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Introduction

1. Introduction

1.1 Motivation

Interdisciplinarity is the idea of a unified science, general knowledge, synthesis and the
integration of knowledge'. Chemistry and its interdisciplinary applications are in close
alliance during the last centuries. Applied chemistry and applied natural sciences in
general determine our everyday life. The impact on our lives ranges from basic things like
CO, in sparkling water, soap for washing, or road salt for iced streets, to very
sophisticated modern techniques for instance quantum physics based techniques such as
semiconductor transistors for computers, LEDs for electric lighting or TV sets, or optical
sensors. The transfer of a technique from the lab bench to its application is a most

important as well as a very fascinating process for human scientific progress.

Since the middle of the 1990s extensive research on development of optical
sensing and imaging techniques has been performed at the Institute of Analytical
Chemistry, Chemo-, and Biosensors at the University of Regensburg. Sensors for
determination of pO,, pH, lons, CO, and various biological species as well as multi-analyte
sensors have been realized””. Further, various new techniques for sensing and imaging
have been developed®®. Continuing this research, the aim of this thesis was to develop

new luminescent in vivo sensors and imaging techniques for clinical application.

pH (Latin: pondus hydrogenii) and pO, (oxygen partial pressure) are parameters of
great interest especially in biosciences. They can act as diagnostic or surrogate
parameters in surgery or can further understanding of physiological and biological
processes. Although, more and more physiological processes are unveiled during the last
decades and centuries, there are still many fundamental human disease patterns whose
processes suffer from a lack of understanding. An important group of these disease

patterns are chronic wounds and skin defects.

Chronic wounds are defined as wounds that show no tendency in healing after 4
to 8 weeks’. Most chronic wounds are cutaneous ulcers at the lower extremities of

patients. They are chiefly caused by chronic venous insufficiency, arterial occlusive
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disease, microangiopathies (such as diabetes mellitus), or vasculitis'®. Chronic wounds are
highly resistant to therapy and require long-term treatment. Approximately 1% of
Europe’s population suffers from chronic wounds. Besides the impact on the quality of
life, chronic wounds are a fundamental economic burden with nearly 2% of the total

11,12 .
““. In North America, even

health care budget being spent on chronic wound treatment
one-third of the total dermatological budget is spent on this issue. This exceeds the

money that is spent for all melanoma and other types of skin cancer combined™.

Cutaneous wound healing is basically divided into three major phases which

overlap during healing*:

(i) initial inflammatory phase (cytokines, chemokines, etc.)
(ii) proliferative phase (neoangiogenesis, fibroblast proliferation,
reepithelialization)

(iii) final tissue remodeling phase (extracellular matrix reorganization)

. . . . . 1
Chronic wounds remain often in a sustained inflammatory phase™.

The parameters of pH and pO, play an essential role in healing of wounds'"*>*°.

For example, the wound fluid*” and its varying pH are known to greatly affect healing™:
pH affects the epidermal barrier self-regulation and stratum corneum integrity'®, alters
the activity and conformations of proteinases during the tissue remodeling phase®®. Low
pH levels limit the cell proliferation’® and elevated pH values tend to higher risks of

bacterial infections and thus the formation of chronic wounds'>*

. Oxygen plays an
immense role in wound repair, too?’: generally, hypoxia largely impairs wound healing®?,
oxygen converted to reactive oxygen species (ROS) via neutrophils regulates bactericidal
defense against wound pathogenesis®, further, oxygen is needed for regulation of
collagen synthesis®, angiogenesis?®, and reepithelization?’. Although, there are numerous

. . . )
publications on the molecular and cellular events during cutaneous wound healing®® the

basic clinical parameters like pO, and pH are not completely unveiled in this context.

The aim of this work was to develop optical in vivo sensors for imaging of pH and
pO, during physiological wound healing and in chronic wounds. Further, novel sensors for

simultaneous imaging of pH/pO, using optical dual sensors were developed. These
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sensors were implemented in clinical studies on dermatological problems in cooperation

with the Institute of Dermatology at the University Hospital of Regensburg.

1.2 Standard techniques for oxygen and pH

1.2.1 The Clark electrode

Oxygen is one of the most fundamental species for life on earth. Numerous different
techniques for determination of oxygen were invented during the last century. Among
those were mass spectrometric, gas chromatographic, paramagnetic methods and solid

2930 that were only suitable for measuring oxygen in the gas phase.

state electrodes
Dissolved oxygen (e.g. in natural waters), mostly is determined by Winkler-Titration®' or
via colorimetric methods®?, that, unfortunately, were limited to discontinuous
measurements and thus prohibit on-line monitoring. Nowadays, amperometric
sensors®*3> were most frequently used for continuous as well as discontinuous
determinations of dissolved oxygen. In principle, those sensors are based on the
electrochemical reduction of oxygen at a polarized electrode. An electric current is
generated, that is proportional to the pO; in the sample. Different types of amperometric
33,36

electrodes are available. Membrane coated electrodes such as the Clark electrode

more and more supersede plain electrodes®.

The Clark electrode (Fig. 1.1) is a two electrode system consisting of a platinum,
gold or silver working electrode (cathode) and a reference electrode (silver; anode). Both
electrodes are submersed by a neutral or basic electrolyte solution (mostly KClI). The
electrodes are covered by an oxygen permeable membrane made of Teflon® or silicone
that separates the electrodes from the test solution. Oxygen diffuses through the

membrane into the electrolyte solution and is reduced at the Pt cathode:
% 0,+e +%H0-> 0OH
The anode reaction is:

Ag+ClI'-> AgCl + e
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If the electrodes are polarized with a potential between -0.6 and -0.8 V, the electric
current is proportional to the oxygen partial pressure. The Clark electrodes are widely
used due to their simple and straightforward design. They offer a linear dynamic range
over several orders of magnitude, have limits of detection (LODs) in the lower ppm range,

and often single point calibrations are sufficient.

voltage supply
}_._

galvanometer (1))

KCI electrolyte

Ag/AgCl electrode

rubber ring—"

ST AT LA TI AL LUV AL R L T Y
. LLUBLIATIALATAIAAMATIAL AL VRATIARAATL LR AR AL R AR AR A A

Pt electrode
Teflon membrane

Figure 1.1 | Schematic drawing of a Clark type electrode for dissolved oxygen.

Despite the fact that Clark electrodes are widely used, they also have numerous
drawbacks. First, they consume oxygen and thus solutions have to be stirred to obtain
correct results. This causes errors when low pO, values have to be detected. Further, the
electrode is cross sensitive towards gaseous CO,, H,S and Cl, which partly can be
compensated or minimized by the use of specific electrolyte compositions. In vivo
experiments are also problematic, since proteins and other biological substances may

cover the membrane and in consequence limit the operational lifetime of the electrodes.
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1.2.2 pH electrode

A second analytical parameter of extraordinarily importance to industry, chemical
laboratories, medicine, microbiology, biology, etc. is the pH value (“pH”). pH is used as a

surrogate parameter in clinical analysis, especially in blood®” and other body fluid®**°

4041 42,43 44,45

analytics, or in monitoring food quality (mil , meat™™"°, and tap water ™). Further,

pH is essential in environmental analysis, for instance in determination of acidic rain,

industrial waste waters*’, or in control of bodies of water**™°.

potentiometer (1

working electrode

reference electrode

+— Kdl

KCI with internal buffer

diaphragm

glass membrane

Figure 1.2 | Schematic drawing of a pH glass electrode

The most common tool to determine pH>"*?

is the glass electrode. It was first described
by Haber>, Cremer>, Macinnes and Dole> in the first decades of the 20th century. The
glass electrode is a potentiometric two electrode system consisting of an Ag’/AgCl
working electrode and an Ag’/AgCl reference electrode (Fig. 1.2). Both electrodes are
immersed in KCl solutions. The electrolyte solution of the inner electrode additionally
contains a buffer with a defined pH (mostly phosphate buffer of pH 7). The outer solution
is connected with the analyte solution via a small diaphragm that allows for electrical
connection but hinders material exchange. The inner electrode is separated from the

analyte solution via a glass membrane. Generally, the glass membrane prevents

penetration by protons, but water partly swells the glass surface. If the pH values of the
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analyte solution are lower than those of the internal buffer solutions, protons diffuse into
the outer surface of the glass membrane and versatile Na* ions are pushed back inside
the glass. Thus an electric potential is generated. If the pH value of the analyte solution is
higher than the internal buffer, the polarization of the membrane is inverted>®>’. The
electrochemical series inside the glass electrode is: Ag/AgCl/KCl (buffered) | glass

membrane | analyte solution | diaphragm | Ag/AgCI/KCI.

Glass electrodes for pH measurements offer the advantage that they show
Nernstian response behavior (linearity) towards pH. Thus, they allow for straightforward
two-point calibrations. Further, they show high sensitivity, have a very wide dynamic
range (linear behavior from pH 2 to 12), have small power requirements and measures
activities rather than concentrations. However, they also have numerous drawbacks that
complicate or even prevent the use of pH electrodes in certain applications. They are
sensitive to electromagnetic fields, show difficulties in remote sensing and sensor
miniaturization, need a reference electrode, can be interfered by heavy metal ions,
proteins or H,S, and show an acidic and a basic failure with extreme pH values. Moreover,
they potentially create a risk of undesirable electric shocks during in vivo

measu rements.56’58’59

1.2.3 Electrodes vs. optical sensing and imaging

There is one major drawback for the use of electrodes besides the disadvantages already
mentioned in the previous sections. Electrodes only allow for single spot measurements,
that makes imaging and thus visualization of 2D analyte distributions nearly impossible.
Although, 2D images can be obtained with electrodes via scanning of surfaces, but it is
very tedious, time consuming and spatial resolutions are severely limited. Other
approaches for the spatial visualization of analyte distributions have to be taken in

account.

The use of optical sensors, so called optrodes, represents a promising

2,59-64

alternative . Generally, optrodes are chemical sensors based on optical signal

transduction. A chemical sensor is defined via two official definitions:
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On the one hand the IUPAC definition, which is a global definition matching nearly all

analytical devices:

"A chemical sensor is a device that transforms chemical information, ranging from
the concentration of a specific sample component to total composition analysis,
into an analytically useful signal. Chemical sensors usually contain two basic
components connected in series: a chemical (molecular) recognition system

(receptor) and a physicochemical transducer®.”

On the other hand, a more precise definition, the Cambridge definition:

"Chemical sensors are miniaturized devices that can deliver real time and on-line
information on the presence of specific compounds or ions in even complex

samples®®."

A sensor is more than just a simple indicator dye or probe. A sensor consist at least of (i) a
receptor layer (including the indicator) reacting with the analyte to generate a signal, (ii) a
transducer that converts this specific signal into an electrical signal, which (iii) is often

amplified or integrated and (iv) then converted and evaluated in a computer system?*%.

The signal of an optrode is generated either from changes in intrinsic or extrinsic
optical properties. Using intrinsic optical signals is the most elementary way for optical
analyte determination. For instance, the photosynthesis activity can be directly
determined by the luminescence of chlorophyll (Kautsky effect)®’, blood oxygenation is

monitored via colorimetric read-out or pulse oximetry®®®

, or in a more sophisticated
way, temperature can be observed by tilted Bragg-grated fibers’®. Unfortunately, most
analytes do not display intrinsic optical signals. Labels or indicators have to be used to
convert the analyte (e.g. pH, oxygen, ect.) concentration or distribution into a useful
optical signal. The spectral properties of those indicators may vary in absorbance,
reflectance or luminescence. The gross of optical sensors and probes uses either

71-79

luminescence intensity or luminescence lifetime®*®*%8983 for extrinsic analyte

determination.

Optrodes are versatile. The indicator can be embedded in a membrane or in

micro- or nanoparticles. The specific behavior, response times, dynamic ranges, and cross
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reactivity of the indicator thus can be tuned and controlled by choosing a proper

microenvironment.

Optrodes offer numerous benefits. They (i) can easily be miniaturized, (ii) do not
consume the analyte (whereas the Clark electrode consumes oxygen), (iii) are non-
invasive, (iv) are cheap and thus can be fabricated as disposable sensors, (v) do not
require an additional reference element (such as the reference electrode), (vi) are not
interfered by high pressure, electric or magnetic fields, (vii) can transmit multiple signals
at the same time, and (viii) in fact offer a smaller dynamic range, but have a better
resolutions compared to electrodes. On the contrary, optical sensors also implicate some
disadvantages. They (i) can be interfered by ambient light or scattered excitation light, (ii)
have limited dynamic range, (iii) offer limited operational lifetime due to possible
photobleaching or bleeding (i.e. leaching of probes out of the sensor), and (iv) measure

. . s 2 84-
concentrations instead of EEICtIVItIeS.6 e

Optical sensors show great promise for in vivo visualization of pH and oxygen
distributions in human tissue, inter alia, since the physiological range is limited and high
spatial resolution should be gained. Further, possible simultaneous multianalyte analysis

and 2D imaging is essential for the scope of this thesis.

1.3 State of the art in optical imaging of pO, pH, and dual pO:/pH

1.3.1 pO: sensors

The interest in sensing and imaging of oxygen immensely increased during the last four

decades since its first description by Bergman in 1968°*. pO, sensors are used in many

92-94

. . . 2 .
fields of research®. They are used in medical care and cancer research®, in

95-97 99,100

environmental analysis™®’, in industrial process monitoring®™, in biology and

101-103

. . . . . 1
biotechnology , but also in less obvious areas such as in coal mines’, food

. 1 . 1 . . .
packaging'®, and marine research’®. Further, oxygen is also imaged and sensed in so
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. . 1 . . .
called pressure sensitive paints'® for automotive and aeronautic research and in glucose

determination using enzyme-based biosensors>.

Practically all optrodes for oxygen are based on the use of luminescence®*®. The
signal is generated by collisional quenching of luminescence. The indicator molecules in
their excited triplet state collide with triplet oxygen. Therefore the energy is transferred
from the dye to the oxygen molecules resulting in radiationless deactivation of the
excited state. Thus, no oxygen is consumed during the measurement. The signal change

can be observed by a change in luminescence intensity or in luminescence lifetime.

The first pO, sensor from Bergman®® used unreferenced fluorescence intensity
based read-out of fluoranthene absorbed on a polyethylene film. The properties of
sensors can be modified by the use of specific polymers as matrix materials for the
indicators. Typically, oxygen indicators are incorporated in non-polar and oxygen
permeable polymers. For instance, silicone rubbers, polystyrene (PS), poly(vinyl chloride)
(PVC), cellulose derivatives, poly(methyl methacrylate) (PMMA) or various co-polymers
are used®% 1 sjlicone rubbers provide an excellent oxygen permeability that is at least
two orders of magnitude higher than those of the other polymers mentioned™>**. This
results in an enormous quenching efficiency. Nevertheless, the other polymer materials
(PS, PMMA, PVC, etc.) are widely used, because they are transparent, less rigid,
chemically and biologically inert, and do not swell in aqueous solution®*. Further sol-gel

. 117-
based optrodes are available that are used for gas phase and aqueous measurements'"’

119 118,120

. Those sol-gel matrices reduce long response times and indicator leaching

There is a great variety of dyes that are quenched by oxygen but unfortunately
merely a manageable quantity of indicators really fits the requirements of a probe for
oxygen sensing. The indicators need (i) a sufficient quenching efficiency and rate, (ii) high
photostability, (iii) a luminescence lifetime at least in the us range, (iv) high luminescence
guantum yield and (v) molar absorbance. Further, they have to be (vi) compatible with
cheap and straightforward excitation light sources (such as LEDs) and (vii) should be

. . 121
soluble in the sensor matrix or polymer used.®*

Organometallic dyes are a widely used class of oxygen probes. They largely meet

the requirements mentioned in previous paragraph. Generally, organometallic oxygen
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probes can be divided in two major groups: polypyridyl complexes and
metalloporphyrins. Polypyridyl complexes of transition metals (Ru?*, Os**, or Ir**) with
ligands such as 2,2’-bipyridyl, 1,10-phenanthroline or 4,7-diphenyl-1,10-phenanthroline

831224125 They offer moderate to high quantum

possess good oxygen sensing properties
yields of up to 0.5, luminescence lifetimes of up to several ps (1 - 7 us), are relatively
stable to photodecomposition, and are excitable with UV or blue light. Besides, they offer
large Stokes shifts (> 150 nm), which allows for easy separation of excitation and emission
light. Unfortunately, the emission bands are very broad (550 - 700 nm) which hampers its
combination with other dyes to form multiple parameter sensors. Usually, lypophilic ion
pairs of these charged polypyridyl based indicators with anions such as 3-(trimethylsilyl)-

126,127
. The

1-propansulfonat are formed to incorporate the dyes in non-polar polymers
second group of oxygen probes is the group of metalloporphyrins. The mainly used
metalloporphyrins consist of a (modified) porphyrin framework with Pt** or Pd** as

128-130

central ion . They display moderate quantum vyields (up to 0.15) and have a Soret

band and a Q-band for excitation. The Soret band displays higher molar absorption (molar

73131 Fluorinated porphyrins show excellent

absorbance coefficients up to 320,000)
photostability’*?. Metalloporphyrins offer excellent quenching rates due to their
extremely long luminescence lifetimes of 50 to 1,000 ps. The complexes are mostly
lypophilic and thus are soluble in the particular oxygen sensor polymers. Further they
offer excitation bands in the near UV and the VIS region. Metalloporphyrins possess

relatively narrow emission bands. Thus, they easily enable possible multi parameter

sensing and imaging.

The general fact that luminescence quenching of oxygen indicator probes effects
both, quantum yield and also decay time, enables intrinsically referenced measurements
based on lifetime determination. These measurements offer high sensor signal stability
and reproducibility, which is mandatory for possible in vivo imaging where conditions are

quite variable.

Besides simple one-spot oxygen sensing, determination of spatial distributions, so

called imaging, of pO, gained increased popularity during the last two decades'**. 2D

. . . . 1
oxygen sensors are of great interest in aeronautics and automotives®®*'*,
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99,100

microbiology and particularly for the medical field for in vivo imaging of tumor

135-139 h74,81,140

biology (tumor microenvironment) and skin researc , to name but a few.

In vivo imaging of pO, based on optical read-out goes from strength to strength.
Rumsey’, Wilson’***!, and Intaglietta®®® have established first in vivo 2D imaging
methods for oxygen in tissue in the 1990s. Oxygen sensitive probes were injected
intravenously in animals and imaged unreferenced via fluorescent read-out. Itoh et al.**?
applied tris(1,10-phenanthroline)ruthenium(ll) chloride absorbed in silica gel. Sticker,

144-146

Hartmann, and Libbers embedded ruthenium phenanthrolin complexes in polymer

matrices (ethyl cellulose, PS or silica gels). These approaches were used to image tissue

81,147,148
l. used

pO, of intact human skin or in malignant melanoma on skin. Babilas et a
platinum(ll)-octaethyl-porphyrines in planar polystyrene films for tumor imaging in

animals and imaging of blood microcirculation in human skin.

1.3.2 pH sensors

Optical pH sensors typically consist of indicator dyes that are covalently bound to,
adsorbed to, or physically entrapped in a proton permeable polymer matrix. Generally,
the indicator molecules are weak acids or bases that undergo reversible changes in their
optical properties (absorbance or fluorescence intensity) upon protonation and
deprotonation. They can be read out via absorbance, reflectance, or fluorescence
measurements, or via energy transfer or change of the refractive index®’. Non-bleeding
pH indicator test-strips were regarded as first type of optical pH sensors. The signal is
read-out in a very rudimental way via the eye of the beholder. In 1977, Peterson et al.**°
developed a first regular optic pH sensor. The fiber optic sensor is based on absorbance
measurement of phenol red covalently bound to polyacrylamide microspheres. The
sensor was used to determine blood pH in vitro and in vivo™®. Although, many
absorbance based pH sensors using phenol red, bromothymol blue and other probes
exist™*™’, fluorescence is still the method of choice. The first fluorescence based pH

optrode was described by Saari and Seitz*>® in 1982 using 5-aminofluorescein covalently

attached to controlled-pore glass and cellulose membranes.
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Fluorescence based methods, in contrast to absorption measurements, offer
higher sensitivity, work with lower indicator concentrations, and need less complex
experimental setups using illumination as well as detection from the same side instead of
light transmission in absorption measurements. Most frequently used pH indicators for
fluorescence read-out are HPTS (8-hydroxypyrene-1,3,6-trisulfonate), various fluorescein
derivatives  (fluoresceins, aminofluoresceins, carboxyfluoresceins, halogenated

fluoresceins, ect.), hydroxycoumarines, seminaphthorhodafluors (SNARFs)’>**%%% Th

e
choice of a proper pH indicator dye for a specific sensor is mainly governed by its pK;
value, quantum vyield, molar absorbance, photostability, excitation and emission
wavelength, and the Stokes shift. The polymer matrix also exerts extreme influence on
the properties of the resulting pH sensor. The microenvironment resulting from the
sensing layer or particles used can affect the pK, values of the indicators and cause shifts
of several units by stabilizing the acid or base form. Further, the response times and
recovery times are altered due to different diffusion rates and hydrophobicities. Widely

165

used polymer matrices for pH include hydrophobic plasticized PVC™", poly(vinyl alcohols)

(PVA)*®, sol-gels'®”*®®, jon-exchange materials'®, polyurethane'’®*’! or pHEMA based

160,172 173,174

hydrogels , and cellulose derivatives

Optrodes for pH are available in various formats such as directly injected

2,85,176 177,178

. . 1 . . . .

indicators'’®, fiber optic sensors , coated microtiter plates , and planar sensor
1 . . . . . .

membranes®”. Fiber optic sensors allow for precise measurements in environments with

high local resolution. Microtiter plate formats allow for high-throughput screening.

Regarding optical 2D imaging of pH with high spatial resolution, only direct
injection and planar sensors come into consideration. In the first approach mentioned,
indicators are added directly to the sample. The direct injection is a more or less
“invasive” approach. Basically, optical sensors are described as “non-invasive”, since the
signals are transduced contactless. Taking this into account, the labeling “invasive” is
slightly controversial. In this thesis, the label “invasive” marks the circumstance of
indicators being in direct contact with the sample (i.e. human tissue) whereas approaches
with indicators being separated from the sample via membranes or particles embedded

membranes are called “non-invasive”.
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In recent years, many invasive approaches for in vivo imaging were implemented.
Most of them are based on microscopic imaging using scanning techniques. In 1990,

.*8% used carboxyseminaphthorhodafluor-1 (SNARF-1) to image intracellular

Bassnett et a
pH using ratiometric wavelength read-out. 2D luminescence lifetime imaging of
fluorescein derivatives has been used for high-resolution mapping in studies on cells,

175,181-1 .
7181188 Thase techniques are,

tissue samples, tumors, and artificial skin constructs
however, difficult to implement in studies on live human subjects, because of long
scanning times, highly sophisticated measurements setups (confocal microscope, laser,
etc.), and the necessity of a spatially fixed sample. To overcome these issues, planar

179,189-192 i
d'7>1%912 The planar sensor membranes either

optical sensor membranes can be use
consist of a sensor layer with the indicator dyes directly embedded in a matrix, or are
composed of indicator dyes incorporated in micro- or nanoparticles which are then

embedded in a planar sensor matrix layer. Only a few planar pH sensors for 2D imaging

190 193,194
h

have been realized yet. Liebsc and Schroder used fluorescein derivatives
embedded in polyurethane hydrogels as pH optodes. The pH dependent signal is
referenced via a second signal from a ruthenium diphenylphenanthroline complex in
oxygen blocking microparticles via a td-DLR method (see section 1.4.3). Hulth'® and

Zhu'’® used ratiometric read-out (see section 1.4.1) of HPTS in PVA membranes.

1.3.3 Dual sensors for pO: and pH

As mentioned in section 1.2.3 optical imaging allows for multiple analyte analysis or
imaging. Generally, signals can be divided either spectrally due to their excitation or their
emission wavelengths, or on the basis of different luminescence lifetimes. Diverse
wavelengths primarily are divided via the use of optical filters, or different excitation
sources™*, or RGB cameras that act as rudimental spectrometers'®. Different lifetimes
are separated using time-gated detection, such as the modified dual lifetime referencing

described by Borisov et al 2.

Two general concepts for the design of multiple analyte sensor membranes exist:

196,197 7,198,199

a double-layer concept and a monolayer concept . In the double-layer sensors,
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the sensor chemistry for each analyte is located in a different layer. The second layer
covers a first one that is immobilized on a sensor support. The monolayer sensor type
contains all sensor materials in one matrix layer. This sensor format is a more
straightforward approach, the fabrication process is less tedious and the response times

of the sensors are faster due to limited diffusion distances.

Dual sensing often implicates difficulties from the material side. For example,
oxygen optodes (i.e. indicators, in contrast to optrodes that are referred to the “whole”
sensor) need polymers that are permeable to oxygen but impermeable for protons and
water. For pH indicators, the strategy has to be other way around. Matrix polymers have
to be permeable for protons. Temperature indicators have to be shielded towards oxygen
to prevent cross reactivity. The use of micro- or nanoparticles can circumvent those

problems by generating the desired microenvironment for the specific purpose.

Recently, several multiple-analyte sensors have been developed. The major

80,197,200

combination of analytes is pO,/temperature . Basically, all optical indicator dyes

. 2 .
are more or less sensitive to temperature changes®’. Thus, oxygen signals can be

temperature-compensated to get precise and accurate data. Fiber-optic sensors®>'*° as

1 . .
7134 axist. These sensors basically use

well as planar sensor membranes for 2D imaging
two organometallic complexes. A highly oxygen sensitive complex is embedded in an
oxygen permeable polymer resulting in the oxygen optode. A second fairly oxygen
sensitive complex is embedded in oxygen blocking polymer particles (for instance poly

acrylonitrile) to form the temperature optode.

Further, sensors for pCO,/p0,"***** had been developed, too. Generally, carbon
dioxide is measured with pH indicators. These indicators are embedded in polymers that
cannot be penetrated by protons. According to this, the indicator is shielded towards pH
and the signal changes exclusively result from CO, and its equilibrium with HCOs in

90
l.

aqueous solution. Schroder et al.” developed a dual sensor for pCO, and pO, using HPTS

and Ru(dpp)sTMS;, embedded in one ethyl cellulose matrix layer.

