam@sugng device without changing the
detection system is used. Only different carrielutsans are necessary, which can be

provided by a proper stream selector.

The second part of this thesis is focused on tbdification of gold surfaces of
medical devices by treatment wittOH radicals. These investigations are based on

previous studies of the impact 0OH radicals on mechanically polished gold surfaces

resulting in a smoothing of the surface by dissolubf highly reactive gold atoms.
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In this thesis, the effect ofOH radicals, generated eithex vivo by Fenton
solutions orin vivo by immune reactions, on gold implants was analysgdg atomic
force microscopy. It was found that there is anl@pabetween the exposure of gold to
Fenton solutions and the exposure of gold to imnmeaetions. The pre-treatment of gold
implants with "OH radicals of Fenton solution prevents surface afitens of the gold
implantsin vivo. This indicates that then vivo release of gold from implants can be
reduced by exposing the gold implants to Fentoatswl before implantation.

Finally, the modification of gold surfaces b®H radicals was applied to a medical
nanodetector, which is coated with a gold layer &ntttionalized with antibodies, for
isolating CTCs from the blood stream of cancerguas. By treating the gold layer of the
nanodetector with'OH radicals generated by Fenton solution or by UVtplysis of
hydrogen peroxide, the cytotoxicity of the golddawfter gamma irradiation was reduced
to almost zero. This modification of the gold sadawith ‘OH radicals allows applying

the nanodetector fon vivo applications.
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VI List of abbreviations

Ap Peak area

ax Activity of “X”

AAS Atomic absorption spectroscopy

ADP Adenosine diphosphate

AES Atomic emission spectroscopy

AFM Atomic force microscopy

AuNP Gold nanoparticle

¢ Concentration

CEN European committee for standardization
CoA Coenzyme A

CTC Circulating tumour cell

D Dispersion coefficient

DNA Deoxyribonucleic acid

DNase | Deoxyribonuclease |

AEp Peak height of potentiometric peak in FIA meamgnt
E Electrode potential

ES Formal potential

E® Standard potential

Eredox Redox potential

e Electron

EDTA Ethylenediaminetetraacetic acid;{H

EMT Epithelial-mesenchymal transition

EP Equivalence point

EpCAM Epithelial cell adhesion molecule

F Faraday constant

FIA Flow-Injection-Analysis

FSMW Functionalized and structured medical wire
HF High frequency

HQ™ Anion of hydroquinone

H.Q Hydroquinone

I lonic strength
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ICP Inductively coupled plasma

ISE lon selective electrode

ISFET lon sensitive field-effect transistor

K Equilibrium constant

Ka Acidity constant

Kp Basicity constant

Ks Electron transfer rate

KClsat Saturated potassium chloride solution

LOD Lowest detection limit

LPS Lipopolysaccharide

MET Mesenchymal-epithelial transition

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetzolium bromide
n Amount of substance

NADP*/NADPH Nicotinamide adenine dinucleotide phosphate
Nax-EDTA Disodium salt of ethylenediaminetetraaceittd (NaH,Y)
NHDF-cell Normal human adult dermal fibroblast

olv Organisation Internationale de la Vigne et\dn
Ox Oxidant

p.a. For analysis

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PMMA Poly(methyl methacrylate)

PVC Polyvinyl chloride

Q Flow rate

Q Quinone

Q* Dianion of hydroquinone

R universal gas constant

Red Reductant

RPMI-medium Roswell Park Memorial Institute medium
SPM Scanning probe microscopy

ROS Reactive oxygen species

S Sensitive surface

Sy Sample volume

SAM Self-assembled monolayer
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SDS

t

T

uv
UV/VIS
V(H20)add
WRMG

XOD
XTT

Sodium dodecyl sulphate

Time

Absolute temperature

Ultraviolet

Ultraviolet—visible spectroscopy

Added water volume

“Wasch- und Reinigungsmittelgesetz” “Gesetz erib die
Umweltvertraglichkeit von Wasch- und Reinigungsaiitt, i.e., law
on the environmental compatibility of washing ahebaing agents
Xanthine oxidase
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2Httazolium-5-
carboxanilide

Number of transferred electrons

Wavelength
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