Only a few sensors for the combination of pH and pO, were described up to now.
In 1988 a US patent®® described a first pH/pO, sensor for blood analysis. Tian et al.?%

reported polymerizable dye/polymer hybrid for imaging. Unfortunately, the signals are
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read out unreferenced via fluorescence intensity measurements. In 2006, Vasylevskaya et
al.?®*?% developed referenced fiber-optic dual micro sensors for pH/pO,. The sensor was
also used to monitor bacterial growth in a microtiter plate approach'®. The results from
the dual sensors are generated by a modified dual luminophore referencing method
which relates phase shifts that are measured at two different frequencies to pH and to
oxygen. Regrettably, the method only allows for single spot measurements. In 2006,
Schroder et al.’® described the first planar pH/pO, dual sensor. The sensor utilizes a
lypophilic carboxyfluorescein derivative as pH indicator and a platinum(ll)mesotetrakis
(pentafluorophenyl)porphyrin for oxygen determination in polyurethane hydrogel. The
planar optrode was used to study sediments in marine research. Both sensors from
Schroder (pH/pO,- and pCO,/p0,-sensor) are read-out via rapid lifetime determination
(for oxygen; see section 1.4.2) and a modified td-DLR scheme (for pCO,/pH; see section
1.4.3). While the oxygen signal is intrinsically referenced, the pH signal is referenced in a
very circumstantial way. Cumbersome mathematical procedures including several
iteration steps have to be made to refer the pH dependent intensity signal to the oxygen
dependent signal. Up to now, no planar pH/pO, sensor exists, that allows for separately
referenced and straightforward detection of 2D analyte distributions. Even sensor

membranes for pH/pO, for in vivo use were not realized yet.

1.4 Methods for referenced imaging

Regularly, optical 2D-sensors are read out by charge coupled device (CCD) cameras as
detectors, whereas each single photosensitive element (i.e. pixel) of the CCD chip acts like
a single spot detector. Referencing each signal of all these single measurement spots is

necessary. Various referencing techniques for optical imaging have been developed.

Luminescence intensity signals and lifetime signals are the most common

parameters that are determined in optical imaging. Intensity follows the Parker’s law:

Equation 1.1: I=Iyx¢p*xkxexd=*c
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I represents the luminescence intensity, /o the light intensity for excitation, ¢ the quantum
yield of the luminophore (between 0 and 1), k is a geometric factor for the setup used, ¢
depicts the extinction coefficient, d stands for the diameter of the penetrated medium,
and c gives the concentration of the luminophore. Hence, intensity measurements offer
high light intensity along with strong excitation sources. Further, intensity measurements
are inexpensive, simple and numerous indicators are available. Unfortunately,
luminescence intensity is prone to errors such as irregular indicator concentration,
differing experimental geometry, or inhomogeneous sensor films. Additionally, the
illumination light field has to be very homogeneous. In contrast, Lifetime signals are
intrinsically referenced, thus result in defined values. Lifetime measurements are
independent from the measurement setup and excitation light source or intensity, but
they need more sophisticated and expensive time-gated read-out. Last of all, the number
of indicators with lifetimes long enough for lifetime determination (us-range) is very
d.207

limite There are numerous oxygen and temperature indicators available displaying

us-lifetimes, but only a few do exist for pH or CO52° .

Referencing imaging signals is mandatory especially for in vivo imaging on human
subjects. Clinical conditions are quite variable in contrast to fixed samples or

measurement systems while calibrating sensors on the lab bench.

1.4.1 Fluorescence ratiometric imaging (FRIM)

121,212
“**. Generally,

FRIM is the most basic and simple technique for referenced imaging
FRIM is an intensity based measurement that uses a second analytical wavelength to
reference the signal. The reference wavelength has to be independent of the analyte
concentration. There are two fundamental principles for referencing: (i) detection of two
different emission wavelengths with a fixed excitation wavelength, and (ii) detection of
one emission wavelength with two different excitation wavelengths. These principles
reference variations in the indicator concentrations, alterations in measurement

geometry, and fluctuations in light source intensity. Unfortunately, background

fluorescence, light scattering and reflections cannot be compensated with FRIM.
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However, to obtain 2D-images, either modifications of the optical system during
measurements or the use of an image splitter are necessary to separate the signals.
Instruments for fluorescence analysis, such as microscopes, or scanning devices are often
equipped with dual excitation devices or switchable emission filter sets, thus enabling
FRIM. Regarding (macroscopic) 2D analyte determination, changing filters or light sources
is tedious and implies that images are created whereas data have not been acquired at

the same time.

There are two approaches for FRIM. The first technique is referencing an indicator
signal to a second reference dye, since a large number of indicators show only one
fluorescent form, the acidic or the basic form. Among those are fluorescein derivatives,
resorufins, coumarins, etc. The reference dye should be inert and non-responding to the
analyte. Further the reference should either offer an overlapping excitation spectrum
with a distinguishable emission wavelength, or, other way around, corresponding
emission wavelength and discrete excitation. These methods may suffer from Forster
resonance energy transfer (FRET), and most importantly from differential photobleaching
of indicator/reference dyes. The second approach uses dual wavelength probes. Dyes like
HPTS, seminaphtocarboxyfluoresceins, or seminaphtarhodafluors, offer different
spectroscopic behavior in their protonated or deprotonated form. The ratio of their two
emission intensities represents an intrinsically referenced signal. Problems of the

indicator/reference approach are avoided when using this method.

1.4.2 Luminescence (Fluorescence) lifetime imaging (FLIM or LLI)

The luminescence lifetime T reflects the average period of time a molecule remains in its
excited state until it reaches its ground state via radiation of luminescence. More
precisely, T is defined as the length of time when 1/e of an amount of initial excited
molecules still exists in their electronically elevated state’’®. The time-dependent
luminescence intensity /(t) is related to the lifetime 7 via following equation with /p equals

the luminescence intensity at time t=0:
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X
Equation 1.2: I(t)=1,*e

The use of lifetime as analytical signal overcomes many problems with intensity-based
measurements. Neither scattering or reflections, nor indicator concentration or excitation
light intensity interfere the measurement. Lifetime signals are determined either in the
time domain or the frequency domain®**. Frequency domain measurements provide very
accurate results and are the method of choice for fiber optic sensors. Regarding imaging
techniques, frequency domain read-out via CCD cameras requires very complex and
expensive setups such as integrated sinusoidal modulated image intensifiers. Hence,

frequency domain imaging is out of the question for the work in this thesis.

Determination of T in the time domain is a straightforward approach and the
preferable method in 2D imaging. T can be detected either via phase delay rationing

(PDR)*'* or rapid lifetime determination (RLD)***®

. Both approaches make use of pulsed
excitation light and two defined time-gated images. In PDR one time-gated image is
acquired during the excitation phase (light source on) and a second image is taken in the
emission phase (light source off). The ratio of the gathered light intensities of the two
gates is rationed. The ratio is dependent on the luminescent decay time and stands for

. . . 212,21
the intrinsically referenced sensor response®%%®

. A major disadvantage of PDR is the
detection of background fluorescence within the first time gate during the excitation
phase. Background fluorescence is a limiting factor concerning medical imaging (such as
imaging of blood or tissue, etc.), since most biological media includes fluorescent

substances.

However, RLD in combination with ps decaying indicators circumvents the
disturbances caused by background fluorescence. When using the RLD method both time
gates are acquired during the emission phase (see Fig. 1.3) after pulsed

. . 207,212,21
exutatlonG’ 07,212,213

. Short-lived background fluorescence (< 200 ns) is hardly recorded
due to a short time gap of typically 250 ns after the excitation pulse. Then, after the
background Iluminescence has decayed, the long-living Iluminescence (mainly
phosphorescence) of the indicators is collected. The ratio of the integrated intensities of
the two time gates (Aeml and A.n2), depicted in two gathered intensity images, is

dependent on the lifetime. Thus, the ratio expresses the intrinsically referenced sensor
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signal. The lifetime T can be calculated via the following equation with t; and t,
representing the periods of time from the end of excitation pulse to the start of acquiring
the respective image and Aen1 and Aqn2 reflecting the intensities gathered during the
image acquisition:

__ bty

- lnAeml
Aem2

Equation 1.3:

There are limitations for this equation. First, both time gates have to have the same
length. Second, true T values can only be obtained for luminophores with mono-

217-21 . . .
7219 Unfortunately, mono-exponential decay is an exceptional case

exponential decay
for organometallic indicators. Sharman et al.’*® presented a method to obtain more
accurate data for bi-exponential decay. A 50 % overlap of the two time gates improves
the results for T immensely. Further experiments on positioning and length of the time
gates were made for multi-exponential decay®”’. Nevertheless, determining relative
changes rather than calculating exact t values is sufficient for most imaging applications.
Oftentimes, only the ratio of the two images or of the detected t values is empirically

. . . 222,22
determined for calibration®%%%3,
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Figure 1.3 | Schematic drawing of the rapid lifetime determination (RLD) imaging scheme,
where LED represents the light source and CCD is the detection device.
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The RLD gathers all the mentioned advantages from lifetime based signals, including
independency from measurement geometries, light field distribution and intensity,
indicator concentrations, sensor thickness, or background fluorescence®***. Further, RLD
signals are independent from photobleaching. For instance, if an indicator is bleached for
50 %, the ratio between A.m1 and Ae.n2 remains stable, because the intensities were
reduced in the same proportional way. Apart from that, RLD even allows for
measurements at ambient light, because the background can be corrected via subtraction

of dark images (i.e. without excitation pulse)?”’.

1.4.3 Time domain Dual lifetime referencing (tdDLR)

Lifetime-referenced imaging of fluorescence indicators is challenging as many of the
luminophores (especially those for pH and CO;) exhibit luminescence lifetimes that are
too short for LLI methods, which do not utilize microscopic scanning techniques. To
overcome this issue, Liebsch et al.>**° described a time-domain dual lifetime referencing
(tdDLR) method. The tdDLR method requires the following prerequisites: (i) a indicator
and (ii) a reference dye that are (iii) simultaneously excitable with one light source, and
(iv) allow for the use of one single detector and emission filter setup. The two dyes need
(iv) largely different luminescence lifetimes. Typically, the indicator is a fluorescent dye
with a lifetime in the ns range and the reference is a phosphorescent dye with a ps-
lifetime. Further, (v) the reference has to be inert and (vi) decay time and quantum vyield
have to be unaffected by the analyte. At least, (vii) both luminophores have to be in close
spatial proximity, and (viii) the ratio of the concentration has to be constant over the

212
whole sensor membrane.

tdDLR detects two different images: one image during excitation phase (light
source on), comprising the short-living indicator signal and the long-lasting reference
signal, and a second image during emission phase but consisting of the long-lasting
reference phosphorescence. Luminescence intensity was integrated in two time gates:
one during excitation (Aex) and one during emission (Acm). Given the fact that during

excitation the integrated signal intensity reflects the combination of indicator and
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reference signals, Acy is Aex(ind) + Aci(ref). However, approximately 250 ns after turning
the LED off, fluorescence of the indicator has decayed, and only the reference signal is
detected, so that Aenm is Aem(ref) (Fig. 1.4). The ratio R of Ae/Aem denotes a referenced

integrated signal intensity ratio.

-a+— LED on —»a—— LED off —»

&
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Figure 1.4 | Schematic drawing of the time-domain dual lifetime referencing (tdDLR)
imaging scheme.

The tdDLR method thus transfers non-referenced intensity signals into lifetime-
referenced signals. Thus, little irregularities in particle distribution or illumination of the
sensor do not alter the measured ratio R. This fact is a major advantage, especially if the
density of the sensor particles differs locally, or if illumination cannot be controlled as
precisely as in a laboratory setting. Unfortunately, negative effects such as indicator
leaching or differential photo bleaching that may vary the measured ratio R are not
referenced by tdDLR. Those concerns have to be minimized and specially investigated for

each new sensor type.
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2. Instruments and Methods

2.1 pH meter

The pH values of solutions for the calibration experiments were determined using a digital
GC 840 pH meter with internal temperature compensation from Schott (Mainz, Germany;
www.schott.com). The pH meter was calibrated with standard buffer solutions of pH 7.00
and pH 4.00 from Carl Roth at T = 20 + 2 °C. pH measurements for in vivo experiments
were conducted using a mobile Handylab 12 pH meter along with a Blue Line 27 flat
membrane pH electrode (both Schott). The Blue Line 27 electrode has a flat diaphragm on
the glass electrode tip that allows for measurements on various kinds of surfaces like skin,

leather, paper and textiles.

2.2 Knife coating devices for sensor fabrication

Two different knife coating devices were used to fabricate the planar sensor films. A first

device (Fig. 2.1) serves for preparing standard sized sensor foils of a maximum size of

4 cmx8cm.

pipette containing
sensor cocktail

coating knife

sensor

spacer support

Figure 2.1 | Photo (left) and schematic drawing (right) of the knife coating device for
standard sizes.
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A dust free sensor support (consisting of a poly(ethylene glycol terephthalate MYLAR® foil
or a poly(vinylidene chloride) SARAN® wrap) is placed on the surface of the knife coating
device. Vacuum assures excellent contact of the foil and the device. It prevents bubbles
and thus resultant inhomogeneous sensor layer thickness. The spacer consists on the one
hand of the sensor support and on the other hand of additional spacers to adjust the
desired wet film thickness of the sensor membrane. The sensor cocktail is pipetted onto
the sensor support and subsequently spread over the support using the coating knife. The

sensors remain on the device for evaporation of the matrix solvent.

distance adjustment knife

pipette

support 'y i x

K control coater

Figure 2.2 | Photo of the custom-made knife (left) and the K control coater.

A second device (Fig. 2.2) for fabrication of large scale in vivo sensors of scales up to
12 cm x 20 cm consists of a K Control Coater model 101 knife coating device (RK Print-
Coat Instruments Ltd., Litlington, UK) and a custom-made coating knife. The SARAN® foil
is adapted to the surface of the K control coater. The surface of the coater is previously
wetted with ethanol and bubbles underneath the foil were removed by smoothing out
the foil with a moist (ethanol) kitchen roll. The wet layer thickness of the film is defined
using an adjustable screw on the coating knife slide. The micrometer screw varies the tilt

angle of the slide and thus changes the distance between knife and sensor support foil.
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2.3 Spectrometers

2.3.1 Absorbance measurements

Absorbance spectra were acquired on a Cary 50 Bio UV-visible spectrophotometer from
Varian (Agilent Technologies Inc., Santa Clara, CA, USA; www.agilent.com).
Measurements were performed in standard quartz cuvettes (1 x 1 x 3 cm) with the

samples being diluted up to 1 ml.

2.3.2 Fluorescence spectrometer

Fluorescence measurements, as well as emission and absorption measurements of
particles in sensor films were realized using an Aminco Bowman AB2 luminescence
spectrometer (Thermo Spectronic, Rochester, NY, USA; www.thermo.com) equipped with
a 150-W continuous wave xenon lamp as the excitation source. Fluorescence spectra
from solutions or suspensions were recorded in standard fluorescence or semi micro
cuvettes. Particles in films were investigated with the AB2 spectrometer along with fibre

optics and a custom-made flow through cell (Fig. 2.3)

light source monochromator
® optical fibre =
- optical
_ fibre
PMT sensor
monoch.romator
}\’em }\‘ex
i v
buffer solution
J oF g * * waste

Figure 2.3 | Schematic drawing of the fluorescence spectrometer combined with fibre
optics and a custom-made flow through cell.
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The excitation light passes a monochromator, is coupled into one branch of a bifurcated
fiber bundle. The end of the fiber is positioned in the flow through cell pointing at the
backside of a sensor. The sensor responds to passing buffer solutions or gases flowing
through the cell. The buffer solutions were transported to the sensor film by a peristaltic

pump (Minipuls; Gilson Inc., Middleton, WI, USA; www.gilson.com). Gas atmospheres

were generated using a gas mixing device (MKS; Andover, MA, USA www.mksinst.com).
Emission light of the photoexcited sensor is guided back to the spectrometer via the other

branch of the fiber, passes a monochromator and is gathered by a photo multiplier tube.

2.4 Calibration chamber

The calibrations of pO,, pH and dual sensors were accomplished in a custom-made

calibration chamber (Fig. 2.4). The chamber is temperature controlled by a Lauda Ecoline

RE 104 (Lauda, Lauda-Konigshofen, Germany; www.lauda.de). The defined oxygen
atmospheres in the chamber were generated by a MKS gas mixing device using nitrogen,

oxygen and argon gasses from Linde (Pullach, Germany; www.linde-gase.de) under

atmospheric pressure.

temperature
control

gas outlet

calibration
chamber

Figure 2.4 |

controlled block | % > Custom-made
Ak calibration chamber.

gas inlet
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2.5 Time-gated imaging setup

The principle of the time-gated imaging setup is shown in Fig. 2.5. A sensor is excited with
a light source that passes an excitation filter. The emitted light is filtered through an
emission filter in order to block reflected excitation light or undesired signals of other
wavelengths from the sensor response. The emitted and filtered light is collected on a
grayscale camera. The images are processed on a computer. The detailed basic principle
of imaging setups used for time-gated 2D imaging (RLD and tdDLR) is described by
Liebsch?, Holst?, Schréder®, and Nagl4. In this section a short overview on adaptations and

modifications made is given.

excitation

/ 7optical filters
| —> | plcco

emission

data processing | i)

e

Figure 2.5 | Scheme of the imaging setup (left) and a photo of the camera head equipped
with excitation LEDs and filters (right).

A customized setup based on an ImageX Time-gated Imaging system (TGI, Photonic
Research Systems, Salford, UK; www.prsbio.com) is used in this work. The system is
equipped with a cooled 12 bit CCD chip camera with a resolution of 640*480 pixels. The
camera is able to shutter time gates of a minimum of 0.2 us. The camera is sensitive to

light of wavelengths ranging from 350 nm to 900 nm with a higher sensitivity in the range
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of 430 to 700 nm. The camera is able to image and detect signals even IR light emitting
probes. A custom-made handhold is attached on the camera head, to ease measurements
in clinical applications. The camera is combined with a light emitting 460 nm LED array
(Luxeon V Star LXHL-LB5C, 5W, Philips Lumileds Lighting Company, San Jose, CA, USA;

www.philipslumileds.com). The LEDs are directly mounted on the customized camera

head to minimize the size of the imaging system. FITCA filters (Schott) for excitation filter
excitation light. A filter holder for easy change of emission filters is mounted on the
camera lens. A 1.4 / 16mm Pentax TV lens (Pentax Europe GmbH, Hamburg, Germany,

www.pentaxcctvus.com) is used. Focal distance starts from 8 to 80 cm. Data is processed

using ImageX software (Microsoft Corporation, Redmond, WA, USA; www.microsoft.com)

2.6 RGBimaging setup

A straightforward imaging system for referenced FRIM measurements is developed. The
setup comprises only of a standard digital camera equipped with a battery-operated ring
light for excitation and an emission filter. The principle of the RGB imaging setup is shown

in Fig 2.6.

uv camera

RGB
Figure 2.6 | Left:
Scheme of the RGB

filter . ,
imaging setup.
Right: a photo of
the camera

equipped with ring
of UV-LEDs, filters
and an electricity
supply in the flash
hotshoe (right).

sensor
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In this work either a Canon EOS model 50D (see Fig 2.6) or a model 550D (Canon Inc.,

Tokio, Japan; www.canon.com) are used for image acquisition. Both cameras allow for

capturing images in RAW file type (.cr2) that offers a full 14 bit color depth. The model
550D even allows for recording RGB videos. The camera is equipped with a Canon EF-S
17-85 mm 1:4-5.6 IS USM or a EF-S 18-135 mm 1:3.5-5.6 IS standard canon zoom lens.
The excitation source consists of a customized camera ring light (LED-RL 1, ELV Elektronik,
Leer, Germany, www.elv.de). The white LEDs of the system were replaced by 28 UV-LEDs
(UV5TZ-405-15, BIVAR Inc., Irvine, CA, USA, www.bivar.com) with a peak wavelength of

405 nm. The LEDs are battery operated using three 1.5 V mignon batteries. The viewing
angle of the LEDs is 15°, which offers a virtually homogeneous light field in approximately
20 cm distance. The minimal focal distance of the lens is 30 cm. The minimal
measurement distance is 20 cm if the camera is equipped with a +2 close-up lens. The
electricity supply allows for wireless imaging with constant light intensity for more than 6
hours. The ring light is mounted on the lens via a 67 mm filter adapter. The filter adapter
also includes the emission filter (Schott GG435 high pass filter) that blocks scattered light

from the excitation light source.
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3. 2D luminescence imaging of pH in vivo

Luminescence imaging of biological parameters is an emerging field in biomedical
sciences. Tools to study two-dimensional (2D) pH distribution are needed to gain new
insights into complex disease processes, such as wound healing and tumor metabolism.
In recent years, luminescence-based methods for pH measurement have been
developed. However, for in vivo applications, especially for studies on humans,
biocompatibility and reliability under varying conditions have to be ensured. Here we
present a referenced luminescent sensor for 2D high-resolution imaging of pH in vivo.
The ratiometric sensing scheme is based on time-domain luminescence imaging of
fluoresceinisothiocyanate (FITC) and ruthenium(li)tris-(4,7-diphenyl-1,10-
phenanthroline) [Ru(dpp)s]. To create a biocompatible 2D sensor, these dyes were
bound to or incorporated into microparticles (aminocellulose, polyacrylonitrile) and
particles were immobilized in polyurethane hydrogel on transparent foils. We
demonstrate sensor precision and validity by conducting in vitro and in vivo
experiments, and show the versatility in imaging pH during physiological and chronic
cutaneous wound healing in humans. Implementation of this technique may open new
vistas in wound healing, tumor biology and other biomedical fields. (Proc Natl Acad Sci

USA, 2011 vol. 108 no. 6 2432-2437).

3.1 Introduction

There is great interest in luminescence imaging of essential biological parameters, such as
pH, pO,, hydrogen peroxide (H,0,), and Ca®* at the moment™®. Recently, luminescence-
based methods for pH measurement have been developed’®. However, a method for in
vivo studies on human subjects has not yet been realized. The major challenges for in vivo
applications are that biocompatibility and reliability under varying conditions

(illumination, oxygen, and temperature) have to be ensured. The standard tool for pH
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measurement, the glass electrode’, is not approved for clinical use and only allows single-

spot measurements, which make 2D imaging impossible.

Multiple methods for pH imaging exist: ratiometric luminescent pH detection is a
straightforward and referenced approach, which has been used, for instance, to measure
intracellular pH. In these works, either combinations of dextran-conjugated indicator and
reference dyes (fluorescein/tetramethylrhodamine, pHrodo/rhodamine-green), or SNARF

d***?. However, to obtain 2D-images,

(seminaphtho-rhodafluor) derivatives have been use
either modifications of the optical system during measurements or the use of an image
splitter are necessary to separate the signals. Ratiometric methods may suffer from
Forster resonance energy transfer (FRET), and most importantly from differential
photobleaching of indicator/reference dyes. The latter problem may be avoided by using
intrinsically referenced luminescence lifetime imaging (LLI) of one single pH-indicator. LLI
has been used for high-resolution 2D- and 3D-pH mapping in studies on cells, tissue

1314 These techniques are, however, difficult to

samples, and artificial skin constructs
implement in studies on live human subjects, because of long scanning times, highly
sophisticated measurements setups (confocal microscope, laser, etc.), and the necessity
of a spatially fixed sample. Furthermore, most scanning techniques are invasive, as the
luminophores have to be in direct contact with the sample®®. Additionally, pH-imaging
probes based on 'H, *'P, and *C have been developed for magnetic resonance
spectroscopy (MRS) of tumor pH, but (i) the low sensitivity of spectroscopy, (ii) the
oftentimes small pH-induced chemical shift of these agents, and (iii) the complex
measurement system make it (i) hard to create high-resolution images with (ii) precise pH

values at clinical magnetic field strengths in (iii) routine clinical settings*® 2.

To date, no pH sensor exists that detects pH over a wide proton concentration
range, allows for fast micro- and macroscopic 2D-pH imaging, is non-invasive and
biocompatible for in vivo use on humans. We developed a 2D-pH sensor that meets these
requirements. The prerequisites included (i) the use of a referenced method, since in vivo
conditions are quite variable, (ii) non-toxic and easily applicable materials, (iii) a dynamic
range of pH 3 to 9, and (iv) a non-invasive method, so to be suitable for clinical

applications.
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For in vitro characterization, we conducted calibration experiments under varying
conditions (pO, and temperature changes) and studied the (spatio)temporal resolution.
To evaluate the precision and validity in vivo, we measured the pH gradient in the stratum
corneum (SC) after tape stripping of the SC on the volar forearm and compared the results
with data obtained using the standard glass electrode. Additionally, we applied the sensor
to a routine clinical problem, i.e. cutaneous wound healing, to demonstrate its potential
and superiority in comparison to the glass electrode’. We used split-thickness skin graft
donor sites as standardized cutaneous wounds and measured the pH over the time
course of physiological healing. To accent the potential for 2D imaging, we visualized the
pH distribution within a chronic cutaneous wound. We chose cutaneous wound healing as
a first in vivo application for the luminescent pH sensor because the wound fluid*® and its

202 pespite the fact that there are

varying pH are known to greatly affect healing
numerous new findings in wound healing?, knowledge on basic clinical parameters like
pH is still missing in literature, which is obviously due to the lack of appropriate tools for
2D-pH imaging in vivo. The importance to study basic biological parameters in wound
healing is highlighted by the fact that H,O, gradients have recently been found to be

essential for immediate leukocyte recruitment to the wound site after tissue injury’.

Additionally, pH has a major impact on the pathogenesis of chronic wounds, which
often present an interdisciplinary treatment challenge. Apart from the impact on the
quality of life of the patients affected, chronic wounds are a fundamental economic
burden®*. About one third of the dermatological health budget in the United States is
spent on the treatment of chronic wounds, more than for all oncological indications
(melanoma, non-melanoma skin cancer) together®*. Therefore, in vivo studies of the pH
distribution in tumor growth and metabolism are expected to be among the future

applications for the luminescent 2D-pH sensor”>*,

This article shows the development, in vitro characterization, in vivo validation,

and clinical application of the first sensor for 2D luminescence imaging of pH in humans.
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3.2 Results and Discussion

3.2.1 Luminescence imaging of pH

Imaging of pH is challenging as many of the pH-dependent luminophores exhibit
luminescence lifetimes that are too short for LLI methods, which do not utilize
microscopic scanning. To overcome this issue, we used time-domain dual lifetime
referencing (tdDLR), a method previously described by our group . Two simultaneously
excitable luminophores with different lifetimes were chosen, fluoresceinisothiocyanate
(FITC, Aex = 495 nm, Aem = 525 nm, singlet emission = fluorescence, < 5 ns lifetime) as the
indicator and ruthenium(ll)tris-(4,7-diphenyl-1,10-phenanthroline) [Ru(dpp)s, Aex = 441
nm, Aem = 597 nm, triplet emission = phosphorescence, ~ 6 us lifetime] as the reference

(Fig. 3.1).

triplet
emission

singlet
emission

HO
/ N
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FITC Ru(dpp),
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Figure 3.1 | Chemical structure of the indicator dye fluoresceinisothiocyanate (FITC) and
the reference dye ruthenium(ll)tris-(4,7-diphenyl-1,10-phenanthroline) [Ru(dpp)3].

Both dyes can be excited at 460 nm with light emitting diodes (LED), which allows to
image pH in one single excitation-emission cycle. Luminescence was recorded using a
time-gated, charge-coupled device (CCD) camera with a 530 nm long-pass optical filter

(Fig. 3.2).
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Figure 3.2 | The sensor foil is applied to the tissue, protons diffuse into the sensor and
luminophores are excited (LED, Aex = 460 nm). Time-gated luminescence intensities are
recorded (530 nm long-pass optical filter) with a CCD camera, and subsequently data are
processed.

The long-lasting phosphorescence of Ru(dpp)s enables recording luminescence during the
emission phase (LED off), whereas the combined luminescence of FITC and Ru(dpp)s is
detected during excitation (LED on). Thus, the pH-dependent FITC signal is referenced to
the pH-independent Ru(dpp)s signal. Luminescence intensity was integrated in two time
gates: one during excitation (Ae) and one during emission (Aem). Given the fact that
during excitation the integrated signal intensity reflects the combination of FITC and
Ru(dpp)s signals, Aex is Aex(FITC) + Aex[Ru(dpp)s]. However, 250 ns after turning the LED
off, fluorescence of FITC has decayed, and only the phosphorescence signal of Ru(dpp)s is
detected, so that Aem is Aem[Ru(dpp)s] (Fig. 3.3). The ratio R of A./Aem denotes a
referenced integrated signal intensity®. Thus, little irregularities in particle distribution or
illumination of the sensor do not alter the measured ratio R. This fact is a major
advantage, especially if the density of the sensor particles differs locally, or if illumination

cannot be controlled as precisely as in a laboratory setting.
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Figure 3.3 | The sensor During excitation the combined luminescence intensity of FITC
(green) and Ru(dpp)s (orange) is detected, whereas during the emission time gate only the
luminescence intensity of Ru(dpp)s; is detected. Luminescence intensity is recorded and
integrated in two time gates, one during excitation (ti-t,, Aex) and one during emission (t3-
ts, Aem). A ratio R of Aex/Aem allows to calculate pH from the respective five-parametric
calibration curve obtained for each sensor (see Fig. 3.12).

To calculate pH values based on the detected R, we calibrated each sensor and computed

a five-parametric sigmoidal fit according to:

Equation (3.1):

a

R = :
b+(c*e” "™ +1)

This enables the measurement of pH over a wide proton concentration range as not only

the pseudo-linear part of the calibration curve is used. From the respective calibration

curve, pH is calculated by solving the equation for pH:

Equation (3.2):

lb*(R+t)—a]
In|~——— %
c*({t-R)

d

pH =
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3.2.2 Material design

In contrast to other methods, our non-invasive approach ensures high biocompatibility
for in vivo use. A three-step safety system was introduced: (i) luminophores were
covalently bound to or encapsulated in biologically inert particles to prevent leaching of
the luminophores, (ii) particles were immobilized in a biocompatible matrix on
transparent foils to prevent particle leakage into tissues (Fig. 3.4), and (iii) particles were
synthesized to have a minimal size of 0.5 um in diameter to hamper or at least to slow

down the process of possible cellular uptake.
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Figure 3.4 | A schematic view of a sensor foil is shown. Particles are embedded in a
hydrogel matrix on transparent PVdC foils, thereby preventing particle leakage. Foils are
applied to tissues with the hydrogel coated surface. Protons diffuse into the hydrogel
matrix and towards the microparticles. The transparency of the foils allows simultaneously
observing the underlying anatomic structures.

Therefore, FITC was covalently bound to aminocellulose (AC) particles (FITC-AC, 0.75 to 8
um, Fig. 3.5A) and Ru(dpp)s was physically entrapped (hydrophobic interactions) in
polyacrylonitrile particles [Ru(dpp)s-PAN, 0.5 to 1 um, Fig. 3.58B].
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Figure 3.5 | Transmission electron microscopic (TEM) images of (A) fluoresceinisothio-
cyanate bound to aminocellulose particles (FITC-AC) and (B) ruthenium(li)tris-(4,7-
diphenyl-1,10-phenanthroline) incorporated into polyacrylonitrile particles [Ru(dpp)s-
PAN]. (Scale bars, 200 nm).
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Figure 3.6 | Results of leaching experiments for both dyes in Millipore water (A,C) and

Ringer’s solution (B,D). Colored lines represent the spectra of the particle suspension; solid

lines equal the spectra of the centrifuged and filtered solutions with constant detector

gain. Dashed lines (full detector gain) show the lack of dye traces in filtered solutions.

Thus, no leaching of dyes out of the particles occurred. (a.u. = arbitrary units).
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Thus, leakage of dyes is prevented (Fig. 3.6). AC was chosen because it (i) offers amino
groups to covalently bind FITC, (ii) is a hydrophilic polymer that allows fast proton
diffusion for a quick sensor response, and because (iii) FITC exhibits a high singlet
quantum yield in hydrophilic environments (Qsinglet = 0.97 in H,0)*’. The conjugation of
FITC to AC shifts the pK, of fluorescein from 6.8 to 5.9. Residual amino groups of AC were
blocked with acetic anhydride to remove surface charges that may alter sensor response.
PAN is a hydrophobic polymer which is impermeable to oxygen (oxygen diffusion
coefficient P 0.00015-** cm?Pa-s)®®%*, thus preventing the quenching of reference
luminescence and also the formation of reactive oxygen species (ROS), such as singlet
oxygen (see below under biocompatibility). The encapsulation in PAN would also prevent
FRET in case of a significant overlap between the luminescence spectra of certain dyes,
but FRET is not an issue with the dyes used in this work. The spectra of the dyes

immobilized in the particles are shown in Fig. 3.7.
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Figure 3.7 | Solid lines represent absorbance and dashed lines represent luminescence
intensity. Luminescence intensity was measured with 460 nm excitation. The vertical
dashed line symbolizes the 530 nm long-pass optical filter used for in vitro and in vivo
luminescence intensity detection. (a.u. = arbitrary units).

FITC-AC and Ru(dpp)s-PAN particles were subsequently immobilized in a polyurethane-
hydrogel matrix (thickness ~ 6 um) on a transparent poly(vinylidene-chloride) foil (PVdC,

thickness ~ 12 um) to prevent leakage of particles (Fig. 3.8) and to create a 2D sensor.
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Figure 3.8 | Results of experiments on particle leakage out of the sensor. The spectra of
the incubated solution (solid lines) and blank controls (dashed lines) are given. The peak at
570 nm results from an internal reflection in the instrument. The corrected spectra (dotted
lines) indicate no leakage of FITC-AC and Ru(dpp)s-PAN into both solutions. (a.u. =
arbitrary units).

The sensors were sterilized during the fabrication process with ethanol in water (90% v/v)
as the solvent for the hydrogel matrix. The PVdC support is transparent, inert and flexible
to be applicable to uneven surfaces. The transparency of the foils allows the observation
of the underlying anatomical structures and the creation of exact overlay pictures
(photographic and luminescence image) (see Fig. 3.4). Prior to use, all sensor foils were
inspected for gross irregularities or larger uncoated gaps by means of fluorescence

microscopy (Fig. 3.9).

Figure 3.9 | Fluorescence microscopic image
of a poly(vinylidene-chloride) (PVdC) foil
coated with FITC-AC sensor particles and
Ru(dpp)s-PAN reference particles (e.g. in the
lower left corner) embedded in a
polyurethane-hydrogel matrix. (Scale bar, 1

um).
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3.2.3 Invitro characterization

A set of in vitro experiments served to characterize the sensor. For at least 1,000
measurement cycles, dyes show high photostability, even under different oxygen and pH
conditions (Fig. 3.10A). Most importantly, the luminescence intensity ratio R remains

almost unchanged (Fig. 3.10B and 3.10C).
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Thus, the sensor produces reliable measurements even during continuous imaging. To
extend the shelf time of the sensor, foils were stored in optically opaque envelopes until
use. To determine the time necessary for accurate pH measurements (proton diffusion
through hydrogel matrix to FITC-AC particles), we conducted timetrace studies that
showed a 99% steady-state signal response after 56 + 13 s (Fig. 3.11). Therefore, all

subsequent measurements were done after 1.5 min.
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Figure 3.11 | Timetrace of sensor response (a.u. = arbitrary units) following defined pH
variations (A) until 99 % steady-state conditions for pH measurements were achieved (t:
time until steady-state = 56 = 13 s, n = 10 sensors) and (B) a representative pH variation.
(For t: mean =SD, n = 10).

Calibration showed sigmoidal curves and reliable pH measurements within the pH range

of at least 3-9 (Fig. 3.12), which covers the range needed for clinical use.

14 1
Figure 3.12 | Sigmoidal calibration curve 121
of the sensor. pH values may be 10 1
calculated from the measured ratio R <§, 8 -
(Aex/Aem) Of integrated signal intensities <\:‘7’ 6
during excitation (LED on; A.) and 4]
emission (LED off; Aen) by means of a
five parametric sigmoidal equation. The 21

0

pK, of the sensor is 5.9.
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Figure 3.13 | A representative sensor calibration shows neither oxygen (A) nor crucial
temperature dependency (B).

The sensor is independent of oxygen tension over a wide range (Fig. 3.13A). This
independence is important as O, is known to be a quencher of luminescence and may
vary in clinical settings. Additionally, the response is virtually unaffected by temperature

changes in the range encountered in clinical settings (Fig. 3.13B).

Figure 3.14 | A Spatial resolution
shown by a representative
visualization of a drop (pH 8) on a
sensor foil impregnated in a solution
of pH 4 after connecting the CCD
camera to a microscope (see Video
IV.1). (Scale bar, 10 um).

The spatial resolution of the sensor foils was studied by coupling the CCD camera to a
microscope. Using our setup, we found that differences in pH may be detected with a
resolution of < 5 um (Fig. 3.14). Continuous imaging showed that hardly any horizontal
proton diffusion occurs in hydrogel, which would alter the resolution (Video IV.1 on

enclosed CD). However, other microscopic imaging systems may allow higher resolution®°.



2D luminescence imaging of pH in vivo

3.2.4 Biocompatibility

Dyes were bound to or encapsulated in inert polymer particles, and sensor particles were
immobilized on PVdC-foils (see above and in methods), thus preventing dye and particle
leakage into tissues. However, prior to use in an in vivo setting, potential cytotoxic effects
were studied by exposure of human epidermal keratinocytes (HEK) and L929 fibroblasts
to sensor particles. Cell viability was assessed with the 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-tetrazolium-bromide (MTT) assay. Both particle types show no cytotoxicity (Figs.
3.15 and 3.16).
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Figure 3.15 | No increase in dead cell protease release from L929 was observed after (A)
24 h and (B) 48 h, indicating that particles exhibit no cytotoxic potential. Dead cell
protease activity is given as percentage of untreated controls (counts s of controls: 4687
=+ 207 after 24 h, 4820 = 50 after 48 h). (mean = SEM, triplicate samples).
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Figure 3.16 | (A,D) No cytotoxicity of FITC-AC and Ru(dpp)s-PAN towards (A) human
epidermal keratinocytes (HEK) and (D) L929 fibroblasts was observed as quantified by
MTT assays. Cell viability is expressed as the percentage of viable cells compared to
controls. (mean = SEM, triplicate samples). (B,E) FITC-AC particles are only visible using
fluorescence microscopy (green in overlay picture insets). (C,F) Inverted and fluorescence
microscopy shows the exposure of HEK/L929 towards Ru(dpp)s-PAN particles (dark colored
circles, red in overlay picture insets). As seen in the picture insets, both particle types tend
to agglomerate and are not taken up by live HEK/L929. Also see Figs. 3.16, 3.17 and
Videos IV.2-5 on the enclosed CD.
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The results from the cellular uptake experiments revealed that the particles are not taken

up by live cells within a period of 24 h (Fig. 3.17 and respective Videos IV.2-5, Fig. 3.18).

z [um]
+50 +265

FITC-AC (1 h incubation) FITC-AC (24 h incubation)

Z [pm]
+50 -50

Z [um]
+50 +235

Ru(dpp),-PAN (1 h incubation) Ru(dpp),-PAN (24 h incubation)

Figure 3.17 | Confocal microscopic analysis of cellular particle uptake: (A-D) Neither FITC-
AC nor Ru(dpp)s-PAN particles (both 1.0 ug ml™* in supernatants) are taken up by live L929
fibroblasts after (A,C) 1 h and (B,D) 24 h incubation. (A,B) FITC-AC are seen (green) as
particle agglomerates on the cell surface. (C,D) Multiple Ru(dpp)s-PAN are seen (yellow to
orange) on the surface of various cells. For better visualization, see confocal microscopic
image stacks in Videos IV.2-5 on the enclosed CD.
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Figure 3.18 | Electron microscopic analysis of cellular particle uptake: Neither FITC-AC (A)
nor Ru(dpp)s-PAN (B) are taken up by live human epidermal keratinocytes (HEK). (A) FITC-
AC agglomerates are seen in the left part of the image in close proximity to HEK. No FITC-
AC could be found inside HEK. (B) A single Ru(dpp)s-PAN particle is shown outside live HEK
in the left part of the image. Ru(dpp)s-PAN was not found inside HEK.
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Figure 3.19 | Singlet oxygen detection: Neither (A) FITC-AC nor (B) Ru(dpp)s-PAN led to the
formation of singlet oxygen. (A,B) O us denotes the start of excitation (vertical grey lines).
(B) The red line shows the exponential decay of luminescence (tp = decay time),
representing the phosphorescence signal of Ru(dpp)s-PAN. The picture inset shows the
integrated luminescence signal at certain wavelengths (fit shown as red line).

Additionally, we showed that both types of microparticles do not lead to the formation of
cytotoxic singlet oxygen, a member of the reactive oxygen species (ROS) family (Fig. 3.19).

FITC does not effectively create singlet oxygen because it is a poor triplet emitter ({riplet =
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0.03 in H,0)?, and Ru(dpp); may not create singlet oxygen as it is shielded by oxygen-
impermeable PAN. The method described herein prevents direct exposure of tissues
towards the agents. In terms of safety, it has to be mentioned that fluorescein conjugates
are routinely used in medical diagnostics, even as injectables, e.g. in fluorescence

angiography®'32.

3.2.5 Invivo validation

For luminescence imaging in vivo, sensor foils only remained on tissues for the duration of
measurements (< 5 min from application to image). To validate our method in vivo, we
measured the pH gradient in the stratum corneum (SC) by tape stripping of the SC on the
volar forearm*. A set of experiments on 10 volunteers served to evaluate the precision

and validity of the sensor in vivo.
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Figure 3.20 | Stratum corneum pH gradient (A) on the volar forearm measured with
luminescent pH sensors and a pH glass electrode. Relative standard deviation (RSD)
amounted to 4.32 = 1.35% for the sensor and to 4.53 + 2.04% for the glass electrode.
(mean = SD, n = 10). The respective Bland-Altmann-md-plot (B) shows 96% of
measurements within the 95% confidence interval (Cl), and the Krippendorf coefficient
amounted to K = 0.98. m.d. = mean difference.

Therefore, pH measurements were compared with data obtained with the glass
electrode’. The SC was gradually removed by multiple tape strippings and a trans-SC pH

gradient was found with luminescence imaging and electrodes (Fig. 3.20A). No significant
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differences in pH values were found between the two methods. A high level of precision
was achieved for an in vivo setting, and the precision was similar for both methods
(relative standard deviation: RSDygpir = 4.32 + 1.35%, RSDelectrode = 4.53 = 2.04%). A Bland-
Altmann-md-plot®* (Fig. 3.20B) was created for method comparison, showing excellent
concordance (96% of the measurements within the 95% confidence interval; Krippendorf
coefficient K = 0.98). Hereby, we have proven that the pH sensor can be reliably used in

an in vivo setting.

3.2.6 Luminescence imaging of pH in cutaneous wound healing

The sensor was then applied to a routine clinical problem, i.e. cutaneous wound healing,
to show its potential and superiority in comparison to the glass electrode. We used split-
thickness skin graft donor sites on the thighs of 10 patients as standardized cutaneous
wounds because of the potential of pH to act as a diagnostic for healing. Basically,
cutaneous wound healing comprises three major overlapping phases: inflammation,

proliferation (tissue formation), and tissue remodeling?>*.
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Figure 3.21 | pH during physiological wound healing of split-thickness (~ 400 um) skin
graft donor sites on the thigh (A) using luminescence imaging of pH and a pH glass
electrode. pH gradually declined over the time course of physiological cutaneous wound
healing, reflecting the re-establishment of the epidermal barrier. The respective Bland-
Altmann-md-plot (B) shows 93% of the measurements within the 95%-Cl, and the
Krippendorf coefficient amounted to K = 0.89. m.d. = mean difference. (mean +SD, n = 10,
*p < 0.05, **p < 0.01).
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We found that pH continuously decreased during physiological healing and that no
significant differences existed between the two methods (Fig. 3.21 A and B). Thereby, we
were able to prove that the sensor is reliably applicable in a clinical setting, showing great

promise as a tool to monitor pH in clinical routine.

The major advantage, however, is the capability of the sensor to yield 2D-pH
images, which is mandatory for the evaluation of spatially heterogeneous processes like
wound healing or tumor biology. Representative photographs of split-skin donor site
wounds are presented for day 1 (inflammation), 6 (granulation = fibroblast proliferation)
and 14 (re-epithelialization = keratinocyte migration and proliferation) after split-skin
harvesting (Fig. 3.22 A-C). The pseudocolor images (Fig. 3.22 D-F) show local differences
in pH during the wound healing stages, and the transparency of the sensor foils enables

the correlation of clinical and pseudocolor 2D-pH images.

In chronic wound healing, a sustained inflammatory phase is supposed to prevent

. . 22
this stepwise process of wound closure *%*

. To accent the potential for 2D-pH imaging,
the heterogeneity of pH within a chronic venous ulcer was visualized (Fig. 3.23 A and B).
Within this chronic wound, extensive areas with pH values as detected in the
inflammatory phase (red to yellow) are seen, thus indicating a sustained inflammatory
phase. The intact surrounding skin (Fig. 3.23 A and B, e.g. upper left and right corners) is

clearly demarcated by lower pH values.
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Figure 3.22 | Luminescence imaging of pH during cutaneous wound healing: (A-C) Wound
healing of split-thickness (~ 400 um) skin graft donor sites on (A) day 1 (inflammation), (B)
day 6 (granulation) and (C) day 14 (reepithelialization) after split-skin harvesting. (D-F)
Respective pseudocolor images created with optical 2D-pH sensors. Wound healing is
reflected by decreasing pH values. p.o. = post-operatively. (Scale bars, 1 cm).
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chronic wound

Figure 3.23 | Chronic venous ulcer (A) on the medial ankle and the respective pH
distribution (B). Different stages of healing within this wound (inflammation, granulation)
and surrounding intact skin (e.g. upper left and right corners) are visualized. The colors
allow an easy correlation with the wound healing phases as shown for physiological
healing (see Fig 3.22). (Scale bars, 1 cm).
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3.3 Materials and methods

3.3.1 Microparticle preparation

10 mg (2% w/w) FITC (Sigma-Aldrich Chemie GmbH, Talkirchen, Germany) was covalently
conjugated to 500 mg aminocellulose particles (AC, Presens, Regensburg, Germany) in 18
ml sodium bicarbonate buffer (50 mM, pH 9) to form FITC-AC particles (reaction time 2h).
Residual amino groups on the particles were blocked with acetic anhydride (Ac,0, Sigma-
Aldrich). 100 mg AC reacted with 200 mg Ac,O in 10 ml ethanol for 12 h. Particles were
washed (eight times with distilled water) and additionally filtered via centrifugation (10
min, 3500 rpm, EDA12, Hettich, Tuttlingen, Germany) after each washing step. Reference
particles were synthesized by incorporating (2% w/w) ruthenium(ll)tris-(4,7-diphenyl-
1,10-phenanthroline) [Ru(dpp)s, Sigma-Aldrich] in polyacrylonitrile (PAN, Sigma-Aldrich)
to form Ru(dpp)s-PAN particles®®. We obtained particles by precipitating 250 mg PAN
dissolved in 50 ml dimethylformamide with 70 ml distilled water (dropwise addition, 1 ml
s!) and subsequent addition of 20 ml Brine. Particles were washed (eight times with
distilled water, four times with ethanol) and subsequently filtered via centrifugation (10
min, 3500 rpm) after each washing step. Reactions were conducted at room temperature
and particles were freeze-dried (Modulyo, IMA Edwards, Dongen, Netherlands) for
storage. Particle size was assessed with a LEO912 AB transmission electron microscope

(Carl Zeiss AG, Jena, Germany).

3.3.2 Preparation of sensor foils

150 mg FITC-AC and 50 mg Ru(dpp)3-PAN were mixed with 20 ml of a solution (5% w/Vv)
consisting of polyurethane-hydrogel (type D4, Cardiotech International Inc., Wilmington,
MA, USA) in ethanol/water (90/10 v/v). This mixture was spread on a transparent
poly(vinylidene-chloride) (PVdC) foil (Saran plastic wrap, Dow Chemicals, Midland, M,
USA) with a K Control Coater model 101 knife coating device (RK Print-Coat Instruments

37-39

Ltd., Litlington, UK) to form a 120 um thick film>"". After drying, the sensor layer was 6
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um thick. We controlled particle distribution on the foils by means of fluorescence

microscopy (Axiotech, Carl Zeiss AG).

3.3.3 Time response, spectra and photostability

Timetraces (hex = 460 NM, Aem = 530 nm, 8 nm slits) of multiple defined pH variations (pH
1-10, single pH steps) were acquired on an Aminco-Bowman AB2 luminescence
spectrometer (Thermo Spectronic, Rochester, NY, USA). Response time was defined as
the time interval between the change of the buffer solution until a steady-state result was
achieved. We used Britton Robinson buffers (50 mM, composed of: 0.04 M H3BO3 0.04 M
HsPO4 and 0.04 M acetic acid in distilled water). Absorbance and luminescence (Aex = 460
nm, 4 nm slits) spectra were obtained using the same setup. We processed data with
LOESS (locally weighted scatterplot smoothing). Photostability experiments were carried
out on sensor foils with either FITC-AC or Ru(dpp)s-PAN using the imaging setup described
in the main text. Relative luminescence intensities of both dyes were examined (1,000
measurement cycles) under varying pH (50 mM Britton Robinson buffers, pH 3 and 9) and
oxygen (0 and 20%) values in a calibration chamber at 30 °C. Additional experiments on
the operational time of the pH sensor foils were carried out by determining the
luminescence intensity ratio R over 1,000 measurements for 0, 10 and 20% oxygen at pH

3,5,7,and 9, respectively.

3.3.4 Luminescence measurement and calibration

The camera was combined with a light emitting 460 nm LED array (Luxeon V Star LXHL-
LB5C, 5W, Lumileds Lighting Company, San Jose, CA, USA). To image 2D-pH distribution,
tdDLR measurements® were performed by means of an ImageX Time-gated Imaging
system (TGI, Photonic Research Systems, Salford, UK) with an integrated 12 bit CCD chip
(640*480 pixels). Parameters were set as: subtract background, 5 us gate width, 0.25 us

delay time, 6 us lamp pulse, 400 Hz recording frequency, and 100 ms integration time.
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We used a 530 nm long-pass OG530 glass filter (Schott, Mainz, Germany) as an emission
filter. Calculations and pseudocolor image processing were done with ImageX software
(Microsoft Corporation, Redmond, WA, USA) and Imagel (http://rsbweb.nih.gov/ij/).
Sensor calibration (pH 3-10, single pH steps) was performed at 20-40 °C (5 °C steps) with

varying oxygen concentrations (0-20% oxygen in argon, 5% steps).

3.3.5 Dye leaching and particle leakage

To investigate dye leaching out of particles, 5 mg of FITC-AC and Ru(dpp)s-PAN,
respectively, were suspended in 5 ml Millipore water (MembraPure Astacus, Bodenheim,
Germany) and Ringer’s solution (B. Braun AG, Melsungen, Germany) each. Suspensions
were continuously shaken for 24 h. 2 ml of the suspension were centrifuged (10 min,
10*10% rpm). Supernatants were additionally filtered (200 nm cut-off syringe filter,
Whatman, Dessel, Germany) to separate potentially leached dye molecules and particles.
We studied both the original particle suspensions and the filtered supernatants in an
Aminco-Bowman AB2 luminescence spectrometer (Thermo Spectronic). Spectra of the
supernatants were recorded twice, once with the same gain as used to record spectra of
the suspensions (600/800 V) and secondly with full detector gain (1,275 V) to detect

traces of dyes in the solutions.

Leakage of particles out of the sensor foil was investigated by incubating pH-
sensor foils in Ringer’s solution and Millipore water, respectively. Sensor foils (surface 2
cm?) were placed in 2 ml of the respective liquids and were shaken for 24 h. The sensors
were removed and the solutions were investigated in the luminescence spectrometer (full
detector gain 1,275 V). Pure Ringer’s solution and Millipore water served as blank

controls.
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3.3.6 Cytotoxicity

Human epidermal keratinocytes (HEK, Invitrogen, Karlsruhe, Germany) were cultured
until confluence in keratinocyte growth medium with supplement (kGMS). HEK were
detached using collagenase type 2 (0.1 U ml™, Roche Diagnostics, Basel, Switzerland) and
resuspended in KGMS. HEK (passage 3) in kGMS were seeded (2.5%10° cells well™) in 96-
well flat-bottom microtiter plates (Costar Inc., Pleasanton, CA, USA) and cultured (37 °C,
95% humidity, 5% CO,) for three days. kGMS was renewed or replaced with FITC-AC or
Ru(dpp)s-PAN in kGMS (0.1, 0.5, 1.0 ug ml™?) and HEK were incubated for 48 h. For
fluorescence microscopy, we seeded HEK (passage 5) in 6-well flat-bottom microtiter

plates (Costar Inc.).

Fibroblast growth medium with supplement (fGMS) for L929 fibroblasts (American
Type Culture Collection CCL | fibroblast, NCTC clone 929, Manassas, VA, USA) consisted of
DMEM supplemented with 5% v/v fetal bovine serum, 2 mM L-glutamine, 2.2 mg ml™
sodium bicarbonate, penicillin, and streptomycin (Lonza, Basel, Switzerland). 1929
(passage 4) were cultured until confluence on 75 cm? culture flasks, detached by 2.5%/1%
trypsin/EDTA (BioWhittacker Inc., Waldersville, MD, USA), resuspended in fGMS, seeded
(passage 5, 10*10° cells well™) in 96-well flat-bottom microtiter plates, and cultured until
confluence as described for HEK. fGMS was renewed or replaced with FITC-AC or
Ru(dpp)s-PAN in fGMS (0.1, 0.5, 1.0 ug ml™?), and L929 were incubated for 48 h.
Additionally, L929 (passage 5) were seeded on Thermanox slides (Nunc GmbH & Co. KG,

Langenselbold, Germany) in 24-well plates for (fluorescence) microscopic imaging.

HEK/L929 in 96-well plates were washed twice with kGMS/fGMS, and cytotoxicity
was evaluated with the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazoliumbromide
(MTT) assay. Supernatants were replaced by kGMS/fGMS supplemented with 16% MTT
solution and incubated for 1-4 hours (depending on absorbance). Reaction was stopped
with 2% sodium dodecyl sulfate (SDS), and triplet samples of absorbance were measured
at 490 nm (reference wavelength 650 nm, 96-well plate reader, MWG-Biotech AG,
Ebersberg, Germany). Cell viability was expressed as the percentage of viable cells

compared to controls (kGMS/fGMS only).
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Supernatants of 1929 on 96-well plates after 24 and 48 h exposure to
microparticles were analyzed for dead cell protease activity with CytoTox-Glo assays
(Promega GmbH, Mannheim, Germany) according to manufacturer’s instructions.
Luminescence counts were measured using a Victor’ multilabel reader (PerkinElmer,

Rodgau, Germany).

We examined the morphology of live HEK/L929 monolayers (96-well plates) as
well as particle exposure (96-, 24-, and 6-well plates) with an inverted (Labovert FS, Leica
Microsystems GmbH, Wetzlar, Germany) and a fluorescence microscope (Axiostar Plus,
Carl Zeiss AG, Jena, Germany). For fluorescence microscopy, we used a 475/40 nm band-
pass excitation filter and a 545/35 nm band-pass emission filter (both: Omega Optical,

Brattleboro, VT, USA).

3.3.7 Cellular uptake

For confocal microscopic imaging, L929 (passage 5, 50*10° cells well™*) were seeded on 4-
well Lab-Tek chamber slides (Nunc GmbH & Co. KG) and cultured until confluence. fGMS
was replaced with microparticles in fGMS (1.0 ug ml™) and L929 were incubated for 1 and
24 h, respectively. Supernatants were removed, cells were embedded in
paraformaldehyde (4%, 4°C) for fixation, and stored for 24 h until analysis. Subsequently,
paraformaldehyde was removed, cells were washed three times with phosphate buffered
saline plus Ca®" plus Mg®* (PBS), and membranes were stained with DiCis(3) (2 pg mI™ in
PBS, 1 h incubation; Invitrogen, Darmstadt, Germany). Supernatants were removed, cells
were washed three times with PBS, and confocal microscopy was done with a Nikon
Eclipse C-1/90i (Nikon Instruments Inc., Melville, NY, USA) and a 488 nm laser (30 um

pinhole).

For electron microscopic analysis of the cellular uptake of microparticles, HEK
(passage 6) were grown until confluence on 25 cm? culture flasks. kGMS was replaced
with microparticles in kGMS (1.0 ug ml™), and HEK were incubated for 24 h. HEK were
detached (see above), re-suspended in kGMS, and transferred to falcon tubes (BD

Biosciences, Heidelberg, Germany). Supernatants were removed from the cell pellets, and
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cells exposed to microparticles were embedded in Karnovsky’s fixative for electron

microscopy.

3.3.8 Singlet oxygen detection

Particle suspensions (Millipore water, 1 mg ml™) were excited with a frequency-doubled
Nd:YAG laser (532 nm, 100*10° pulses, 70 ns pulse duration, 100 mW, 20 s irradiation
time, 8 mm spot size, 2.0 kHz repetition rate; PhotonEnergy, Ottensoos, Germany).
Suspensions were magnetically stirred. We investigated singlet-oxygen luminescence with
an IR-sensitive photomultiplier (R5509-42, Hamamatsu Photonics Deutschland GmbH,
Herrsching, Germany). The luminescence signal was detected by means of a 950 nm cut-
off filter (Omega Opticals) and a 1,270 nm bandpass filter with a full width of half-
maximum (FWHM) of 10 nm (LOT-Oriel, Darmstadt, Germany). To analyze data, we used

Mathematica 5.2 (Wolfram Research, Berlin, Germany).

3.3.9 Study subjects

All participants were provided with verbal and written information on the study and
signed informed consent was obtained from each participant. The local ethics committee
had given approval (No. 06/171: 2007) and all experiments were conducted in full
accordance with the sixth revision (Seoul, Korea, 2008) of the Declaration of Helsinki
(1964). For the stratum corneum (SC) tape stripping experiments, male volunteers (n = 10,
27.7 £ 4.0 years) were included. None of the volunteers had any history of skin disorders,
had suffered from a skin condition or had been subject to dermatological treatment on
the volar forearm in the past or at the time of measurement. Volunteers did not exercise,
wash, or apply topical formulations on the volar forearm for 24 hours prior to the
measurements. Split-skin grafts (thickness 400 um, n = 10, 4/6 female/male, 65.10 =

20.23 years) were harvested from the left or right thigh to cover tissue defects at
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different body sites after excision of skin tumors. A chronic venous ulcer on the medial

right ankle of a female patient (66 years) was visualized.

3.3.10 Invivo luminescence imaging

Sensor foils were gently applied to the skin or the wound surface (starting from one
margin), and were allowed to slowly adapt to tissue surfaces due to adhesion forces. This
technique prevents the inclusion of air bubbles underneath the foils during application,
thereby ensuring uniform contact between sensors and tissues. No pressure was applied
to the foils during measurements. For SC pH-gradient measurements®, we removed the
SC from the volar forearm with 100 tape strippings. 3M Scotch Ruban adhesive tape (4
cm?, 3M Deutschland GmbH, Neuss, Germany) was pressed firmly against the skin for 3
seconds, then swiftly pulled away. The SC was removed down to the stratum granulosum,
which appeared as a glistening layer®. Temperature and humidity were kept constant.
We recorded pH after every 10 strippings and we measured pH in split-skin donor site
wounds after 1, 6, and 14 days following split-skin harvesting. For the first 6 days, Tielle®
(in case of extensive exsudation Tielle-Plus®, both: Johnson & Johnson, Langhorne, PA,
USA) was used as wound dressing and subsequently replaced by Mepilex® (Molnlycke
Healthcare GmbH, Erkrath, Germany) which remained on the donor site from day 6 to 14
postoperatively. We recorded pH using the 2D sensor foils covering the entire wound
surface (time from application to removal of foils < 5 min). For measurements [distance
from camera to stripping site 8 cm (SC-gradient) or 30 cm (split-skin wounds), focus-
controlled] we used data from standard-sized squares (100*100 pixels) from the exact
spot where the glass electrode had been placed to measure pH. 2D pseudocolor pH
images of the entire wounds were also obtained. No residual luminescence was detected

after removal of the sensor foils, confirming that there was no leakage of sensor particles.
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3.3.11 Statistics

We used Sigma Plot 11.0 (Systat Software Inc., Chicago, IL, USA) for all analyses. Data are
given as mean * standard deviation (SD) except otherwise denoted. Normality testing was
passed and paired t-tests were done to analyze differences between pH values during the
time course of split-skin donor site healing. We conducted t-tests to check for differences
between the measurements obtained by luminescence imaging and glass electrodes. We
considered a p-value below 0.05 as significant and a p-value below 0.01 as highly
significant. Results were marked with one or two asterisks within the graphs. To assess
the precision of the methods, we calculated the relative standard deviation (RSD) of
measurements as (SD mean™)*100%. For method comparisons, we created Bland-
Altmann-md-plots for pH measurements and calculated the respective Krippendorf

coefficients K.

3.4 Conclusion

In this work, we developed an optical pH sensor in vitro, which was validated in vivo, and
we showed for the first time a non-invasive method for 2D and potential real-time pH
imaging in vivo. We also present the first images of pH distribution during acute and
chronic wound healing in literature. Extensive areas within a chronic wound showed
similar pH values to those during the initial phase after wounding. Using the respective
color code, the pseudocolor 2D-pH images allow the easy correlation of pH with the
heterogeneous morphology of chronic wounds. Further studies of the 2D-pH distribution
in heterogeneous chronic wounds®® aim at the development of a pattern recognition
model*®*! to predict the course of cutaneous healing. Furthermore, the biocompatible
sensor holds great potential for various clinical and laboratory applications, such as tumor

25,26

biology (tumor microenvironment)““°, the study of pH in dermatological conditions (e.g.

epidermal barrier dysfunction in atopic dermatitis)*’, microbiology (e.g. imaging bacterial

43-45

cultures) and food technology™ ™, and monitoring industrial production processes.
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3.5 Additional studies using the pH sensor

(submitted, 2011)

An additional in vivo study was conducted for validation of the pH sensor. The effect of
10 % alpha hydroxyl acid (AHA, Dr. August Wolff GmbH & Co. KG, Bielefeld, Germany;
www.wolf-arzneimittel.de) emulsion on human skin pH was investigated using both, the
pH sensor and the glass electrode. The AHA-emulsion was applied to volar forearm skin of
healthy male volunteers (n = 12, 25.42 + 3.58 yrs). 4 cm? of the skin were treated
according to the package insert. The formulation was wiped off 10 minutes after
application. The pH was measured prior to the treatment and over the following three

hours after application (see figure 3.24).
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Figure 3.24 | Skin surface pH after topical treatment with 10 % AHA-emulsion. a shows
the skin surface pH before and a time course during three hours subsequent to
application. pH significantly decreases after treatment. Throughout the entire time course
the pH remains significantly reduced. b depicts the respective Bland-Altmann-md-plot for
comparison of the results obtained with the sensor and those from the glass electrode.
94.45 % of the results lie within the 95 % confidence interval.

Besides the time course of the induced skin pH alteration, the depth of penetration of pH
changes was studied using the pH sensor. A tape-stripping study (see section 3.3.10) was

performed on female volunteers (n =5, 21.32 = 4.34 yrs).
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During stratum corneum stripping, pH was markedly reduced (compared to pH values in
section 3.2.5). This indicated that the fruity acid effects even deeper layers of skin (at

least stratum corneum). The results in figure 3.24 and figure 3.25 again show the

reliability of the tdDLR pH sensor.
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4. 2D luminescent pO: sensor for in vivo
imaging in physiological wound
oxygenation

In this chapter, a 2D in vivo sensor for imaging of physiological wound oxygenation is
described. The sensor is based on two-dimensional luminescence lifetime imaging (2D-
LLl) of dynamic oxygen quenching of the dye Palladium(ll)-meso-tetraphenyl-
tetrabenzoporphyrin (Pd-TPTBP). The dye is incorporated in partially oxygen blocking
polystyrene-co-acrylonitrile (PSAN) particles to precisely control its sensitivity for
oxygen measurements in the physiological relevant range of 0 to 160 mmHg. Particles
were immobilized in a hydrogel film on transparent foils to allow simultaneous
observation of the underlying structures. Skin graft donor sites were investigated as a
standardized model for physiological wound healing. The oxygen partial pressure (pO;)
of the wound surface was measured at 1, 6, and 14 days after split-skin harvesting. In a
second experiment, the upper skin layer (stratum corneum) was completely removed by
tape strippings to study the impact of the stratum corneum on the epidermal oxygen

barrier. (Exp Dermatol, 2011, in press DOI: 10.1111/j.1600-0625.2011.01263.x)

4.1 Introduction

There still is a lack of understanding in the role of oxygen in wound healing. In this
context, the stratum corneum (SC) is supposed to be a major part of the epidermal
oxygen barrier but unfortunately, precise data is still missing in the literature. Cutaneous
wound healing is basically divided into three major phases: the initial inflammatory phase
(cytokines, chemokines, etc.), the proliferative phase (neoangiogenesis, fibroblast
proliferation, reepithelialization), and the final tissue remodeling phase (extracellular
matrix reorganization)." These phases overlap during healing. Although, there are

numerous publications on the molecular and cellular events during cutaneous wound
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healing® the basic clinical parameters like pO, and pH are not completely unveiled in this
context. pO, has a major impact on cutaneous wound healing®. The standard technique
for oxygen measurements, the Clark electrode, comprises technical problems within
clinical routine® (also see chapter 1). Thus, precise studies on wound pO, were not

possible for decades.

During the last decades, new and promising tools for in vivo pO, measurements

d>*®. Many of the problems associated with the

based on optical read-out were develope
use of glass electrodes have been overcome with these more or less non-invasive
techniques: (i) heating of the skin is no longer required, (ii) no analyte consumption with
the use of luminescent sensors, and further (iii) 2D images rather than only single spot

measurement can be obtained.

Rumsey’, Wilson®?, and Intaglietta® have established minimal invasive 2D imaging
methods for oxygen in tissue at the end of the last century. These methods include
intravenous injection of the luminescence indicator dyes accompanied by the risk of
toxicity. The invasive character limits this technique to animal experiments and thus is not
applicable in clinical routine. Itoh et al.” applied probes absorbed in silica gel to prevent
direct contact. However, these non-referenced luminescence intensity measurements®’
require time-consuming recalibration and careful data interpretation, since neither

indicator movement nor distribution can be controlled precisely.

10,11,1. aps .
01114 ambedded oxygen sensitive ruthenium

Stlicker, Hartman, and Liubbers
complexes in polymer matrices to form first non-invasive planar optical sensors for pO,
measurements on human skin. The sensors can be read out via referenced 2D-LLI. The
methods were used to measure pO, in tissue of intact human skin or in malignant
melanoma on skin. Babilas et al.'**>® used platinum(ll)-octaethyl-porphyrines in planar
polystyrene films for tumor imaging in animals and blood microcirculation in human skin.
However, these sensors only allow for application in either intact skin or animal

experiments. Further, these planar sensors impede application on uneven surfaces (e.g.

cutaneous wound surfaces) due to the use of relatively non-flexible sensor supports.

To date, no sensor exists that allows for in vivo 2D pO, imaging in cutaneous

wounds of humans. The prerequisites to create such a sensor include (i) the use of a
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referenced method, since in vivo conditions are quite variable, (ii) non-toxic materials, (iii)
convenient application on wound surfaces, (iv) a dynamic range of 0 to 100 mmHg
(physiological relevant range), and (v) a completely non-invasive method, in order to be
applicable under clinical conditions. In this chapter, the development of such an optical
pO, sensor including in vitro characterization, in vivo validation, and clinical application of

the sensor is described.

4.2 Results and Discussion

4.2.1 Material design and in vitro characterization

As a additional prerequisite the oxygen sensitive indicator should be combinable with the
pH sensor®’ described in the previous chapter to form an optical dual sensor for pH and
pO,. The dye Palladium(ll)-meso-tetraphenyl-tetrabenzoporphyrin (Pd-TPTBP; Sigma-

Aldrich) (Fig. 4.1) was chosen as oxygen indicator.
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Figure 4.1 | Chemical structure (left) and spectral properties (right) of the indicator dye
Palladium(ll)-meso-tetraphenyl-tetrabenzoporphyrin.
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The metalloporphyrin has four benzene rings, each attached to one of the four pyrrol
subunits. During the last two decades those metalloporphyrins gained popularity due to
superior quantum yield and photostability, and their red shift in the absorbance and

18,19

emission spectra compared to the precursor porphyrins~". Due to their high oxygen

re . . . 19-2
sensitivity, they were applied in numerous oxygen sensors'* .

The Pd-TPTBP offers excellent spectral properties. The Soret band of the Pd-TPTBP
at 444 nm is excitable with the 460 nm LED of the time-gated imaging setup (described in
chapter 2.5). The dye offers a huge Stokes shift. Further, the emission peak at 796 nm is

separated from the emission peaks of FITC and Ru(dpp)s from the pH sensor.

The phosphorescence decay time for Pd-TPTBP is 40 to 300 ps depending on the
oxygen concentration. Collisional luminescence quenching by oxygen can be described by

a Stern—Volmer relationship:

(Equation 4.1): To/T =1+ Ksy * pO; = lo/I

Where T, represents the luminescence decay time at 0 mmHg pO, and K, is the Stern—

Volmer constant reflecting the sensor sensitivity®*%.

A more complex but also more correct way to describe non-monoexponential
decays is the two-site model**?%. The two-site model accounts for different chemical and

physical microenvironments such as polymer matrices or particles.

(Equation 4.2): To/t = o/l = fi/(1+K'sy* p0,) + f2/(1 + K’y * pO,)

f; and f, represent the fraction of the molecules located in the different environments

with different Stern-Volmer constants.

The decay time of the Pd-TPTBP and thus pO, can be determined using 2D-LLI and

rapid lifetime determination with the time-gated imaging system described in chapter
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2.5. For imaging pO, the camera was equipped with an 800 nm bandpass filter with 60 nm

half width to exclusively record the light emitted by the oxygen probe.

The strategy to from an in vivo sensor for imaging pO, in human wounds was quite
similar to the strategy in chapter 3: The luminescent optical sensor film consists of
polymer particles doped with indicator dye molecules in hydrogel matrix layers which
were prepared by spreading a liquid particle/matrix-polymer cocktail onto a transparent

2931 A hydrogel type D4 (Cardiotech International Inc) was

polyester support (the foil)
used as matrix material on poly(vinylidene chloride) (PVdC) (Saran food barrier wrap, Dow
Chemicals) sensor support foils to hinder direct contact of particles and tissue. Particle
size should exceed 500 nm to hinder possible cellular uptake. The scheme of the foil is

described in Fig. 4.2.

O, 0O, : 0, 0,
structure % tissue é function
4
polyurethane ™ prevents
hydrogel matrix O sensor layer particle leakage
(thickness 6 um) L— from sensor foil
PVdC foil sensor support transparent
(thickness 25 um) support
dye immobilized sensor Pamdes prevents

in microparticles leakage of dyes

Figure 4.2 | A schematic view of a sensor foil is shown. Particles are embedded in a
hydrogel matrix on a transparent PVdC foil, thereby preventing particle leakage. Foils are
applied to tissues with the hydrogel coated surface. Oxygen diffuses into the hydrogel
matrix and towards the microparticles. The transparency of the foils allows simultaneous
observing of the underlying anatomic structures.

In a first approach, the dye Pd-TPTBP was embedded in polystyrene (PS) microparticles.
PS possesses a high oxygen permeability coefficient P of 1.9 cm?Pa-s? 3233 The

particles had a size of 800 nm and were incorporated in the D4 matrix. The responding
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characteristics towards oxygen partial pressure in the range of 0 to 160 mmHg were

investigated (Fig.4.3).
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Figure 4.3 | (a) Responding behavior of the phosphorescence decay time of Pd-TPTBP in
PS microparticles in a D4 hydrogel film towards oxygen and (b) respective Stern-Volmer
plot.

The luminescence decay time decreased from 350 ps (0 mmHg) to 40 us (in case of 160
mmHg). 90% of the decrease was reached with 50 mmHg pO,. The sensitivity of the
sensor is too high for application in tissue. A sensor for pO, measurements in tissue
should cover at least a range of 0 to 100 mmHg. The Stern Volmer K, constant for a linear

plot of the range of 0 to 50 mmHg was found to be 0.0985/mmHg.

The material of the microspheres had to be changed. A polymer that is more
impermeable for oxygen lowers the sensitivity of the oxygen indicator Pd-TPTBP and thus
increases the effective dynamic range of the sensor. The co-polymer (poly(styrene-co-
acrylonitrile) (PSAN) with 30 wt% acrylonitrile content was chosen due to its moderate
gas permeability. The oxygen permeability coefficient P was 3.5:10* cm?Pa-s™* 3**°.

Therefore, the polymer retards the rapid quenching of both luminescence intensity and

lifetime of Pd-TPTBP by oxygen.
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The graphs in Figure 4.4 show that the PSAN microparticles extend the dynamic range up
to 160 mmHg. The range of 0 to 100 mmHg for tissue measurements can be described by

a linear Stern-Volmer plot with a K, of 0.0336/mmHg (see fit line in Fig 4.4).
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Figure 4.4 | (a) Response of the phosphorescence decay time of Pd-TPTBP in PSAN
microparticles in a D4 hydrogel film towards oxygen and (b) respective Stern-Volmer plot
including a line of best fit for the range of 0 to 100 mmHg.

The sensor shows a slight response towards temperature upon changing from 20 to 37°C
(see Fig. 4.5). During physiological pO, determination, the temperature ranges from
approximately 25 to 35 °C depending on the measurement site. Thus temperature is not
an interfering factor. Photobleaching of the dyes is also not an issue using this sensor

since lifetime measurements operate with intrinsically referenced signals.
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Figure 4.5 | Temperature sensitivity of the decay time (a) in the range of 20 to 37°C and

the respective Stern-Volmer plot (b).

The oxygen sensitive microspheres had minimum dimensions of 0.5 to 1 um in diameter
(see Fig. 4.6a) to hamper cellular uptake and particle leakage. A fluorescence microscopic
analysis of a sensor film ensured homogeneous allocation of the particles in the sensor
matrix layer (Fig. 4.6b). There were no gross irregularities or larger uncoated gaps in the

sensor foil that may cause erroneous pO; distribution results.

Figure 4.6 | (a) Particle size ranged from 0.5 to about 1 um as seen by transmission
electron microscopy. The representative Pd-TPTBP-PSAN sensor-particle is 0.7 um. Black
bar is 0.2 um. (b) The fluorescence microscopic image shows the Pd-TPTBP-PSAN sensor-
particles immobilized in D4-hydrogel on transparent PVdC-foils. 20-fold magnification.
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4.2.2 Biocompatibility

The use in human wounds requires a highly biocompatible sensor. The matrix material
used (hydrogel type D4) is medical grade and approved for medical applications. The
sensor support foil (SARAN) is chemically inert. Although the particles are well retained by
the hydrogel matrix and direct contact of cells (on the wound surface or skin) is
prevented, cytotoxicity had to be excluded. A two-parametric test was conducted. No
cytotoxicity of these microparticles was observed in a concentration range of 0.1 to 10 ug
/ml as seen by MTT assays (Fig. 4.8a). In addition, particles were exposed to keratinocyte
cultures and visualized by means of inverted microscopy (Fig. 4.8b). Even if keratinocytes

were exposed to a low number of particles, cytotoxic effects were excluded.
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Figure 4.8 | (a) MTT assays showed no cytotoxic impact of Pd-TPTBP-PSAN particles
towards keratinocytes (48 h incubation). Dashed lines represent the range of controls + 2
SD. Mean + SD, quadruplicate samples. (b) Exposure of keratinocytes towards particles

(10 ug/ml) was confirmed by microscopic imaging of particles on keratinocyte
monolayers. 40-fold magnification.
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4.2.3 Invivo imaging of wound healing

Skin graft donor sites were investigated as a standardized model for physiological wound

healing. The pO, of the wound surface (pwsO,) of 12 patients was observed 1, 6, and 14

days, respectively, after skin harvesting. Over 14 days the pusO, decreased continuously

(Fig. 4.9).
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Figure 4.9 | p.sO> during the time course of physiological wound healing of split-skin

donor sites: pysO; decreased significantly from day 1 to 6 postoperatively, and again from

day 6 to day 14. The decrease in p,sO, represents the re-establishment of the epidermal

oxygen barrier function during wound healing. Mean * SD, n = 12, triplicate samples, **P

<0.001.
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Figure 4.10 | Visualization of wound surface oxygenation at split-skin donor sites:
Representative pseudocolor images of spatial p,sO, distribution produced with 2D-LLI. (a)
One day dfter split-thickness skin graft harvesting, the wound was rather inhomogeneous,
and vast areas lacked a significant epidermal oxygen barrier, visible by the brighter
orange to red areas. Other areas showed beginning epidermal regeneration as seen by the
green to blue colors. (b) After 6 days, large areas within the donor site wounds were
partially re-epithelialized as noticeable by the lower p.s0, values, represented by the
darker colors. (c) 14 days postoperatively, most of the donor site wound was re-
epithelialized (dark blue or violet areas), and p,,sO, was between 0 and about 10 mmHg.
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On day one postoperatively, pwsO, was assessed to be 57.90 + 5.49 mmHg. After 6 days
the pwsO, was decreased with high significance (P < 0.001) to 22.14 + 6.18 mmHg. The
wound started re-epithelialization. Fourteen days after skin harvesting, pwsO, of the
wound surface further decreases to 6.32 + 3.24 mmHg. Again, the decrease between day
6 and 14 after surgery was highly significant (P < 0.001). All wound surfaces showed
marked re-epithelialization. For the first time in literature, the spatially heterogeneous
process of healing — as seen by the respective pysO, decrease — was visualized with 2D-LLI.
A visualization of pO, over the course of the healing process of a representative wound

can be seen in Fig. 4.10.

4.2.4 Invivo imaging of skin during stratum corneum removal

In a second in vivo experiment, the SC was removed by tape strippings to investigate if
the epidermal oxygen barrier is located inside the SC or deeper in skin. In literature, the

11,36-39
. The

SC is thought to be a significant barrier for oxygen diffusion through skin
hypothesis was that pO, of the skin surface (pssO2) should increase after SC removal

because of the vanishing SC oxygen barrier.

20 - Figure 4.11 | p.O, during tape
stripping of the SC did not

?:’ 15 - significantly alter as measured
EN with 2D-LLI. Even after complete
%— 10 1 SC removal following 100 tape
% strippings, no significant change
% 5 1 in pssO, was observed compared

with values obtained before

0= . . .
0 20 4 60 80 10
number of strippings triple samples.

stripping. Mean = SD, n = 10,
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The average pssO, on healthy skin of 10 patients (triple measurements) was calculated to
be 6.98 + 3.83 mmHg. The SC was removed via 100 tape strippings. The pssO, did not
show any significant change. pss0, was 3.54 + 3.08 mmHg after 100 strippings and no

significant difference (P = 0.051) was observed compared with starting pssO- (Fig.4.11).

These results indicate that the SC is no major barrier for oxygen diffusion in the
epidermis. The major oxygen barrier is suggested to be deeper in skin (stratum

granulosum, stratum spinosum, ect.).

4.3 Materials and Methods

4.3.1 Microparticle preparation

Chemicals were purchased from Sigma-Aldrich and all the reactions were conducted at

room temperature unless otherwise specified.

The polystyrene microspheres stained with Pd-TPTBP were synthesized by a

d***', The synthetic procedure is customized and optimized to the

“soaking” metho
properties of the used compounds. 50 mg of the PS particles (1 um, Polyscience, Niles,
USA; www.polyscience.com) were mixed with 5 ml of distilled water and 2.5 ml THF,
sonicated (Bandelin Sonorex RK 52) for 30 min to swell the PS microspheres and
simultaneously treated with 1 ml of a 1.0 mg ml™ solution of Pd-TPTBP in THF that was
added to the drop wise suspension with a speed of 0.2 ml s™. The mixture was sonicated
for another 20 min. The THF was evaporated using a rotary evaporator. The resulting
oxygen sensitive PS particles in the residual water suspension were separated under

centrifugation, washed with ethanol and water (four times each). Particles were freeze-

dried (Modulyo) for storage.

The PSAN oxygen sensor beads with Pd-TPTBP were prepared using a precipitation

4244 The method was slightly modified to result in particles

method according to literature
with a minimum size of 500 nm. 250 mg of (poly(styrene-co-acrylonitrile) (30 wt%

acrylonitrile content, 185,000 M,,) was dissolved in 30 ml DMF at 60°C. 5 mg (2% w/w) of
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Pd-TPTBP was added to the solution after cooling to room temperature. The solution was
slowly but fairly stirred at approximately 350 rpm. 80 ml doubly distilled water was slowly
added with approximately 1 drop per second. The solution was stirred for further 30
minutes after water addition. The resulting oxygen sensitive PSAN particles were
separated under centrifugation and washed with ethanol for six times to remove the
DMF. Particles were stored as ethanolic suspension to prevent agglomeration. Particle

sizes were determined with a LEO912 AB transmission electron microscope (Carl Zeiss).

4.3.2 Preparation of the sensor foils

20 mg of the respective oxygen sensitive particles were mixed with a 1 ml of a 9:1 (v/v)
ethanol/water solution containing 5% (w/v) of the polyurethane hydrogel (type D4). The
particle/matrix cocktail was stirred for at least 12 h and then was spread on a transparent
PVdC (Saran food barrier wrap) or polyethyleneterephlate (MYLAR®, Dr. D. Miiller,

Ahlhorn, Germany; www.mueller-ahlhorn.com) foils using a K Control Coater model 101

447 Drying of the film

knife coating device (see chapter 2) to form a wet 120 um thick film
resulted in a 6 um thick sensor layer. Particle distribution inside the sensor foils was

investigated using fluorescence microscopy (Axiotech, Carl Zeiss) prior to use.

4.3.3 Luminescence imaging of pO: and calibrations

The pO, images were recorded using the time-gated imaging setup described in chapter
2.5. The recording frequency of the camera was set to 400 Hz. Lifetime was acquired with
70 us gate width. Luminescence window 1 was recorded with a delay of 1 us after the
excitation pulse (50 ps) to eliminate background fluorescence, while window 2 started
after 36 ps. The images were background corrected versus dark images without previous
excitation. Triplicates of each image were collected in every measurement cycle. A 800/60

nm bandpass filter (Omega Optical, Brattleboro, VT, USA; www.omegafilters.com) served

to separate emitted luminescence from background. The sensors were calibrated in a
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calibration chamber (see chapter 2.4) from 0 to 160 mmHg pO, via mixing oxygen and
nitrogen gasses (Linde). Calibrations were repeated at temperatures varying from 20 to

37°C.

4.3.4 Cytotoxicity

Primary human epidermal keratinocytes (HKs) from our laboratory were cultured until
confluence in keratinocyte growth medium with supplement (kGMS). HKs were detached
using collagenase type 2 (0.1 U/ml, Roche Diagnostics, Basel, Switzerland) and
resuspended in kGMS. HKs (passage 3) in KGMS were seeded (2.5 * 10° cells /well) in 96-
well flat-bottom microtiter plates (Costar Inc., Pleasanton, CA, USA) and cultured for 3
days. kGMS was renewed or replaced with FITC-AC and Ru(dpp)s-PAN in kGMS (0.1-10
ug/ml) and HKs were incubated for 48 h. Cells were washed twice with kGMS and
cytotoxicity was evaluated wusing the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
tetrazoliumbromide (MTT) assay. Supernatants were replaced by kGMS supplemented
with 16% MTT solution, incubated for 4 h, reaction was stopped with 2% SDS, and
quadruplicate samples of absorbance were measured at 540 nm (96-well plate reader;
MWG-Biotech AG, Ebersberg, Germany). Cell viability was expressed as the percentage of
viable cells compared with controls (kGMS only). Morphology of live cells was examined

using an optical microscope (Carl Zeiss).

4.3.5 Invivo luminescence imaging

Sensor foils were applied to the skin or the wound surface as described in section 3.3.10.
Temperature and humidity were kept constant during measurements. We recorded pO,
using the 2D sensor foils covering the entire wound surface. The time from application to
removal of foils was less than 5 min. No residual luminescence was detected after

removal of the sensor foils, confirming that there was no leakage of sensor particles.
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4.3.6 Study participants

Male volunteers (n = 10) with a mean age of 27.7 = 4.0 (SD) years were included in the
study on tape stripping. None of the volunteers had any history of skin disorders and
none suffered from a skin condition or were subject to dermatological treatment on the

volar forearm in the past or at the time of measurement.

The st-SG (thickness set to 400 um) patients (n = 12, 3 female, 9 male) had a mean
age of 67.1 = 18.8 (SD) years. st-SG were harvested from the left or right ventral thigh to
cover tissue defects at different body sites after excision of melanomas and non-
melanoma skin cancers. All patients were provided with verbal as well as written
information on the study and signed informed consent was obtained from each patient
prior to the measurements. The local ethics committee has given approval (No. 06/171:
2007). All experiments and investigations were conducted in full accordance with the

Somerset amendment (South Africa, 1996) of the Declaration of Helsinki (1964).

4.3.7 Assessment of the pO2 on wound surface

The pO, values of the skin graft donor sites were assessed by calculating mean values of
the pO, from all measurement points (i.e. pixels) located within the wound surface. pO,
values were determined 1, 6, and 14 days after skin harvesting via recording triple
samples each. The distance between camera and sample was focus controlled between

25 and 35 cm.

4.3.8 Measurement of the epidermal oxygen barrier pO-:

SC removal for assessing SC pO, was conducted according to a method for investigation of
SC-pH gradient from Ohman et al.*}(see also chapter 3). The SC was removed on the volar

forearm via 100 tape strippings using 3M Scotch Ruban adhesive tape (3M Europe,
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Diegem, Belgium; www.3M.com). The tape was firmly pressed against the skin and pulled
away uninterrupted. pO, triple measurements were carried out after each 10 strippings.
The measurements were recorded in 8 cm focal distance using an additional +3 diopter

close up lens. Data is assessed from size-standardized squares of 100 x 100 pixels.

4.3.9 Statistics

Sigma Plot 11.0 (Systat Software Inc., Chicago, IL, USA) was used for all analyses. Data are
given as mean * SD except otherwise denoted. After normality testing, we did a paired
t-test to analyze differences between mean pO, values obtained from the wound surfaces
(n = 12, triple samples) at different time points of healing. Differences in pO. values
obtained from stripping experiments (n = 10, triplicate samples) were analyzed with one
way analysis of variance (ANOVA) on ranks and multiple pair wise comparisons according
to Dunn’s method. Differences before and after stripping were also analyzed by paired
t-testing. Throughout the results, P < 0.05 was considered significant and P < 0.001 was
considered highly significant. Significant results were marked with asterisks within the

graphs.

4.4 Conclusion

In summary, a first total non-invasive approach for a clinical planar optical oxygen sensor
is developed. Intrinsically referenced read out is achieved by 2D-LLI. The sensitivity and
dynamic range of the oxygen sensitive dye Pd-TPTBP was controlled to match the
physiological range of 0 to 100 mmHg by incorporation in fairly oxygen blocking PSAN
microparticles. Further, the particles prevent direct contact of probes and tissue.
Biocompatibility of the materials for use in a clinical setup on life human subjects was
tested and ensured. The sensor was used for a set of in vivo experiments. The first 2D

images of the pO, distribution during cutaneous wound healing were obtained using this
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sensor. Further, two studies on the epidermal oxygen barrier function were carried out.
New insights of the location of that barrier were gained and data from literature was

rebutted.
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5. Dual sensor for pOz and pH in vivo using a
time-gated approach

A 2D in vivo sensor for simultaneous imaging of physiological wound pH and
oxygenation is described in this chapter. The sensor is based on the two different time-
gated imaging techniques described in chapter 3 and 4. The tdDLR and the pO; sensor
particles were simultaneously embedded in a hydrogel matrix and thus combined in one
resulting dual sensor layer. Different emission filter sets separate the sensor responses
of pO, and pH. Cross sensitivities and temperature dependency of the hybrid sensor
were studied. The sensor served in two in vivo studies: one on physiological wound
healing of skin graft wounds and one on chronic wounds with vasculitic or venous

etiopathogenesis. (manuscript in preparation, 2011)

5.1 Introduction

Optical sensors, so called optodes (indicators) or optrodes (the whole sensors) gained
large popularity during the last decades™®. Optodes for chemical species are sensitive,
non-toxic, and non-invasive and enable spatially resolved analyte detection®’. Especially

imaging of biologically relevant parameters, such as pH, pO,, hydrogen peroxide (H,0,),

8-17

and Ca®" are of great interest for researchers at the moment®*’. A large number of

optrodes allow for visualization of only one single parameter, but optical sensing and

. . . . . 18,1
imaging also paves the way for simultaneous detection of multiple parameters”*®*°.

Several dual sensors were reported, mainly for pO,/temperature, pCO,/temperature
(temperature compensated oxygen or carbon dioxide optrodes), pCO,/p0O,, and
pH/p0O,"**%*. Stich et al. even reported a triple sensor for simultaneous determination of

pH, oxygen, and temperature®.

Two concepts for multiple analyte sensor membranes were established: a double-

20,21 7,26,27

layer concept and a monolayer concept . In the double-layer sensors, the sensor
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chemistry for each analyte is located in a different layer. Generally, a second layer covers
a first that is directly immobilized on a sensor support. Problems during fabrication may
occur. The first layer may be destroyed by applying the second layer. The monolayer
sensor type overcomes those problems. It contains all sensor materials in one matrix
layer. This sensor format is a more straightforward approach, the fabrication process is
less tedious and the response times of the sensors are faster due to limited diffusion

distances.

Referencing optode signals is always a major concern most notably for in vivo
measurements. Oxygen or temperature signals are referenced in the majority of cases

2,18,19,28-30

intrinsically via lifetime determination . Concerning dual sensors, lifetime signals

were separated either via RLD and separation of emission wavelengths or via dual lifetime

21,26,30,31

determination (DLD) using luminophores exhibiting largely different lifetimes. pH

or pCO, sensing and imaging is mostly based on fluorescent indicators with luminescence

lifetimes that are too short to be imaged with fluorescent lifetime imaging®’>>>>

. Only few
exceptions allow for RLD of pH indicators®®. Measurement schemes such as tdDLR are

used to reference luminescent signals with short lifetimes (see chapter 1 and 3)*°.

Simultaneous observation of multiple parameters is of special interest for
researchers to correlate different analyte distributions in inhomogeneous samples.
Regarding dermatological issues and especially wound healing processes, the correlation
of pH values and wound oxygenation is still not completely revealed®**>°. Hitherto, a few

234041 and imaging® of pH/pO, exist. The dual

dual sensors for simultaneous sensing
imaging technique for pH/pO, from Schroder et al.?* offers dual referenced read-out. This
scheme enables the detection of pO, via RLD and pH measurement as modified tdDLR
signals which refers the pH dependent fluorescence signals to the oxygen indicator signal.
Unfortunately, the procedure requires tedious mathematical processing and the sensor is

very sensitive towards temperature. Further, the sensor does not allow for in vivo imaging.
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5.2 Results and Discussion

5.2.1 General sensor concept

The two imaging schemes of the pH sensor*? (see chapter 3) and the pO, sensor'’
(described in chapter 4) were combined to create a dually referenced in vivo pH/pO,
sensor. The combination of these concepts allows for simultaneous and referenced read-
out with a one layer sensor concept. FITC-AC particles (indicator beads) and inert
Ru(dpp)s PAN particles as reference beads were used for independently referenced tdDLR
pH measurements. pO, is imaged via RLD of PATPTBP in PSAN particles. The particles
were embedded in a hydrogel matrix which was then deposited on a PVdC sensor support

foil (Fig.5.1).

H* 0, H* 0,
structure tissue % function

IS 1 15 15 Yo NaTmTale 1o 1o Yo Xo .00
Q9

hydrogel matrix sensor layer ;
from sensor foil

(thickness 6 um) OQ Q Q Vv O 0

PVdC foil sensor support transparent
(thickness 25 um) support
dyes immobilized Ieakgg;%r;t(sjyes

in or bOUf!dl o FITC-AC PATPTBP-PSAN  Ru(dpp),-PAN and cross:
microparticles pH-dependent  oxygen-dependent reference reactivity

Figure 5.1 | Sensor foil scheme: Dyes are immobilized in particles to prevent leaching of
dyes. The particles are embedded in a proton and oxygen permeable hydrogel matrix to
hinder particle leakage out of the sensor. The transparent sensor support allows for
localization of underlying structures.

All three dyes can be photoexcited with the 460 nm LED of the time-gated imaging device
(see chapter 2.5). The excitation spectra of the dyes and the emission spectra of the LED
are shown in Figure 5.2. Besides the Soret-Band, the oxygen sensitive PATPTBP has an

43,44

additional Q-Band excitation peak at 630 nm™"". This band may cause FRET or internal

reabsorption of emitted light. FRET is prevented by the use of microparticles. The
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particles have a minimum size of 500 nm which is much larger than the maximal distance

for partners in a FRET (approximately 10 nm)***®

. Internal reabsorption does not
effectively disturb the pH/pO, measurements since the process of collisional quenching

(with oxygen) only affects the excited state but not the absorption process*.
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5.2.2 Signal separation

The signals of the dual sensor can to be separated using optical filters (see Fig. 5.3).
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The pO, sensitive luminescence is separated from the pH signals via an 800/60 nm
bandpass filter that is exclusively passed by luminescence of the probe PdTPTBP. The
luminescent signals of the pH sensor part are on the one hand cut off of excitation light
by an OG530 highpass filter. On the other hand, a S80023 bandpass filter closes the
spectral window for the pH measurement to block disturbing signals of the oxygen

indicator.

5.2.3 Invitro characterization

The sensor was calibrated in the range of pH 3 to 10 and 0 to 160 mmHg, respectively
(Fig. 5.4). The pH sensor showed a pK, of 5.9. The total sensor response in the range of 0
to 160 mmHg can be described using a more complicated modified Stern-Volmer plot, the

. 2
two-site model*>*7*®

. Fortunately, the calibration curve in desired range of 0 to 100
mmHg is sufficiently described by a simple linear Stern-Volmer plot. A K, of

0.0337/mmHg was found.

Further, the cross sensitivity of the pH signal towards different pO, ranging from 0
to 160 mmHg was investigated. The pH dependent signal R (= Acx/Acm) is independent
from oxygen tension (Fig. 5.5). The intensity of the FITC-AC particles is virtually not
affected by oxygen. Photoexcited FITC in hydrophilic environments almost exclusively
results in a singlet emission (Qsinget = 0.97 in H,0) and thus cannot be quenched by
oxygen®. The reference dye indeed emits from its excited triplet state and thus could be

guenched by oxygen, but it is shielded by oxygen impermeable PAN particles.
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The oxygen response of the dual sensor also showed no cross sensitivity (Fig.5.6). The
oxygen sensitive probe is incorporated in PSAN particles. PSAN is a hydrophobic polymer
which inhibits protons or water from diffusing into the particles towards the sensor

molecules and cause collisional quenching.

400 6
350
300
250
200
150
100
50
0 0
0 25 50 75 100 125 150 0 25 50 75 100 125 150

pO, in mmHg PO, in mmHg

i

Decaytimein ps
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Figure 5.6 | Calibration plots at varying pH values. No cross sensitivity of the pO, signal
towards pH solutions was found. Decay times for oxygen calibrations at pH 3 and pH 9
were virtually identical.

Neither pH signals (Fig.5.7) nor pO, measurements (Fig.5.8) showed critical temperature

sensitivity in the range of 20 to 37 °C.
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Figure 5.7 | Calibration plots towards pO, at varying temperatures. The oxygen response
of the sensor showed no exceeding temperature sensitivity from 20 to 37 °C.
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Particle sizes, photobleaching and biocompatibility issues of the particles used in the
time-gated dual sensor were already discussed in the previous chapters. The response
times of the dual sensor were identical to those of the single parameter sensors (chapter

3 and 4).

5.2.4 Imaging of a skin graft donor site

In a first experiment, physiological wound healing of skin graft wounds was
simultaneously visualized with the pH/pO, dual sensor as described in chapter 3 and 4 for
the single sensors. The pH and the pO, of the wound surface of 3 patients were observed
1, 6, and 14 days postoperatively (Fig. 5.9). Both, pH and pO, results of the dual sensor
matched the data observed by the use of the single sensors. pH values decreased from pH
7 to 8.5 on day 1 to approximately pH 6 on day 14 due to the re-establishment of the
epidermal pH barrier. Concomitant, the wound oxygenation decreased from

approximately 80 mmHg to low range pO,; values of 5 to 20 mmHg.
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pH pO, in mmHg wound

Figure 5.9 | Visualization of pH and pO, distributions (displayed in pseudocolor) during
physiological wound healing of a representative split skin harvest donor site on day 1, 6,
and 14 respectively. pH and pO, values decrease with progressive re-establishment of the
epidermal barriers in skin. Scale: 8.5 x 13 cm.

5.2.5 Imaging of chronic ulcers

In a second in vivo experiment, chronic wounds (ulcers) caused by vasculitis or with
venous etiopathogenesis were investigated. Figure 5.10 exemplarily shows a vasculitic
ulcer and the respective pH and oxygen distributions. The relatively small ulcer was had a

size of 5 x 2.5 cm and was located on the lower left leg.
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wound

Figure 5.10 | Visualization of the pH and pO, distribution of a chronic vasculitic ulcera on
the left foot of a patient. The real color picture (top) shows the heterogeneous wound
surface including three parts with defective skin. pH and pO, values (middle and bottom)
inside and in surrounding environments of the defective skin parts were found to be
moderately increased (pH 6.8 — 8 and 70 — 90 mmHg) . The lower left side of the respective
analyte distribution images shows more intact skin with pH values of approximately pH 6
and low oxygenation levels (5 —30 mmHg). Scale: 4.2 x 7 cm.
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Besides vasculitic ulcers, the study also included venous ulcers. Figure 5.11 depicts a
venous ulcer with a larger and deep skin defect, and the respective analyte distributions.

The veneous ulcer was sized 4 x 10 cm.

wound

75 100

[mmHg]

Figure 5.11 | Visualization of the pH and pO; distribution of a chronic venous ulcer on a
left leg. The real color picture shows the wound surface with one large area of defective
skin. pH and pO; values (middle and bottom) inside defective skin were found to be highly
increased (pH 8 - 9 and up to 90 mmHg). The surrounding tissue shows relatively normal
to slight increased pH and pO; values (pH 6 and 5 — 30 mmHg pO,). Scale: 6 x 10 cm.
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Other ulcers in the study were sized up to 18 x 10 cm. They had either to be visualized
with one big sensor foil to generate an overview or were visualized in parts to get more

detailed information on analyte distributions.

5.3 Materials and methods

5.3.1 Microparticle preparation

The preparation of the pH sensitive FITC-AC and the Ru(dpp)s-PAN reference particles is
described in section 3.3.1. The oxygen sensor beads were prepared according to section

4.3.1.

5.3.2 Preparation of sensor foils

150 mg FITC-AC, 50 mg Ru(dpp)s-PAN and 100 mg of Pd-TPTBP-PSAN were mixed with 20
ml of a solution consisting of 5% (w/v) of polyurethane-hydrogel (type D4, Cardiotech
International Inc.) in ethanol/water (90/10 v/v). This mixture was spread on a transparent
poly(vinylidene-chloride) (PVdC) foil (Saran® plastic wrap) with a knife coating device to

18,19,21

result in a 120 um thick wet film . After drying, the sensor layer was 6 um thick.

5.3.3 Luminescence imaging of pH/pO: and calibrations

The pH/pO, images were recorded using the time-gated imaging setup described in
chapter 2.5. For all measurements, the recording frequency of the camera was set to 400
Hz. For pH measurements camera parameters were set as follows: subtract background, 5
us gate width, 0.25 us delay time, 6 us lamp pulse, and 100 ms integration time. An
optical filter combination of a 530 nm long-pass OG530 glass filter and a S80023 bandpass

filter (both obtained from Schott) served to filter emission light.
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Oxygen sensitive lifetime of Pd-TPTBP was acquired with 70 ps gate width.
Luminescence window 1 was recorded with a delay of 1 us after the excitation pulse (50
us) to eliminate background fluorescence. Window 2 started after 36 us. Dark images
were subtracted to correct the background. An 800/60 nm bandpass filter (Omega

Optical) separated the oxygen signal from background and pH sensor luminescence.

Triple samples were collected in every measurement cycle. Each depicted pH/pO,
distribution reflects a mean of three measurements. The sensors were calibrated in a
calibration chamber (see chapter 2.4) from 0 to 160 mmHg pO, via mixing oxygen and
nitrogen gasses (Linde) and from pH 3-10 in single pH steps using 50 mM Britton Robinson
buffers (consisting of 0.04 M H3BOs, 0.04 M H3PO4 and 0.04 M CH3COOH in distilled H,0).

Calibrations were repeated at temperatures varying from 20 to 37°C.

Measurements, calibrations, calculations, and pseudocolor image processing were
accomplished with ImageX software (Microsoft). Additional pseudocolor image
processing for visualization of chronic wounds was performed with Imagel

(http://rsbweb.nih.gov/ij/).

5.3.4 Study participants

All participants were provided with verbal and written information on the study and
signed informed consent was obtained from each participant. The local ethics committee
had given approval (No. 06/171: 2007) and all experiments were conducted in full
accordance with the sixth revision (Seoul, Korea, 2008) of the Declaration of Helsinki
(1964). Split-skin graft (thickness 400 um, female, 68 years) was harvested from the left
thigh to cover a tissue defect after excision of skin tumors. The donor site was
investigated. Further, a chronic venous ulcer on the lower left leg (lateral, since 3 years)
of a female patient (74 years) and a chronic vasculitic ulcer (since 5 years) on the left foot

of a female patient (70 years) were imaged.
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5.3.5 Invivo luminescence imaging

Sensor foils were gently applied to the skin or the wound surface as described in section
3.3.10. Temperature and humidity were kept constant throughout the measurements. pH
and pO, were imaged on a split-skin donor site wound after 1, 6, and 14 days following
split-skin harvesting. Chronic wounds were visualized subsequent to removal of the
wound dressing. pH/pO, was recorded using 2D dual sensor foils covering the entire
wound surface. The time from application to removal of the foils did not exceed 8 min.
The distance between camera and tissue sample was focus controlled between

25 and 35 cm.

5.4 Conclusion

In summary, the first total non-invasive in vivo sensor for dual imaging of pH and pO, in
human tissue is developed. The sensor offers independently referenced read-out for each
of the two species. Imaging of pH is referenced via td-DLR. Oxygen measurements are
intrinsically referenced via 2D-LLI and RLD. The signal for pH and pO, are separated via
emission filters. The dual sensor offers a dynamic range that covers the physiological
range for wound healing and skin investigations. The signals neither show cross sensitivity
nor significant temperature dependency. The optode was used in vivo to obtain the first
simultaneously recorded images of pH/pO, distributions during cutaneous wound

healing. A split skin donor site and chronic ulcers were studied.
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6. Ratiometric RGB imaging

This chapter describes a novel and straightforward luminescence concept for ratiometric
read-out. Most notably, the concept makes use of a standard digital photographic
camera that serves as a rudimental "spectrometer” for wavelength separation. The
method is based on the fact that digital pictures are composed of three virtually
independent (viz. a red, green, and blue) pictures that are separately stored in digital
cameras (the so-called RGB technique). Such cameras are quite affordable which is of
particular significance with respect to clinical (routine) applications. Analyte
distributions can be calculated by dividing the data contained in the analyte channel by
those of the reference channel. The RGB technique offers remarkable improvement and
simplification in fluorescence ratiometric imaging (FRIM). First, this chapter introduces
the general RGB concept on the basis of a simple oxygen sensor membrane.
Furthermore, different applications using the RGB method are described. The methods

include a pH as well as a CO, sensor membrane.

6.1 Photographing oxygen distribution

The spatial distribution of oxygen can be imaged with a standard digital camera by
making use of a specially designed sensor film and by exploiting the specific RGB option
of digital photography. This resulted in the simplest method ever described for sensing
and imaging this important species. (Angewandte Chemie International Edition, 2010 vol.

49 no 29 4907-4909)

6.1.1 Introduction

Oxygen is one of the most fundamental chemical species for life on earth. Consequently,

.. . . .. . .. 12
determining of oxygen concentrations is essential in various areas such as medicine™* and
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. . . - .. . . 1,2 1
physiology?®, biology*?, biotechnology®®, clinical diagnosis™? cancer research®®, the
. . 11 . . 12 - .
chemical |ndustry8’ , environmental sciences™, and in less obvious areas such as coal
. 1 . 1 . 1 . . .
mines™, food packaging, or marine research’®. Oxygen also is the species that is sensed

1618 pSps are indispensible tools in

in so-called pressure-sensitive paints (PSPs)
automotive and aerodynamic research. Further, oxygen plays an important role in
biosensors based on enzyme-associated reactions during which oxygen is consumed, for
example in biosensors for glucose’®. Oxygen sensors are based on measurement of either
(gas) pressure?, electrical current (e.g. Clark electrode)?, or of signals of appropriate
optical (usually luminescent) indicators®2. They are fabricated in large numbers and widely
applied nowadays. Optical oxygen sensors have become a subject of particular research in

22,23

recent years in view of their distinct advantages over other kinds of sensors (see

chapter 1), and because they enable chemical species to be detected remotely or

24,25 26,27

invasively if combined with optical fiber technology or in nanometer dimensions

Quite recently, oxygen has been detected via dual-color systems rather than with single

2832 Such methods enable semi-quantitative colorimetric determination

emitting probes
of oxygen via visual read-out. However, sophisticated instrumentation is required for

guantitative sensing and imaging, and this represents a substantial drawback.

A recent trend in sensor technology was started by Suslick et al.*** and Filipini et
al.***” involving the use of devices such as computer screens or mobile phone cameras to
monitor chemical targets. This can substantially reduce the costs and time that is needed
for development of diagnostic instrumentation. Moreover, such devices are affordable
and familiar to potential users. In this section the combination of 2-color digital
photographic cameras (another "familiar" device) and 2-color sensor technology is shown

as a simple method for sensing and imaging of oxygen that may replace more complex

systems®.

6.1.2 Results and discussion

Practically all digital photographic cameras are based on the use of metal oxide

semiconductor (CMOS) chips containing so-called RGB channels (see Fig. 6.1) that are
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sensitive to the red, green and blue part of the visible spectrum. A Bayer matrix of filter
elements is arranged on the CMOS chip to split the picture into three colors. The RGB
chips contain the double amount of green pixels compared to red and blue pixels, which
mimics the wavelength sensitivity of the human eye. The final color picture seen by the

user is composed of the three virtually independent RGB data sets.

. Bayer matrix of a CMOS sensor
a , ‘ \ b
incoming light g 1.0 4 8 G X
=
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Figure 6.1 | (a) Schematic drawing of a CMOS chip with a Bayer filter matrix and (b) the
spectral response of the three color channels.

Histograms reflect the distribution of brightness of the three colors that is recorded in the
respective color channel. This paves the way to a quantitative read-out in dual-color
based optical chemical sensing which is particularly useful in case of oxygen sensing

where fluorometry is the method of choice.

To achieve this goal, a sensor layer for oxygen was designed that employs two
dyes that spectrally match the red and the green channels, respectively, of an RGB chip.
The known platinum(ll) meso-tetrakis-(pentafluorophenyl)porphinato  complex®®
(PtTPFPP) has a red luminescence and was chosen as the probe for oxygen. PtTPFPP can
be efficiently excited at 409 nm (which is close to the peak of the strong Soret band) to
give a fairly narrow red emission band peaking at 650 nm. Thus, it perfectly matches the

red channel of the RGB chips as shown in Fig. 6.2. The search for a reference dye that is
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also excitable at 405 nm but displays green emission led to the fluorophore N-(5-
carboxypentyl)-4-piperidino-1,8-naphthalimide with its fairly narrow fluorescence band
peaking at 510 nm (in the polymeric solvent used in the present work). The green
emission is only detected by the green and the blue channel. The latter is omitted for this
oxygen sensor. The dyes are excited with blue LED (409 nm) that may interfere with the

measurement and require additional optical filters.
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Figure 6.2 | Chemical structures of (a) the reference dye N-(5-carboxypentyl)-4-piperidino-
1,8-naphthalimide and (b) the indicator dye platinum(ll) meso-tetrakis-(pentafluoro-
phenyl)porphyrin (under ambient conditions). (c) The black line represents the emission
spectra of the sensor. The oxygen indicator (peak at 650 nm) is located within the spectra
of the red channel (dashed red line) and the reference dye (broad peak at 510 nm) emits
within the spectral response of the green and blue channels (dashed green and blue line).

A commercially available and highly biocompatible polyurethane hydrogel was chosen as
the polymer matrix ("solvent") to host the two dyes. This polymer is a good solvent for
the two dyes and possesses excellent oxygen permeability. Polymer and dyes were

dissolved in an ethanol/water mixture and this "paint"17

was spread via knife coating onto
a transparent polyester support to result in a 6-um thick sensor film after solvent

evaporation.
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Figure 6.3 | Spectral sensor
response towards nitrogen
gas (black line), ambient air
(blue line), and oxygen (red

relative luminescence intensity [a.u.]

line).

0'9150 500 550 600 650 700
wavelength [nm]
The fluorescence of the red dye is dynamically quenched by oxygen (Fig. 6.3). This does
not spectrally shift the red emission, but the brightness of the red pixels varies strongly
with changing oxygen content in the atmosphere. The emission of the naphthalimide
fluorophore, in contrast, is not measurably quenched by oxygen so that the brightness of
the pixels does not change. Rather, the green dye acts as an optical contrast and also

gives a reference (fluorescence) signal in the RGB channel system.
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Figure 6.4 | Apparent colors of the sensor layer at different concentrations of oxygen (a)
and the corresponding image histograms of the red and green channels (b). The relative
frequency represents the relative number of pixels for each tonal value.
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Fig. 6.4a shows that the response of the sensor layer to partial pressure of oxygen can be
both visually seen and imaged via RGB camera. Fig. 6.4b displays the green and red
channel histograms corresponding to these colorimetric pictures (ROI: 200 x 200 pixels).
The peaks of the histograms of the green channel are displayed in green color, and those
of the red channel in red. The green peaks obviously are not shifted when changing
oxygen concentrations, whilst the red peaks move to lower values with increasing

concentration of oxygen.
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Figure 6.5 | (a) Plot of the ratio R/G as a function of oxygen concentration in nitrogen gas
at a pressure of 1 atm. R/G represents the intensity of the red channel divided by the
intensity of the green channel. (b) An inverse plot reveals a linear relationship of the G/R
ratio and oxygen concentration.

An exponential quenching curve is obtained by dividing the data of red channel by those
of the green channel (the so-called R/G ratio) as can be seen in Fig. 6.5a. The reciprocal
value of the R/G ratio (the G/R ratio) is linearly related (y = 0.0282x + 0.4452, R* = 0.9960)
to oxygen concentration (see Fig. 6.5b). Hence, it can be used for precise quantitative
determination of oxygen at single spots but of course also enables imaging of spatial
oxygen distributions. The visible color change of the sensor layer, in turn, results from
changes in the ratio of the intensities of the red and green luminescence (Fig. 6.3 and Fig.
6.4a). Most notably, this ratio is independent of the intensity of the purple LED used for

photoexcitation.
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0% oxygen concentration 100% 0 % oxygen concentration 100%

C

Figure 6.6 | Photographing spatial oxygen distribution: (a) A reqular photo (14 bit color-
depth per channel) obtained either for direct colorimetric read-out or for RGB read-out.
The color channels of the photo are split and a pseudo color image (b) of the G/R ratio can
be calculated with data of the green channel (c) and the red channel (d). Image size:
5x5cm.

Fig. 6.6 demonstrates the future potential of the RGB technique and photographing
oxygen distribution. The image was obtained by photographing the sensor layer described
before. The characters "O," were written onto the sensor layer using a solution of the
block-copolymer poly(acrylamide-co-acrylonitrile) which is impermeable to oxygen. The

sensor layer with the characters O, painted onto its surface was first placed in an
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atmosphere of nitrogen, then exposed to a flow of pure oxygen, and then photographed

under illumination with the 409-nm LED. The characters "O," and the flow of oxygen are

easily visible in the "normal" photographic picture (Fig. 6.6a). However, the processed

picture (Fig. 6.6b) exhibits better contrast and reveals a more detailed image of the

distribution of oxygen. Digital processing of the two channels (R and G) was performed by

using the free software Imagel. In future, the processing step may be directly integrated

in a camera firmware.

It was noted that the color depth
is affected by several camera settings,
i.e. by aperture, ISO, and shutter speed.
Therefore, the effects of these
parameters were more systematically
investigated. (Fig.6.7). However, their
effects on color depth can be eliminated
by comparing relative peak positions in
the RGB method and by calculating (and
normalizing) the R/G ratio. Results also
reveal that the photographic method
allows read-out of rather dark images
which is difficult in case of conventional
colorimetric methods. Another crucial
point is photobleaching. Figure 6.8
depicts that the dyes used in this sensor
are quite  photostable. Further,
differential photostability is kept to a
minimum with this combination (< 3 %

per hour of continuous illumination).

a 5 F/14 F/8 F/5.6
g 15 1
< " i
S " i
g RG: || 0835 11 0.830 0841
= 1 25 1 2§
g 1Yy
P BN oy
i = gy
o 05 § Vo §
(R
" % 4
0 / lk\ ‘\
1 11 21 31 41 51 61 71 81
tonal variations
b ISO: 100 250 800
2
0 /
> c
é 15 ,: i
I i
> R/G: | 0867 1) 0.848 i 0849
E 1 i1 i
[J] !
> g ¥
ﬁ TR
@ 05 !y
= I : 1
1
! ||' ‘\
0 it
1 31 61 91 121 151 181
tonal variations
C 1/5s 2s 4s  Shutter speed
2 . . .
>
8 | Jeri
= ! H
% ! Z
s R/G:0.830 1! 0.832 £ 0.829
I i
&= 1 L 1! :
[J] T
> !
= 1!
i = !
o 0.5 !
!
J B
1

61 91 121 151 181
tonal variations

Figure 6.7 | Aperture size (a), I1SO (b),
and shutter speed (c) induced changes in
color depth, corresponding histograms
and R/G ratios.
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6.1.3 Methods and materials

6.1.3.1 Preparation of the oxygen-sensing layer

90 ul of a solution containing 2 mg mL' of N-(5-carboxypentyl)-4-piperidino-1,8-
naphthalimide in ethanol and 110 pl of a solution of 2 mg mL™ PtTPFPP in ethanol were
mixed with 500 pl of a hydrogel solution (5.0 % (w/w) of D4 hydrogel in 90/10 (v/v)

III

ethanol/water). This “cocktail” was stirred for at least 4 h and then was spread on a
transparent poly(ethylene terephlate) (Mylar®) using the self-built knife-coating device
(chapter 2.2) to form a wet 120 pm thick film*°. Drying of the film resulted in a 6 um thick
sensor layer. The word “0,” was written with a solution of 30 ul of a solution containing 2
mg mL" of N-(5-carboxypentyl)-4-piperidino-1,8-naphthalimide in ethanol and 35 pl of a
solution of 2 mg mL™* PtTPFPP in ethanol mixed with 100 ul of a poly(acrylamide-co-

acrylonitrile) solution (5.0 % (w/w) in DMF).

6.1.3.2 Imaging and data processing

The oxygen distribution herein was imaged using an earlier stage of the imaging system
mentioned in chapter 2.6. The setup consists of a standard digital camera (Canon EQOS

model 50D and a Canon EF-S 17-85 mm 1:4-5.6 IS USM lens) and an ultra-bright 409-nm



Ratiometric RGB imaging

LED (LD-405-200; Roithner Lasertechnik; www.roithner-laser.com)for photo-excitation.
Camera parameters were set as follows: Raw+jpg; aperture 1:5.6; I1SO sensitivity 160;
shutter speed 1/8 s. The Raw image data were processed using Adobe Camera Raw plugin
for Adobe Photoshop (both from Adobe Systems Software Ireland Ltd., Dublin, Ireland;
www.adobe.com). White balance was set to 2450 K. Pictures were stored as 16 bit TIF

1,42
4142 Dpata

files and further processed with Imagel software (http://rsbweb.nih.gov/ij/).
were processed using following steps: run("Split Channels"); imageCalculator("Divide

create 32-bit", "C3-all.tif","C2-all.tif"); run("Interactive 3D Surface Plot").

6.1.3.3 Characterization of the sensor

The sensor was calibrated in the calibration chamber described in chapter 2.4 with
nitrogen and oxygen gas from Linde. The photostability experiments were conducted
using the time trace function of an AB2 spectrofluorimeter (Aex = 409 NM; Aem1 = 510 Nm;

Aem2 = 650 nm; 4 nm slits).

6.1.4 Discussion

The method presented here offers attractive features. In terms of sensing, it is
characterized by high colorimetric resolution, precision (calculated to be +/- 0.2 % at air
oxygen level), 14-bit color depth per channel in the photographic read-out, broad
operational range, and applicability under ambient conditions. It is noted that the
materials used in this sensor are easily accessible and environmentally friendly. The use of
potentially toxic quantum dots* is not necessary, sensors can be fabricated in a single
step, sensing films are highly uniform, and the application of an established hydrogel
makes the sensor highly biocompatible. The analytical range may be fine-tuned by
incorporating the indicator probes into polymers of appropriate permeability for oxygen.
The dyes used here are quite photostable and no leaching of the dyes is observed

(notwithstanding the option of covalently immobilizing the green fluorophore in a matrix
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via its carboxy group). In terms of features of the optical system we note that a
conventional digital camera can be used along with a commercial purple LED flashlight.
While not used in this work, the blue channel of the RGB chip may be used for gaining
additional spectral information in context with multiple sensing** (see chapter 7). We
therefore believe that this approach, due to its simplicity and versatility, is of interest
whenever oxygen is to be sensed, and potentially can be extended to other species if

appropriate probes are available.

6.2 Absorbance- and emission-based RGB imaging of CO:

(Analytical Chemistry, 2011, vol. 8 no. 83, 2846-2851)

6.2.1 Imaging of CO:

The RGB read-out technique described in this chapter was also used to image carbon
dioxide. Generally, optical carbon dioxide sensors are based on two different concepts,
i.e. a “wet” and a “dry” concept. The wet CO, sensors are based on an internal carbonate
buffer solution that is embedded in a hydrophobic polymer matrix along with a pH

45-47

indicator dye in its base form™™". This sensor type is also referred as Severinghaus-type

sensors*®*. Hydrophobic polymers are used that are permeable to CO, (or gases) but
prevent proton diffusion. Thus, the internal pH is independent from external pH
variations and the generated optical signal solely relies on the external pCO,. The dry type
of CO, sensors, also so called plastic sensors, were developed by Raemer®, Mills*>*>2
and Weigl®®>. Commonly, pH indicators in their base form with lypophilic quaternary
ammonium counter ions are immobilized in hydrophobic polymers along with lypophilic
organic bases. The organic base replaces the aqueous buffer system that is used in the

wet sensor type.

The CO, sensor herein works with a different principle. It makes use of a
solvatochromic dye along with an additive that possesses switchable hydrophobicity.
Substituted amidines of fatty acids were reported to have a great impact on the

hydrophobicity of their microenvironment®>*>. N,N,N’-tributylpentanamidine® (TB-PAM)
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largely changes the hydrophilicity on binding CO,. The process of binding CO, is

completely reversible as visible in following equation:

NBu NHBu*
(Equation 4.1): +CO; +H,0 HCO5
Bu NBUZ Bu NBu2

The additive TB-PAM and the solvatochromic probe Nile Red (NR) are embedded in a
matrix of ethyl cellulose. Ethyl cellulose is gas permeable but impermeable for protons.
NR undergoes a strong solvatochromic shift both in color (from brick red to magenta, see
Fig. 6.10 RGB image row) and in fluorescence (orange to red, see Fig. 6.12 RGB image
row) by changing the polarity of its microenvironment. Both color changes can be read

out via the RGB imaging technique.

First, the color change is imaged via absorbance based (more correctly
reflectometric based) RGB imaging. A spectral shift towards the red spectrum occurs with
increasing CO,. The color of the sensor film in the absence of CO, is red, with an
absorption band that fairly well matches the sensitivity of the blue channel. With
increasing concentrations of dissolved CO, (dCQO,), the color is shifted toward magenta
tone, thus better matching the green channel. The spectral overlap of the absorptions

and the RGB channels is represented in Fig. 6.9.

10
>
m .
@ 08 Figure 6.9 | Spectral overlap of
= 0.6 1 the RGB spectrum and the
= 0
§ absorption of NR in presence
S 04 ; (1 M dCOy; dashed line) and in
g 02 absence (0 M dCO,; dotted line)
3 of CO..

O J

400 500 600 700

wavelength [nm]

Photographic images of the sensor layers were acquired (Fig. 6.10), and processed as

described before. The red channel does not contain any information for use in
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reflectometric pictures and was discarded. Next, the blue channel image was referenced
to the green channel image, and the ratiometric images were then generated in

pseudocolors (Fig. 6.10 row 4).
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Figure 6.10 | Schematic and calibration of the reflectometric RGB read-out of the CO,
sensor. Row 1 gives the conventional RGB images in presence of various concentrations of
bicarbonate (dCO,). Rows 2 and 3 depict the colors of the blue and green channel. The
ratiometric images in row 4 reflect the concentration of dCO, (in pseudo-colors). The right
side represents the obtained calibration curve from 0 to 1M of dCO,.
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The sensing scheme for imaging fluorescence is similar, except that the data of the green
and red channel is used, and the blue channel is omitted. It is based on the shift that is
ovserved in the fluorescence spectra of the sensor films on increasing the concentration
of dissolved CO,. The spectral change and the resulting changes on the overlap with the
RGB channels are shown in Fig. 6.11. The R/G ratio of the fluorescence signals increases

with increasing level of dCO, (Fig. 6.12).
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Figure 6.12 | Schematic and calibration of the emission based RGB read-out of the CO,
sensor. Row 1 depicts the RGB images, rows 2 and 3 the colors of the blue and green
channel, and row 4 the ratiometric images dependent on dCO, concentration. The right
graph represents the calibration curve obtained from 0 to 1 M of dCO,.

The reflectometric (absorption-based) as well as the fluorimetric (emission-based)
method enable direct and quantitative imaging of dCO, via an intrinsically referenced RGB
read-out. The methods are not influenced by fluctuations of the light sources, non-
uniform illumination, dye concentration, and dye leaching. This intrinsically referenced
method is even independent of photobleaching. The reflectometric technique (the “poor
scientist's imager”) is straightforward and requires a minimum of instrumentation to read

the sensor layer. Only a digital camera and a sheet of white paper as background are
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needed. Nevertheless, a stable and fairly pure color temperature of the ambient light is
required to avoid chromatic aberrations. Chromatic aberrations would result in errors in
the rationed intensities. The fluorimetric read-out also is simple but it additionally
requires an external excitation light source (LEDs, for example) and optical filters

(separation of emitted light from excitation).

6.2.2 Methods and materials

6.2.2.1 Preparation of the sensor membrane

0.5 mg of NR was mixed with 150 pl of TB-PAM and 1 ml of a 5 % solution of ethyl
cellulose (50 mg ethyl cellulose in 1 ml of an 80/20 (v/v) toluene/ethanol mixture). The
cocktail was spread onto a polyester (MYLAR®) foil using a self-built knife coating device
(see section 2.2). The film was dried under ambient conditions resulting in a 12 um thick

sensor layer.

6.2.2.2 Imaging setup, data read-out, and calibrations

A digital camera (type EQS 50D) was used in the RGB readout techniques. Reflectometric
imaging was performed with sensor films placed on a sheet of white paper (of ISO 9001
quality; Evolve; www.evolve-paper.com) that serves both as a neutral background and as
a white reference. White balance depends on ambient light and has to be set to neutral
white. Camera parameters were set as follows: white balance 2700 K; aperture 5.6; ISO

sensitivity 100; shutter speed 0.02 s.

Fluorescence images were obtained following photoexcitation with an array of
twelve 470-nm LEDs (type L-7113PBC-A; Kingbright; www.conrad.de). Light was passed
through a BG12 color glass filter that — in essence — is permeable to light of wavelengths
between 450 and 480 nm only before hitting the sensor. Emitted light was passed

through an OG510 long-pass filter (both from Schott, Germany; www.schott.com).
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Camera parameters were set as follows: white balance 3000 K; aperture 5.6; ISO

sensitivity 200; shutter speed 0.2 s.

Split color and rationed pseudocolor images were obtained in both methods
(reflectance and fluorescence) using the Imagel software. The absorbance-based RGB
read-out was conducted as follows: The R, G, and B channels were separated using
Image>Color>Split channels. The red channel contains no relevant absorption (better:
reflectometric) data and was discarded. The blue and the green channel were rationed via
Process>Image calculator>Green divided by red image>Create 32 bit float result. Pseudo-

color pictures were obtained by Plugins>3D>Interactive 3D surface plot.

In case of fluorescence imaging, the R, G, and B channels were separated as
described above. In this case, the blue channel does not contain any relevant data and is
disposed. The red and green channel were rationed via Process>Image calculator>Green
divided by red image>Create 32 bit float result and multiplied by 100 for better image
contrast via Process>Math>Multiply>100. Pseudo-color pictures were obtained via

Plugins>3D>Interactive 3D surface plot.

The sensor films were exposed to different concentrations of dCO, for 30 min and
subsequently photographed. Solutions for calibration were prepared as follows:
Standards for dissolved CO,; levels were prepared freshly prior to the measurement by
dissolving sodium hydrogen carbonate in distilled and carbon dioxide free water to yield a
1 M solution of NaHCOs. This solution was subsequently diluted with CO,-free water to
cover the desired range of concentrations. CO,-free water was prepared by boiling doubly

distilled water (to remove any dissolved CO,), followed by purging with nitrogen gas.
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6.3 RGB imaging of pH

6.3.1 Material design

At least, the proof of principle for a sensor membrane for ratiometric RGB imaging of pH
distributions is presented. The sensor concept is based on the use of one indicator dye
and one reference dye. The sensor comprises the pH-sensitive FITC-AC particles that were
already introduced in chapter 3. PtTPFPP in oxygen- and water-impermeable
poly(methacrylonitril-co-divinylbenzene-co-acrylic acid) (PD) nanoparticles® (referred to
as PtTPFPP-PD) served as reference signal and optical contrast. The polymer PD is used
because the oxygen-blocking PAN is not suitable for certain kinds of dyes. PD, in contrast
to PAN, can incorporate a sufficient amount of metalloporphyrin molecules. PD is
synthesized via a co-polymerization of acrylic acid, divinylbenzene and methacrylonitril.
Both particle types were embedded in a proton permeable hydrogel (type D4) as the

sensor matrix layer.

The sensor can be excited using a standard 366 nm UV lamp. The pH dependent
(green to yellow) emission of FITC-AC is recorded in the green channel of the RGB camera.
The red emission of the reference particles is separately recorded in the red channel (see

Fig. 6.13). The blue channel contains no relevant information and is discarded.
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The reference particles show no dependency on pH as can be seen in Fig.6.14.
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Figure 6.14 | Spectral response of
the sensor for various pH. The
peak at 650 nm from the
reference is not affected while
the FITC-AC peak at 525 nm
increases with increasing pH.
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The sensor can be read out by visual colorimetry (Fig. 6.15 top row) via comparison to a

color scale or by using the RGB technique (Fig. 6.15).
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Figure 6.15 | RGB read-out of the pH sensor. Row 1 gives the conventional RGB images of

the sensor using buffers with varying pH. Rows 2 and 3 depict the colors of the red and
green channel. The red luminescence of the reference particles remains constant while the
green luminescence increases with increasing pH. The ratiometric images in row 4 reflect
the pH values in pseudo-colors.
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The G/R ratio of the green and red channel response shows sigmoidal behavior towards
pH in the physiological range of pH 3 to pH 8 (Fig. 6.16). The response times were similar

to those determined in chapter 3.
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Figure 6.16 | Sigmoidal response of the G/R ratio towards pH. The pK, is 5.4.

6.3.2 Materials and methods

6.3.2.1 Microparticle and sensor membrane preparation

The preparation of FITC-AC is described in section 3.3.1. A threefold rather than a double
excess of acetic anhydride is used for endcapping of the particles used in this section. The
synthesis and staining of PtTPFPP-PD reference particles was previously described by
Nagl’’. PD was obtained as pre-synthesized polymer (PD-Optosense, PMAN-3) from
PreSens GmbH (www.presens.de). 100 mg of PD, 1 mg PtTPFPP and 40 mg SDS were

dissolved in 40 mL of acetone. The solution was stirred for 1 h. 80 mL of 1 mM NaOH was
added dropwise via a dropping funnel (over 3 hours). The dispersion was neutralized by
adding 100 mM HCI. Subsequently the dispersion was filtrated 4 times using a 100 nm

cellulose nitrate filter. Particles were freeze-dried for storage.
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The sensor cocktail contained 10 mg of FITC-AC and 20 mg of PtTPFPP-DP
suspended in 1 ml of a 5 % (w/v) solution of the polyurethane hydrogel (type D4) in 9:1
(v/v) ethanol/water. The “cocktail” was stirred for at least 48 h and then was spread on a
transparent Mylar® foil using a self built knife coating device to form a wet 200 um thick

film. Drying of the film at ambient conditions resulted in a 10 um thick sensor layer.

6.3.2.2 Imaging setup, data read-out, and calibrations

A digital camera (type EOS 50D) was used for RGB read-out. Fluorescence images were
obtained during photoexcitation with a commercially available UV light source (366 nm;

VWR, Germany, www.vwr.com) Emitted light passed a GG435 long-pass filter (Schott)

prior to collection via the CMOS chip of the camera. Camera parameters were set as
follows: white balance 4500 K; aperture 5.6; ISO sensitivity 200; shutter speed 0.2 s. Data
were processed using imagel with following processing steps: run("Split Channels");
imageCalculator("Divide create 32-bit", "C3-all.tif","C2-all.tif"); run("Interactive 3D

Surface Plot").

50 mM Britton-Robinson buffers>® (consisting of 0.04 M H3BOs, 0.04 M H3PO4 and
0.04 M CH3COOH in distilled H,0) were used for sensor calibration. Sensors were
equilibrated with respective buffer solutions for 1 minute in a flow through cell prior to

photographing.
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7. Dual RGB imaging of oxygen and pH in vivo

Simplification of luminescence imaging techniques is desirable for the study of
numerous kinds of biomedical processes. Current approaches are based on varying read-
out frequencies’, time-gating®, or ratiometric schemes®. We present a material that
enables referenced real-time and simultaneous visualization of two biologically
important parameters in vivo: oxygen and pH. We used luminophores with emission
peaks that correspond to the RGB spectrum of a commercial digital camera. To create a
biocompatible material for 2D sensing, we immobilized microparticles loaded with
platinum(ll)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorphenyl)-porphyrin (red channel;
oxygen sensitive probe), fluorescein-isothiocyanate (green channel; pH probe), and
diphenyl-anthracene (blue channel; reference dye), respectively, on transparent foils.
The sensor material was characterized in vitro, and used to image oxygen and pH in
acute and chronic human wounds. The material and method presented herein can be
adapted to visualize various important biomedical parameters, and they may simplify

biomedical imaging (e.g. of tumor metabolism) to a large extent. (submitted, 2011)

7.1 Introduction

Biologically relevant parameters such as pH, Ca(ll), or oxygen can be visualized via
luminescence-based read-out techniques®, e.g. intensity measurements*®, time-gated
fluorescence lifetime imaging (FLIM)*’ and dual lifetime referencing (DLR)*%, or
ratiometric measurements’ based on wavelength separation. These schemes have
various shortcomings such as being non-referenced in case of intensity-based imaging, or
the necessity to acquire multiple images for referencing. FLIM and DLR require time-gated
camera systems and need indicators or reference signals with decay times in the ps
range. Imaging of parameters such as COzz, H,0,'%*, oxygen'**?, ca(I)**, and pH? in vivo

is an emerging field for research and diagnostics. The parameters oxygen and pH
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particularly affect wound healing: oxygen supply alters the synthesis and release of

growth factors, cytokines and chemokines (especially in the inflammatory phase)®>®.

Oxygen and pH affect cell proliferation and migration (new tissue formation phase)™’.
Additionally, pH regulates cell differentiation and the activity of essential enzymes, e.g.

17-1 . . .
19 Here we introduce a material for a luminescence-based

matrix-metalloproteinases
concept for simultaneous continuous imaging of oxygen and pH, using a conventional
digital camera and LED excitation. The material was specifically applied for in vivo imaging
of acute and chronic cutaneous healing of humans. This concept may have numerous
other applications, such as biomedical sciences (e.g. tumor metabolism), food technology,

and marine sciences.

7.2 Main text

Oxygen and pH can be directly visualized by luminescence-based methods but probes

2 .
=20 However, there is always

usually have to be in direct contact with the sample (tissue)*
the associated risk of toxicity. Dyes that are firmly bound to or incorporated in a sensor
film do not suffer from this disadvantage. Concerning (luminescence) read-out, it is
almost mandatory to use referenced methods to enable quantitative in vivo imaging and
to prevent interferences caused by variations in the concentrations and distribution of
probes. Intensity measurements are non-referenced, FLIM utilizes lifetime for intrinsic
referencing. DLR uses a reference signal with long luminescence lifetime, and ratiometric
measurements refer to a second analytical wavelength in the excitation or emission
spectrum. Actually, ratiometric methods are straightforward but tedious because of the

need to change filters or light sources. This also implies that images are created whereas

data have not been acquired at the same time.

Previously, we presented luminescent single sensors for oxygen (based on FLIM,
see chapter 4)** and pH (based on DLR; chapter 3)%, and sensors for multiple analyte
imaging® (see chapter 5), all based on rather complex instrumentation. Yet, there is a

need for more simplified imaging techniques that (i) allow simultaneously acquiring
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information on oxygen and pH, (ii) permit the use of affordable instrumental setups, and

(iii) give referenced quantitative rather than just qualitative information.

7.2.1 RGB dual imaging and material design

In this work, we use ratiometric luminescence imaging with one excitation source and
multiple wavelength read-out. We exploit the channel separation option of digital

. 22,2
cameras to separate and reference signals®**

(see chapter 6). Digital photographic
cameras utilize metal oxide semiconductor (CMOS) chips with red, green, and blue (RGB)
channels. These record the respective part of the visible spectrum (Fig. 7.1). Thus, one
single color picture is composed of three virtually independent data sets. Digital cameras
are comparably cheap, have a large dynamic range (14 bit in RAW mode), can be
miniaturized, and offer easy handling compared to other setups. The use of such

photographic systems combined with appropriate sensor materials instantly allows for

simultaneous continuous imaging (even recording videos) of two different parameters.

Figure 7.1 | Luminescence
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We designed a proper material for imaging oxygen and pH in vivo using this RGB read-out

technique. Three dyes with emission peaks matching the three color channels of a digital
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photographic camera (Fig. 7.1) were chosen: platinum(ll)-5,10,15,20-tetrakis-(2,3,4,5,6-
pentafluorphenyl)-porphyrin (Pt-TPFPP, Aem 650 nm, red channel, oxygen-indicator),
fluorescein-isothiocyanate (FITC, Aem 530 nm, green channel, pH indicator), and diphenyl-
anthracene (DPA, Aem 440 nm, blue channel, reference fluorophore). All three are
simultaneously excited with a ring of 28 UV-LEDs (emission peak: 405 nm) mounted on
the camera lens. A photo of the imaging system is given in Fig. 2.6 in chapter 2. Red,
green, and blue luminescence emitted by the sensor film is recorded with a standard
digital camera equipped with a 435 nm long-pass optical filter to separate scattered blue

excitation light from the recorded image.

Figure 7.2 | Emission spectra of the dual sensor in (a) an argon atmosphere containing 0
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to 150 mmHg pO; at pH 5.5 and (b) at pHs between 3 and 8 at 15 mmHg of pO..

To visualize analyte distributions, a real color RGB image of the sensor film is recorded
(Fig. 7.3b), and is then split into the R, G, and B color channels (Fig. 7.3c). The intensity of

the red luminescence of Pt-TPFPP decreases with increasing pO,, the green fluorescence
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of FITC increases with increasing pH values, and the blue signal of the reference dye
remains unaffected by both oxygen and pH (Fig. 7.2). In order to ratiometrically reference
the signals, the intensity values of each pixel of the respective picture (R or B channel) are
divided by the intensity values of the respective pixel in the blue reference channel. Thus,
the red/blue ratio (R/B) of each pixel represents the referenced response to oxygen, and
the green/blue ratio (G/B) is a referenced pH response (Fig. 7.3d). Oxygen response (R/B)
follows exponential decay, whereas the pH signal (G/B) shows sigmoidal response,

obviously because pH is a logarithmic parameter (Fig. 7.3e).

The main criteria in the design of the sensor material included (i) the compatibility
with the RGB technique, (ii) the lack of dye leaching, and (iii) the biocompatibility of the
materials, so to make the sensor applicable for in vivo use (Fig. 7.4). The three dyes were
either covalently bound to, or incorporated in, inert polymer microparticles to prevent
leaching of dyes. Next, the particles were immobilized in a biocompatible hydrogel matrix
to prevent particle leakage. In view of the specific use of this sensor to study human
wound healing, the microparticles have sizes between 0.5 and 8 um to prevent possible
cellular uptake. Another advantage of using microparticles is that fluorescence resonance
energy transfer (FRET) between the various dyes cannot occur because the average
distance of the partners in a FRET is much larger than 10 nm (upper limit for FRET)**%>.

Conceivably, sensor nanoparticles may be used as well but these exhibit a higher risk of

leakage and cellular uptake.
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Figure 7.3 | Sensing scheme and calibration plots: (a) The sensor film is applied to a surface
(e.g. wound tissue) and illuminated with UV light. The three dyes in the sensor layer emit red
(R), green (G), and blue (B) light that is collected via a CMOS camera: (b) Real color picture
(RGB image) of a calibration array with different pH values and oxygen concentrations. ¢, The
RGB image is split into three independent color channel pictures. (d) The ratio of red to blue
channel pictures (R/B; displayed in pseudocolors) represents the oxygen response and shows
the lack of cross-reactivity to pH. The ratio of green to blue channel pictures (G/B) reflects
the response to pH and also demonstrates the lack of cross-reactivity to oxygen. (e) Respective
calibration plots for oxygen (biexponential decay fit) and pH (sigmoidal fit).
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Figure 7.4 | Sensor foil scheme: Dyes are immobilized or bound to microparticles to
prevent leaching or cross-reactivity of the dual-sensor response. The particles are
incorporated into a hydrogel matrix foil to prevent particle leakage. A transparent PVdC
foil is used as sensor support. The sensor is placed on skin or wound surface, upon which
oxygen and protons diffuse into the hydrogel matrix and to the microparticles where they
modulate the emission of the respective beads.

Pt-TPFPP was incorporated in polystyrene particles (Pt-PS, 1 to 3 um, Fig. 7.5a) and DPA
was embedded in polyacrylonitrile particles (DPA-PAN, 0.5 to 1 um Fig. 7.5c). Both are
well retained due to hydrophobic interactions and their complete insolubility in water.
FITC was covalently attached to aminocellulose particles (FITC-AC, 2 — 8 um, Fig. 7.5b). As
a result, dyes do not leach out of the particles (Fig. 7.6). PS was chosen as the material for
the oxygen sensitive particles due to its excellent gas permeability and hydrophobicity
which renders it permeable to oxygen, but not for water and protons. In contrast, AC
possesses amino groups for covalent immobilization of FITC, is hydrophilic and rapidly
penetrated by protons. The pK; of fluorescein shifts from 6.8 to 5 upon conjugation of
FITC to AC. This is beneficial in terms of sensing pH in tissue. Residual amino groups of AC
were blocked with acetic anhydride to remove excess charges that may act as local buffer

and slow down sensor response. PAN, a hydrophobic polymer that is virtually
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impermeable to oxygen and ions, was used to fabricate completely inert reference

particles.

A
Pt-PS FITC-AC DPA-PAN

Figure 7.5 | Transmission electron microscopiy (TEM) images: (a) platinum(ll)-5,10,15,20-
tetrakis-(2,3,4,5,6-pentafluorphenyl)-porphyrin embedded in polystyrene particles (Pt-PS;
scale bar 2 um). (b) fluoresceinisothiocyanate bound to aminocellulose particles (FITC-AC;
scale bar 2 um). (c) 9,10-diphenylanthracene incorporated in polyacrylonitrile particles
(DPA-PAN; scale bar 0.5 um).
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Figure 7.6 | Leaching of dyes: Results of the leaching experiments for all three sorts of
particles in Millipore water (a-c) and Ringer’s solution (d-f). Colored lines represent the
luminescence spectra of particle suspensions. Solid black lines are the spectra of the
centrifuged and filtered solutions with identical detector gain (600V each). Dashed lines
(full detector gain) show the lack of traces of dyes in filtered solutions.

The three kinds of microparticles were added to a solution of polyurethane hydrogel in

90% (v/v) ethanol in water. This “cocktail” was then knife-coated onto a transparent 25-

um poly(vinylidene chloride) (PVdC) foil to create a 2D sensor foil (Fig 7.7)%2°.
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Figure 7.7 | Picture of a sensor film: (a) A daylight real color picture of a 6 um thick
yellowish sensor layer on the transparent support.(b) The sensor under photoexcitation.

Thus, particle leakage is prevented (Fig. 7.8). The sensor layer had a thickness of 6 um
after solvent evaporation. Sensors were sterilized during fabrication using ethanol as
solvent. The PVdC-support is biologically inert, transparent, and flexible for application to
uneven surfaces (e.g. wound surface). Sensors were examined by fluorescence

microscopy to ensure homogeneous particle distribution (Fig. 7.9).
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Figure 7.8 | Leakage of particles: Results of experiments on particle leakage out of the
sensor foil. The spectra of the incubated solutions (solid lines) and blank controls (dashed
lines) are given. The peak at 470 nm results from an internal reflection in the instrument.
The corrected spectra (dotted lines) indicate the absence of leakage of Pt-PS, FITC-AC, and
DPA-PAN into both solutions. (a.u. = arbitrary units).



Dual RGB imaging of oxygen and pH in vivo L2

Figure 7.9 | Fluorescence
microscopic image of a
poly(vinylidene-chloride)  (PVdC)
foil coated with sensor particles
(Pt-PS, FITC-AC, and DPA-PAN) in
a polyurethane hydrogel matrix
(scale bar 50 um).

foil surface

7.2.2 Cytotoxicity

The immobilization of microparticles in hydrogel prevents direct contact with tissue.
Nevertheless, potential cytotoxicity was studied prior to use on human subjects. A three-
parametric test was conducted by exposing human epidermal keratinocytes (HKs) and
L929 fibroblasts to such particles, and assessing cell viability using the 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-tetrazolium-bromide (MTT) assay. In addition, dead cell protease
assays were performed. The results reveal that particles do not exhibit cytotoxicity (Fig
7.10 and Fig. 7.11) and are not taken up by live cells (Fig 7.12 and respective Video VII.1-

2). Cellular uptake of FITC-AC was already excluded in a previous work?® (see chapter 2).
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a PL-PS on L929 b Pt-PS on HKs

e DPA-PAN on L929 f DPA-PAN on HKs

Figure 7.11 | Cytotoxicity, particle exposure and MTT assays part 2: Inverted and
fluorescence microscopy shows the exposure of (a, ¢, and d) L929 and (b, d, and f) HKs
towards (a, b) Pt-PS, (c, d) FITC-AC and (e, f) DPA-PAN particles (red, green and blue in
overlays). As seen in the pictures, particles tend to agglomerate and are not taken up by
live HKs/L929.
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Figure 7.12 | Confocal microscopic analysis of cellular particle uptake: Live 1929
fibroblasts do not internalize DPA-PAN (a) or Pt-PS (b) particles (both 1.0 ug ml-1 in
supernatants) within 24 h of incubation. (a) Multiple Pt-PS particles are seen (orange to
red spots) on the surface of various cells. (b) DPA-PAN (blue) can be seen as agglomerates
on the cell surface (displayed in red). For better visualization of particles and their
location, see the confocal microscopic image stacks in Videos SV3 and SV4 on the
enclodes CD.
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We also studied the generation of singlet oxygen (*0,), a member of the reactive oxygen
species. Laser excitation of Pt-PS indeed lead to the production of 'O, but in negligible
quantity as indicated in Fig. 7.13a. Since the dual sensors described here are
photoexcited by LED (rather than with strong lasers) we conclude that formation of 0,
does not present a risk here. Secondly, the lifetime of 'O, is rather short.?” This prevents
diffusion of 'O, out of the sensor. There was no generation of 'O, by FITC-AC and DPA-
PAN (Fig. 7.13b-c).
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7.2.3 In vitro characterization

The sensor was then characterized in a set of in vitro experiments. Calibration plots were
established, by recording the R/B ratio as a function of oxygen in the range of 0 to 760
mmHg. The function follows a four-parametric biexponential decay fit (Fig. 7.3e), and a
three-parametric monoexponential decay fit matches the physiologically relevant range
(0 to 160 mmHg p0,). The unit mmHg (SI unit 1 Pa = 7.5006 * 10 mmHg) for pO, is used
in this paper as it is widely used in biomedical sciences. Oxygen content in mmHg can be
calculated by solving the equation in Fig. 7.14a for pO,. The calibration for G/B follows a

four-parametric sigmoidal fit. pH values can be calculated via the equation in Fig. 7.14b.
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Figure 7.14 | Calibration curves and fit equations for pH and oxygen: (a) Plot of the
intensity ratios of the red and blue channels (R/B) of the sensor layer as a function of
physiologically relevant oxygen concentrations in argon gas at atmospheric pressure. The
equation represents the inverse function of an exponential fit for O2 content calculation.
(b) Calibration plot of green and blue channel ratios (G/B) for varying pH. The equation for
calculating pH is the inverse function of a four-parametric sigmoidal fit.

Photobleaching is a major concern in ratiometric measurements, particularly if dyes
bleach at different rates. A respective study under varying oxygen and pH conditions
revealed that there is virtually no decrease in luminescence emission over time even after
more than 40 min of continuous illumination (Fig. 7.15). Sensors were, however, stored

protected from light until use.
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Figure 7.15 | Photostability of the luminescence signals: Pt-PS (red lines, 650 nm), FITC-AC
(green, 530 nm), and DPA-PAN (blue, 440 nm) under continuous illumination. The graphs
show virtually constant luminescence intensities even under varying conditions ((a) pH 3
and pH 7 at 0 mmHg; (b) pH 3 and 7 at 150 mmHg; 30 °C).

The response times (99% signal changes) towards oxygen and pH (Fig. 7.16 and
supplementary Video VII3-4 on the enclosed CD) are 30 s (from oxygen to argon), 9 s
(from argon to oxygen), and 25 s for pH changes (6 to 8). The different response times for
oxygen result from the known differential gas diffusion rates of oxygen and argon in

polystyrene?®. Consequently, all measurements started 1 min after sensor application.
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Figure 7.16 | Time traces of sensor response with luminescence intensities at 650 nm (a)
following pO; variations from 0 to 760 mmHg (te9 = 30 s towards argon, tes = 9 s towards
oxygen) and at 530 nm (b) for pH variation from pH 3 to 8 (tss = 25 s), until 99 % of the
steady-state signal (tyg) was reached.
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The sensor responds to oxygen from 0 to 760 mmHg (Fig. 7.3e), with the highest
sensitivity in the physiological range (Fig. 7.14a). pH sensitivity is from 3 to 8 (Fig. 7.14b),
thus covering the clinically relevant range. Neither oxygen- nor pH-signals show relevant

cross-sensitivity (Fig. 7.17) or temperature dependency (20 to 40 °C, 7.18).
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Figure 7.17 | Cross-sensitivities: The R/B oxygen signal (a) with varying pH from 3 to 8 in
single steps and the G/B pH signal (b) with varying oxygen concentrations. Neither pH nor
oxygen signals showed cross-sensitivity for the respective other parameter.
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Figure 7.18 | Temperature insensitivity of the sensor: No significant temperature
sensitivity of the sensor between 20 and 40 °C was found by comparing the R/B ratio for
oxygen (a) and the G/B ratio for pH (b) at 0 and 760 mmHg pO; at different pH.
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7.2.4 Invivo imaging

The sensor material was applied to simultaneously image oxygen and pH in tissue (see
Supplementary Information). Imaging of intact skin (volar forearm) showed virtually
homogeneous distributions of oxygen and pH (Fig. 7.19). The epidermis is known to
prevent diffusion of oxygen through skin, thus resulting in very low pO, on the skin
surface. The results herein confirm experiments®’ obtained by luminescence lifetime
imaging of pO; (see chapter 4). The pH of the skin surface was found to be around pH 4.5

to 5.5 using the RGB sensor.
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Figure 7.19 | In vivo application of the dual sensor on plain and healthy skin surface of a
volar forearm: (a) shows a picture of the skin surface. (b) depicts the RGB image of the
skin with an overlaying sensor. The picture is split into the three respective color channels
(c). The R/B ratio in (d) shows the response of the oxygen sensor. The G/B ratio shows the
pH distribution on the surface of skin and wound (e). For scaling, see the calibration plots
in Fig. 7.14. Image sizes: 5 x 5 cm.

150




Dual RGB imaging of oxygen and pH in vivo

Imaging of a skin graft donor site (postoperative day 5) indicated more heterogeneous
analyte distributions (Fig. 7.20). Wound healing is indicated by decreasing oxygen and pH
values as previously shown by our group®? (see chapter 3 and 4). The different regions of
the donor site wound can be attributed to (i) either the phase of new tissue formation
(partially re-epithelialized areas in upper left part of the acute wound), or (ii) to earlier
stages of healing (inflammatory areas in lower right part of the wound). Obviously, the

full barrier function of the superficial skin layers was not yet regenerated.

S

at;ute oundi RGB

RGB channels

d ™ | I150;% e i l4
Mo s ¥ 75 — | e M 45
. E 5 T
- 50 T |
M) = Ig

Figure 7.20 | In vivo application of the dual sensor on a skin graft donor site
(postoperative day 5) as a model for acute wound healing: (a) shows a picture of the
wound surface. (b) depicts the RGB image of the skin with an overlaying sensor. The
picture is split into the three respective color channels (c). The R/B ratio in (d) shows the
response of the oxygen sensor. The G/B ratio shows the pH distribution on the surface of
skin and wound (e). Image sizes: 5 x 5 cm.
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To demonstrate the potential for 2D imaging, the heterogeneous relief of a chronic
wound was visualized (Fig. 7.21). Oxygen and pH values are indicative of a sustained
inflammatory phase, especially the high pH values in the upper left part of the wound.
This area is also quite hypoxic, which is probably due to the high oxygen demand during
inflammation and tissue formation in wound healing. However, further studies are

required to study oxygen and pH in chronic healing.

chronic wound RGB

Figure 7.21 | In vivo application of the dual sensor on a chronic wound: (a) shows a
picture of the chronic wound surface. (b) represents the RGB image of the skin with an
overlaying sensor. The picture is split into the three respective color channels (c). The R/B
ratio in (d) shows the response of the oxygen sensor. The G/B ratio shows the pH
distribution on the surface of skin and wound (e). Image sizes: 5 x 5 cm.
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7.3 Materials and Methods

7.3.1 Microparticle preparation

Chemicals  were purchased from Sigma-Aldrich (Steinheim, Germany;

www.sigmaaldrich.com) unless otherwise specified. The oxygen sensitive sensor particles

were prepared by dissolving a,a-azoisobutyronitrile (62.5 mg) in a mixture of styrene
(7.0 ml) and methacrylic acid (60 pl) and mixing the solution with ethanol (25 ml)
containing dissolved poly(vinyl pyrrolidone) (0.188 g; type K-30). The solution was
deoxygenated by purging it with nitrogen, and polymerization for 24 h at 70 °C. The
resulting particles were centrifuged (10 min at 1,030 g, EDA12; Hettich, Tuttlingen,
Germany; www.hettichlab.com) and washed three times with ethanol after cooling to 25
°C. 300 mg of the PS particles were mixed with distilled water (20 ml) and
tetrahydrofurane (THF) (15 ml), sonicated (Bandelin Sonorex RK 52, Berlin, Germany;

www.bandelin.com) for 30 min to swell the PS beads and simultaneously treated with 5

ml of a 1.0 mg ml™ solution of Pt-TPFPP in THF which was added dropwise (0.2 ml s™) to
the suspension. The mixture was sonicated for another 20 min to ensure that virtually all
the dye molecules were inside the hydrophobic PS particles. The THF was then
evaporated using a rotary evaporator. The Pt-PS particles in the residual water suspension
were separated under centrifugation, washed with ethanol and water (four times

each).?3°

The FITC-AC particles were prepared by reacting FITC (10 mg) with AC particles
(Presens, Regensburg, Germany; www.presens.de) (500 mg) in sodium bicarbonate buffer
(18 ml, 50 mM, pH 9) for 2 h. Residual amino groups on the particles were blocked by
reacting AC (100 mg) with acetic anhydride (200 mg) in ethanol (10 ml) for 12 h. Particles
were washed (eight times with distilled water) and filtered via centrifugation (10 min at

1,030 x g) after each washing step.

Reference particles were synthesized by incorporating (10% wt/wt) DPA in PAN to
form DPA-PAN particles. These precipitate from a solution of DPA (30 mg) and PAN (300
mg) in dimethylformamide (30 ml) upon slow addition of distilled water (70 ml; drop-wise

addition at 1 ml s™) and subsequent addition of brine (20 ml). Particles were washed
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(four times with ethanol and four times using distilled water) and subsequently filtered

via centrifugation (10 min at 1,030 x g) after each washing step.!

All the reactions were conducted at room temperature unless otherwise specified,
and particles were freeze-dried (Modulyo; IMA Life S.r.I, Bologna, Italy; www.ima.it)
before storage. Particle sizes were determined with a LEO912 AB transmission electron

microscope (Carl Zeiss, Jena, Germany; www.zeiss.com).

7.3.2 Preparation of the sensor foils

Pt-PS (50 mg), FITC-AC (70 mg), and DPA-PAN (20 mg) were mixed with an ethanol/water
(4 ml; 9:1; v/v) solution containing 5% (w/v) of the polyurethane hydrogel (type D4;

III

Cardiotech Intl. Inc., Wilmington, USA; www.cardiotech-inc.com). The “cocktail” was
stirred for at least 48 h and then was spread on a transparent PVdC foil (Saran food
barrier wrap, Dow Chemicals, Midland, MI, USA) using a K Control Coater model 101 knife
coating device (R K Print-Coat Instruments Ltd., Litlington, UK) to form a wet 120 um thick
film?®. Drying of the film resulted in a 6 um thick sensor layer. Particle distribution inside
the sensor foils was investigated using fluorescence microscopy (Axiotech, Carl Zeiss AG,

Jena, Germany, www.zeiss.de) prior to use. A representative sample in is shown in Fig.

7.9.

7.3.3 Imaging and data processing

The RGB imaging setup consists of a standard digital camera and a modified ring light
(LED-RL 1, ELV Elektronik, Leer, Germany, www.elv.de) (see chapter 2.6). A Canon EQS
model 50D was used for image acquisition and model 550D was used for filming. A Canon
EF-S 17-85 mm 1:4-5.6 IS USM lens is used throughout. The LEDs of the ringlight were
replaced by 28 LEDs (405 nm peak wavelength; UV5TZ-405-15, BIVAR Inc., Irvine, CA, USA,

www.bivar.com). A Schott GG435 high pass filter (Schott, Mainz, Germany,

www.schott.com) was placed in front of the lens to act as emission filter.
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Camera parameters were set as follows: Raw+jpg; aperture 1:5.6; ISO sensitivity
160; shutter speed 1/8 s. Excessive ambient light is to be avoided. The Raw image data
were processed using Adobe Camera Raw plugin for Adobe Photoshop (both from Adobe
Systems Software Ireland Ltd., Dublin, Ireland; www.adobe.com). White balance was set
to 2450 K. Pictures were stored as 16 bit TIF files and further processed with Imagel

22,23

software (http://rsbweb.nih.gov/ij/). Data were processed using a self programmed

macro file (see appendix 12.2 for details and source code).

7.3.4 Dye leaching and particle leaching

5 mg of each of the microparticles Pt-PS, FITC-AC, and DPA-PAN, respectively, were
suspended in 5 ml of Millipore water (MembraPure Astacus, Bodenheim, Germany;
www.membrapure.de) and Ringer solution (B. Braun AG, Melsungen, Germany;
www.bbraun.com). The suspensions were continuously shaken for 24 h and subsequently
divided in two parts. One part was centrifuged at 1,030 x g for 10 min and the
supernatant additionally filtered via a syringe filter (white label, Whatman, Dessel,
Germany; www.whatman.com) to separate the particles from the solution containing
leached dye. Both solutions (two solutions per kind of particles and solvent) were
submitted to fluorometry to detect leached probes. The filtered and centrifuged solutions
where recorded twice, at identical detector voltages as the original particle suspensions

(600 V) and at full detector gain (1200 V).

For investigation of particle leakage, two cm? of the dual sensor foil were
incubated with 2 ml of Millipore or 2 ml of Ringer solution. The solutions were shaken for
24 h, the sensor removed, and the liquids analyzed by fluorometry (full detector gain,

1200V, pure liquids served as blank control).
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7.3.5 Cytotoxicity

Human  epidermal  keratinocytes  (HKs, Invitrogen, Karlsruhe,  Germany;
www.invitrogen.com) were cultured until confluence in keratinocyte growth medium
with supplement (kGMS). HKs were detached using collagenase type 2 (0.1 U ml™, Roche
Diagnostics, Basel, Switzerland; www.roche.com) and resuspended in kGMS. HKs (passage
3) in kGMS were seeded (2.5%10% cells well™) in 96-well flat-bottom microtiter plates
(Costar Inc., Pleasanton, CA, USA; www.costar.com) and cultured (37 °C, 95% humidity,
5% CO,) for three days. kGMS was renewed or replaced with Pt-PS, FITC-AC, DPA-PAN in
kGMS (0.1, 0.5, 1.0 ug ml™?) and HKs were incubated for 48 h. For fluorescence
microscopy, HKs (passage 5) were seeded in 6-well flat-bottom microtiter plates (Costar

Inc.).

Fibroblast growth medium with supplement (fGMS) for L929 fibroblasts (American
Type Culture Collection CCL | fibroblast, NCTC clone 929, Manassas, VA, USA;
www.atcc.org) consisted of DMEM supplemented with 5% v/v fetal bovine serum, 2 mM
L-glutamine, 2.2 mg ml™ sodium bicarbonate, penicillin, and streptomycin (Lonza, Basel,
Switzerland; www.lonza.com). L929 (passage 4) were cultured until confluence on 75 cm?
culture flasks, detached by 2.5%/1% trypsin/EDTA (BioWhittacker Inc., Waldersville, MD,
USA; www.lonza.com), resuspended in fGMS, seeded (passage 5, 10¥10% cells well™) in
96-well flat-bottom microtiter plates, and cultured until confluence as described for HKs.
fGMS was renewed or replaced with Pt-PS, FITC-AC or DPA-PAN in fGMS (0.1, 0.5, 1.0 ug
ml™), and L929 were incubated for 48 h. Additionally, L929 (passage 5) were seeded on

Thermanox slides (Nunc GmbH & Co. KG, Langenselbold, Germany, www.nalgenunc.com)

in 24-well plates for (fluorescence) microscopic imaging.

HKs/L929 in 96-well plates were washed twice with kGMS/fGMS, and cytotoxicity
was evaluated with the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazoliumbromide
(MTT) assay. Supernatants were replaced by kGMS/fGMS supplemented with 16% MTT
solution and incubated for 1-4 h (depending on absorbance). Reaction was stopped with
2% sodium dodecyl sulfate (SDS), and quadruplicate samples of absorbance were

measured at 490 nm (reference wavelength 650 nm, 96-well plate reader, MWG-Biotech
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AG, Ebersberg, Germany, www.mwg-biotech.com). Cell viability was expressed as the

percentage of viable cells compared to controls (kGMS/fGMS only).

Supernatants of L929 on 96-well plates after 24 h of exposure to microparticles
were analyzed for dead cell protease activity with CytoTox-Glo assays (Promega GmbH,
Mannheim, Germany; www.promega.com) according to the manufacturer’s instructions.
Luminescence counts were measured using a Victor3 multilabel reader (PerkinElmer,

Rodgau, Germany; www.perkinelmer.com).

The morphology of live HKs/L929 monolayers (96-well plates) as well as particle
exposure (96-, 24-, and 6-well plates) was examined with an inverted microscope
(Labovert FS, Leica Microsystems GmbH, Wetzlar, Germany; www.leica-
microsystems.com) and a fluorescence microscope (Axiostar Plus, Carl Zeiss AG, Jena,
Germany; www.zeiss.de). In case of fluorescence microscopy, a FITC filter set for FITC-AC,
a Cy5 emission filter for Pt-PS and XF02 set for DPA-PAN (all from Omega Optical,

Brattleboro, VT, USA; www.omegafilters.com) were introduced.

7.3.6 Cellular uptake

For confocal microscopic imaging, L929 (passage 5; 50,000 cells well™!) were seeded on 4-
well Lab-Tek chamber slides (Nunc). Cells were cultured until confluence. fGMS was
replaced with microparticles in fGMS (1.0 ug ml™ each) and L929 were incubated for 24 h,
respectively. Supernatants were removed from the chambers and a 4% solution of
paraformaldehyde (4°C) was added to the cells for fixation. Fixed cells were stored for 24
h until analysis. Prior to microscopy, paraformaldehyde was removed by centrifugation,
cells were washed three times with phosphate buffered saline plus Ca plus Mg (PBS), and
membranes were stained with DiCig(3) (Invitrogen) (2 ug mL™ in PBS; 1 h incubation).
Supernatants were removed, cells washed three times with PBS, and then submitted to
confocal microscopy using a Nikon Eclipse C-1. (Nikon Instruments, Tokio, Japan;

www.nikoninstruments.com) and a 488nm laser light source (30-um pinhole).
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7.3.7 Singlet oxygen detection

Particle suspensions (Millipore water, 1 mg ml™) were photoexcited with a frequency-
doubled Nd:YAG laser (532 nm, 100*10° pulses, 70 ns pulse duration, 100 mW, 20 s
irradiation time, 8 mm spot size, 2.0 kHz repetition rate; PhotonEnergy, Ottensoos,
Germany; www.photon-energy.de). Suspensions were magnetically stirred. Singlet
oxygen luminescence was detected with an IR-sensitive photomultiplier (R5509-42,
Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany; www.hamamatsu.com).
After having passed a 950nm cut-off filter (Omega Opticals) and a 1,270nm bandpass
filter with a full width of half-maximum of 10 nm (LOT-Oriel, Darmstadt, Germany,
www.lot-oriel.com). Data were analyzed with Mathematica 5.2 (Wolfram Research,

Berlin, Germany; www.wolfram.com).

7.3.8 In vitro sensor characterization

The emission spectra of the particles and the sensor were acquired on an Aminco-
Bowman AB2 luminescence spectrometer (Thermo Spectronic, Rochester, NY, USA;
www.thermo.com) at an excitation wavelength of 405 nm with a slit width of 4 nm. 50
mM Britton Robinson buffers (consisting of 0.04 M H3BOs3, 0.04 M H3PO4 and 0.04 M
CH3COOH in distilled H,0) were used throughout to obtain buffers of defined pH. Argon
and oxygen (Linde, Pullach, Germany; www.linde-gas.de) and a gas-mixing device (MKS,
Andover, MA, USA; www.mksinst.com) were used to generate defined oxygen partial
pressures. Calibration and cross sensitivity experiments were performed using buffer
solutions of pH 3 to 8 in single steps at pO, of 0, 15, 38, 75, 150, 380 and 760 mmHg each,

at atmospheric pressure and at 30 °C.

Photostability experiments were conducted using the ring of LEDs of the imaging
setup in a focal distance of 30 cm as excitation source and gathering emitted light using
an AB2 luminescence spectrometer in the time trace mode. Photostability was
investigated at pH 3 and 8, and 0 or 150 mmHg pO, respectively, at room temperature

and constant illumination over 40 minutes. The response times were determined by
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recording the time traces of the emission peaks at 650 nm (oxygen) and 525 nm (pH),
respectively. Response time was defined as the period of time, starting with changing
buffer solutions (pH 3 to pH 8) or oxygen concentrations (0 to 760 mmHg pO, and back to
0) until 99% of a steady-state signal (t99) was reached. The sensitivity of the dual sensor to
temperature was studied at pH 3, pH 8, 0 and 150 mmHg pO,, respectively, for 20 °C, 30

°C, and 40°C (temperature range in tissue).

7.3.9 Study on human subjects

All participants were provided with verbal and written information on the study and
signed consent was obtained from each participant. The local ethics committee had given
approval (No. 06/171: 2007) and all experiments were conducted in full accordance with
the sixth revision (Seoul, Korea, 2008) of the Declaration of Helsinki (1964). The male
volunteer (28 years) for intact skin imaging had no history of skin disorders, and had not
suffered from a skin condition or had been subject to dermatological treatment on the
volar forearm in the past or at the time of measurement. He did not exercise, wash, or
apply topical formulations on the volar forearm for 24 hours prior to the measurement. A
split-skin graft (thickness 400 um) was harvested from a female patient (84 years) from
the left ventral thigh to cover a tissue defect on the head after excision of a skin tumor.
The according donor site was imaged. A chronic skin wound, resulting from a pyoderma

gangraenosum, on the right lower leg of a male patient (73 years) was visualized.

7.3.10 Sensor application in vivo

Sensor foils were deposited on tissue or wound surfaces by gently applying the foil
starting from one wound margin. Bubbles can be avoided by starting on one end of the
sensor and allowing the foil slowly adapt to the surface due to adhesion forces. Thus,

uniform contact to tissue is assured, false measurements are prevented, and no physical
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pressure was exerted on the sensor foil or to the wound thereafter. In total, in vivo

experiments do not exceed 5 minutes from application time on tissue to foil removal.

7.3.11 Statistics

We used Sigma Plot 11.0 (Systat Software Inc., Chicago, IL, USA, www.systat.com) for all
analyses. Data are given as mean * standard deviation (SD) unless otherwise noted.
Normality testing was passed and t-tests were done to analyze differences in cell viability
(MTT vs. controls; dead cell protease activitys) after microparticle exposure. We
considered a p-value below 0.05 as significant and a p-value below 0.01 as highly

significant.

7.4 Conclusion

In summary, we present a sensor material that shows great promise for simplification of
optical imaging techniques. It can be read out by a ratiometric method based on the RGB
option of digital cameras we refer as RGB photographing. The biocompatible material was
characterized in vitro, and applied to visualize human wound healing in vivo. We believe
that the new material and method can further the understanding of the role of oxygen
and local pH in biomedical sciences (e.g. wound healing, tumor metabolism and
metastasis, medical treatment efficacy, tissue transplantation), but also in marine
sciences, and in numerous bio(techno)logical processes where dual imaging can provide
essential knowledge. The material design combined with the novel imaging technique
also paves the way for various other multiple analyte sensing approaches with other
sensitivity ranges or for different analyte combinations. Modified camera firmware with
integrated mathematical processing even allows for recording movies and real-time

simultaneous viewing of temporal variations in the 2D-distributions of two parameters.
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8. Summary

This thesis describes the development and characterization of novel optical sensor
materials for clinical in vivo applications. At first, biocompatible single- and dual sensors
for the clinically important parameters pH and pO, were realized using a time-resolved
read-out. For the first time, spatial pH and/or pO, distributions in cutaneous and chronic
wounds of humans were visualized. Further, a novel read-out technique for Fluorescence
Ratiometric Imaging (FRIM) is presented. Planar sensor membranes for photographing of
oxygen-, pH-, or CO, distributions were designed. Finally, a biocompatible in vivo sensor
for simultaneous and continuous read-out of pH/pO, based on the new technique is

demonstrated.

Chapter 1 gives a short introduction on the importance of pH and pO, especially in
dermatology. Further, a brief overview on measurement techniques for oxygen and pH,
and optical sensor techniques is presented. Chapter 2 describes the instruments that are

applied in this thesis.

In chapter 3, a referenced luminescent sensor for 2D high-resolution imaging of pH
in vivo is described. The time-resolved sensing scheme is based on time-domain
luminescence imaging of FITC and using a ruthenium complex as reference. The
biocompatibility of this sensor is warranted via a three step safety mechanism. First, the
dyes were covalently bound to, or incorporated in microparticles. Second, the size of the
microparticles hampers or at least slows down cellular uptake. Finally, the particles were
immobilized in a hydrogel to prevent particle leakage. A set of in vitro experiments served
to characterize the sensor. It covers the physiologically relevant range of pH 3 to pH 9.
The biocompatibility of the sensor was tested by conducting experiments on cytotoxicity,
cellular uptake, and singlet oxygen production. Several in vivo studies on human tissue pH
comparing sensor and pH electrode signals served to validate the sensor. Next, spatial
and temporal pH distributions during cutaneous wound healing were imaged via the
sensor. The visualization of heterogenic pH distribution in a chronic ulcer demonstrates

the potential of the sensor.
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An in vivo sensor to image physiological wound oxygenation is presented in chapter 4.
The sensor is based on luminescence lifetime imaging of an oxygen sensitive palladium
porphyrin. The dye was incorporated in a partially oxygen blocking polymer in order to
extend the sensitivity matching the physiological range of 0 to 100 mmHg. Studies on
split-skin harvest sites and the oxygen gradient of the stratum corneum were

accomplished.

The pH sensor particles of chapter 3 and the pO, sensitive particles (chapter 4)
were combined to form one dual sensor layer for simultaneous in vivo imaging of pH/pO,.
The sensor is described in detail in chapter 5. The signals of the hybrid sensor were
separated using different emission filter sets. The sensor served to visualize analyte

distributions on split skin donor sites and chronic venous as well as vasculitc ulcers.

Chapter 6 deals with a novel and straightforward concept for ratiometric imaging
read-out referred to as RGB imaging or photographing. The technique relies on
fluorescence ratiometric imaging and makes use of the fact that digital pictures are
composed of three virtually independent (viz. a red, green, and blue) pictures that are
separately stored in digital cameras. The camera serves as a rudimental "spectrometer"
for wavelength separation. The imaging concept is illustrated with the help of a specially
designed oxygen sensor membrane, and a sensor for intrinsically referenced imaging of
CO, with RGB read-out is described. Moreover, the proof of principle of a RGB pH sensor

membrane is demonstrated.

Finally, chapter 7 describes a referenced dual sensor for pO,/pH based on the RGB
technique including its transfer from the lab bench to clinical application. The novel
material uses all three color channels of the RGB camera. It comprises the utilization of an
inert reference fluorophore in the blue channel, a pH dependent signal in the green
channel, and an oxygen dependent signal in the red channel. The biocompatibility of the
materials was studied and ensured. The sensor material was characterized in detail in
vitro, and applied in vivo to simultaneously visualize pH and pO, distributions in human

tissue on intact skin and during cutaneous and chronic wound healing.
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9. Zusammenfassung

Diese Dissertation beschreibt die Entwicklung und Charakterisierung neuartiger optischer
Sensormaterialien fiir klinische in vivo-Anwendungen. Zundchst wurden zeitaufgelOst
auslesbare Einzel- und Dual-Sensoren fir die klinisch relevanten Parameter pH und pO,
entwickelt. Durch diese Sensoren konnte zum ersten Mal die rdumliche Verteilung der
pH- und/oder Sauerstoff-Werte in kutanen und chronischen Wunden visualisiert werden.
Desweiteren beschreibt diese Arbeit eine neue Auslesetechnik fiir ratiometrische
Fluoreszenzbildgebeverfahren. Hierflir wurden zweidimensionale Sensormembranen zur
Darstellung der Verteilung von Sauerstoff-, CO,- oder pH-Werten designt. Zuletzt gelang
es, einen auf der neuen Auslesetechnik basierenden Sensor zur zeitgleichen und

kontinuierlichen Bestimmung von pH/pO, in menschlichem Gewebe zu realisieren.

Im ersten Kapitel wird kurz die Relevanz der Parameter pH und pO, geschildert.
Hierbei wird speziell auf deren Einfluss auf dermatologische Fragestellungen
eingegangen. Bestehende Messtechniken zur Bestimmung von pH-Werten und
Sauerstoffkonzentrationen werden vorgestellt. Ein Hauptaugenmerk liegt hier speziell auf
den optischen Sensortechniken. Kapitel 2 beschreibt die in dieser Arbeit eingesetzten

Messaufbauten.

Kapitel 3 behandelt die Herstellung eines referenzierten optischen Sensors zur
hochaufgelosten zweidimensionalen Darstellung von pH-Gradienten in vivo. Das
Messschema beruht auf der (iber die Zeitdomane ausgelesenen ,Dual Lifetime
Referencing“-Methode. Der Sensor beinhaltet ein pH-sensitives Fluoreszein-Derivat und
einen Ruthenium-Komplex als Referenzfarbstoff. Die Biokompatibilitat ist (iber einen
dreistufigen Sicherheitsmechanismus gewahrleistet. In einem ersten Schritt sind die
Farbstoffmolekiile entweder chemisch an Mikropartikeln gebunden, oder durch
hydrophobe Wechselwirkungen in Partikel eingebettet, was direkten Kontakt von Wunde
und Sensorchemie verhindert. Zweitens erschwert die GroRe der Mikropartikel eine
eventuelle zelluldre Aufnahme. Alle Partikel wurden danach in einer biokompatiblen
Hydrogel-Matrix immobilisiert, die ein Austreten der Partikel aus der Sensorschicht

unterbindet. Der Messbereich des Sensors umspannt den physiologisch wichtigen Bereich
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von pH 3 bis pH9. Tests fir Zytotoxizitdt, die Aufnahme durch Zellen, sowie die
Produktion des Zellgifts Singulett-Sauerstoff zeigten die Unbedenklichkeit der
verwendeten Materialien. Mehrere in vivo Studien in menschlichem Gewebe validierten
die Ergebnisse. Mithilfe des Sensors konnten die pH-Wert-Verteilungen in kutanen
Wunden im Verlauf des Heilungsprozesses dargestellt werden. Die Visualisierung einer
heterogenen pH-Verteilungen innerhalb eines chronischen Ulcus demonstriert das volle

Potenzial des pH Sensors.

Ein Sensor zur Visualisierung der physiologischen Sauerstoffversorgung in Wunden
ist in Kapitel 4 beschrieben. Das Messprinzip basiert auf der Bestimmung der
sauerstoffabhangigen Lumineszenzlebenszeit eines Palladium Porphyrins. Der Farbstoff,
eingebettet in teilweise sauerstoffblockende Polymerpartikel, besitzt einen Messbereich
der im physiologisch wichtigen Bereich (0 bis 100 mmHg) liegt. Der Sensor wurde sowohl
fir Studien an Spalthautentnahmestellen als auch zur Untersuchung der

Sauerstoffbarriere des Stratum Corneum benutzt.

Die Sensorpartikel aus Kapitel 3 und 4 dienen in Kapitel 5 zur Herstellung eines
Dual-Sensors fir die gleichzeitige Messung von pH/pO,. Die Signaltrennung der jeweiligen
Sensorantworten geschieht tGber unterschiedliche Emissionsfilter. Mit dem Hybridsensor
wurden zum ersten Mal gleichzeitig die pH- und pO,-Verteilungen auf

Spalthautentnahmetellen und chronischen Ulcera visualisiert.

In Kapitel 6 wird ein einfaches Konzept fiir das Auslesen ratiometrischer
Fluoreszenzbildgebeverfahren vorgestellt. Es beruht auf der Verwendung von Daten
digitaler Kameras, die farbige Bilder in 3 Farbkanalen (rot, griin und blau) aufzeichnen. Die
Kamera wird als rudimentares , Spektrometer” benutzt, das drei spektral verschiedene
Bilder gleichzeitig aufnimmt. Das grundliegende Prinzip der Messung ist anhand der
Entwicklung einer passenden Sauerstoff-Messmembran erlautert. Des Weiteren wurden
ein intrinsisch referenzierter Sensor fir die zweidimensionale Abbildung von CO,-

Verteilungen und ein pH-Sensor hergestellt.

Zum Abschluss beschreibt Kapitel 7 die Entwicklung eines auf der RGB-Technik
basierenden Dual-Sensors fiur pH/pO, in vivo. Das Sensormaterial verwendet alle drei

Farbkanale der Kamera (blauer Kanal: Referenz; griiner Kanal: pH abhangiges Signal; roter
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Kanal: pO, abhédngiges Signal). Das biokompatible Material wurde ausfiihrlich in vitro
charakterisiert und klinisch in vivo angewendet, um simultan die Analytverteilungen in

menschlichem Gewebe wahrend der Wundheilung zu untersuchen.
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12. Appendix

12.1 Partial pressure - a conversion table for oxygen at 1 atm

ol D ke Cala Vool amegl mhon 02
0 0,0 0,0 0 0 0 0 0
1 7.6 10.1 10100 1.3 10 13.3 13300
2 15.2 20.3 20300 2.6 20 26.7 26700
4 30.4 40.5 40500 3.9 30 40.0 40000
5 38.0 50.7 50700 5.3 40 53.3 53300
7 53.2 70.9 70900 6.6 50 66.6 66600
10 76.0 101.3 101300 7.9 60 80.0 80000
12 91.2 121.6 121600 9.2 70 93.3 93300
14 10.4 141.8 141800 10.5 80 106.6 106600
16 121.6 162.1 162100 11.8 90 120.0 120000
18 136.8 182.3 182300 13.2 100 133.3 133300
20 152.0 202.6 202600 26.3 200 266.6 266600
30 228.0 303.9 303900 39.5 300 399.9 399900
50 380.0 506.5 506500 65.8 500 666.4 666400

100 760.0 1013.0 1013000 98.7 750 999.7 999700
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12.2 Source code for the ImageJ RGB macro

Open(“all.tif");

run("Split Channels");

imageCalculator("Divide create 32-bit", "C1-all.tif","C3-all.tif");
run("Interactive 3D Surface Plot");

imageCalculator("Divide create 32-bit", "C2-all.tif","C3-all.tif");

run("Interactive 3D Surface Plot");

run("Save", "save=[C:\\Dokumente und
Einstellungen\\Administrator\\Desktop\\Surface_Plot_of Result pH.tif]");

run("Save", "save=[C:\\Dokumente und
Einstellungen\\Administrator\\Desktop\\Surface_Plot_of Result po2.tif]");

12.3 Video stills (videos on the on the enclosed CD)

t= 0 min

Video IV.1 | Spatiotemporal resolution shown by real-time microscopic 2D-pH imaging.
Spatial resolution shown by a representative visualization of a drop (pH 8) on a sensor foil
impregnated in a solution of pH 4 after connecting the CCD camera to a microscope. To
assess whether significant horizontal proton diffusion exists affecting spatial resolution,
continuous imaging was conducted (2 min intervals in first 20 min, then after 30 min). No
significant change was found in the spatial aspect of pH values. Resolution was found to
be <5 um. (Scale bar, 10 um).
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Video IV.2 | Confocal microscopy of cells exposed to FITC-AC (1 h). Confocal microscopic
image stack of L929 fibroblasts exposed to FITC-AC for 1 h. FITC-AC (green) are only found

on the cell surface, not inside live L929 fibroblasts. In the static z-scale, the location of the
particle is additionally visualized.

Video IV.3 | Confocal microscopy of cells exposed to FITC-AC (24 h). Confocal microscopic
image stack of L929 fibroblasts exposed to FITC-AC for 24 h. FITC-AC (green) are only
found on the cell surface, not inside live L929 fibroblasts. In the static z-scale, the location
of the particle is additionally visualized.



Appendix

Video V.4 | Confocal microscopy of cells exposed to Ru(dpp)s-PAN (1 h). Confocal
microscopic image stack of L929 fibroblasts exposed to Ru(dpp)s-PAN for 1 h. Ru(dpp)s-
PAN (yellow to orange) are only found on the cell surface, not inside live L929 fibroblasts.
In the static z-scale, multiple particles on the cell surfaces are additionally visualized.

Z [pm]
+50 -50

Video IV.5 | Confocal microscopy of cells exposed to Ru(dpp)s-PAN (24 h). Confocal
microscopic image stack of L929 fibroblasts exposed to Ru(dpp)s-PAN for 24 h. Ru(dpp)s-
PAN (yellow to orange) are only found on the cell surface, not inside live L929 fibroblasts.
In the static z-scale, multiple particles on the cell surfaces are additionally visualized.
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Video VII.1 | Confocal microscopy of cells exposed to Pt-PS (24 h). Confocal microscopic
image stack of L929 fibroblasts exposed to Pt-PS for 24 h. Pt-PS (red spots) are only found

on the cell surface, not inside live L929 fibroblasts. In the static z-scale, the location of the
particle is additionally visualized.

Video VII. 2 | Confocal microscopy of cells exposed to DPA-PAN (24 h). Confocal
microscopic image stack of L929 fibroblasts exposed to DPA-PAN for 24 h. Agglomerates
of DPA-PAN particles (blue) are only found on the cell surface, not inside live 1929
fibroblasts. In the static z-scale, the location of the particle is additionally visualized.
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RGB-sensoi

lime response
Argon > O.

Video VII.3 | Time response oxygen. Time response of the sensor (incubated in buffer pH
4, “Ox” is written with buffer pH 8) starting from argon gas and switching towards oxygen
and back. Top left: RGB video;, Top right: Response of the red channel; Bottom left:
Response of the green channel; Bottom right: Response of the blue channel;

RGB-sensor

time response
pH8 >pH 4

Video VII.4 | Time response pH. Time response of the sensor incubated in buffer pH 8 by
writing the letters “pH” using buffer of pH 3. Top left: RGB video; Top right: Response of
the red channel; Bottom left: Response of the green channel; Bottom right: Response of
the blue channel;



