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Personal note from the author?

Well, this is it. A doctoral thesis... My goodness, my doctoral thesis. Which, to be
honest still does not feel entirely real. | mean, where did the last four years go? Doing
and writing something like this is full of contradictions. You are an expert in the field of
what you are doing, but you constantly have the feeling of knowing nothing at all and
any day not fighting with imposter syndrome, despite all one’s lore as not to be the
wretched fool one was before, is a good day. Trying to discover the underlying logic
behind the data, which at times can be hard, because there isn’t one. Or until you do,
all logic is true. You have a lot of time, but you can’t seem to find some to do the stuff
you want to. You enjoy the full range of academic freedom, but you are restricted in a
variety of ways. You love and live for science, but you struggle to find the motivation to
go on each day. The emotional high of something working and the devastating
realization that the result is not reproducible. The literal and actual excitement® of
working with luminescence and fluorescence and enjoying every glow around the place
but the disappointment of not seeing any of it in the day-to-day work. Going home and
expecting not to think about things concerning the thesis and university is like expecting
rocks not to think about gravity. The feeling of being so scattered that you have to piece
yourself back together from several dimensions and realities just to realize that a rat-
sized piece of you is missing. You keep sprinting from project to project but must run
the whole thesis marathon. Believing the small lies like: “the experiment will work” or
“the data does not look that bad” to make it through the big lies like: “I| will manage this”
or “only one more experiment”. But that is what each and every one of us just has to
put up with in the end. You know, minor detail(s), like opening your eyes and then
opening them again.

@ Those who will recognize them will understand

b | am very sorry (I am of course, not), for the occurrence of such low-key (ground state) photophysical
and optical puns.




Personal note from the author

One of the few deeply troubling regrets | can bring to paper here is an issue with the
traditional inclusion of a seemingly sophisticated quote of some great scientist or other
famous person at the beginning of such work. Generally, it is difficult to find such a
single sentence that is not already completely worn out and torn out of context to use
as a concise and captivating “bam” beginning. So, where to take it from and not
steal/cite it? My favorite method is to be creative and come up with something on my
own or hide something in plain sight. Something that has to do with the thesis but is
funny and slightly self-mocking. Something that to my shame | will not be able to
surpass from my master thesis in a single quote. Recycling is great and is done far too

little but just doesn't feel right here. In this sense | have a pin:

The scientist plans, organizes, prepares, tests, experiments and measures.

Chaos laughs.

Adapted old Yiddish proverb

e gow, two glow,red glow, blue gow. some glow sibl, some glows show. This ono shines or ages when [asers birk. That one fades before you thik. | ko glows tha ight up brigt Thy sparkle tw ke, pure delightt Phofoluminescence s s name,  plays the glow an dglmmegme
Bt O Wit 503 Asneaky Glow hat ShoUld not et i creepe, it peaks, il makes a mess. 1ts autofiuorescence or maybe Ramant Oh, what siress! It glows when we dort wan des n biue. It jumps rightn our specirum and fls bur hea uite a tantrum!
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Zusammenfassung

Der Hauptaspekt dieser Dissertation ist die Entwicklung und Weiterentwicklung von
Hydrogel basierten, dinnschichtigen optischen Sensoren und Assay Plattformen fur
bioanalytische und klinische Detektion von Wasserstoffperoxid (H202). Unter diesem
Gesichtspunkt betrachtet zunachst ein kritischer Review neue und wesentliche
Entwicklungen und Methoden von optischen Sensoren fur H202 seit 2018.
Bemerkenswert ist hier vor allem die immer starkere Integration von Smartphones fur
optische und insbesondere reflektometrische Anwendungen. Wahrend es bei einfach
verwendbaren Applikationen eine Vielzahl an neuen und innovativen Matrices,
Sensormaterialen und Katalysatoren gibt, werden hier auch oft kommerziell erhaltliche
Matrices und etablierte und Farbstoffe wie 3,3',5,5'-Tetramethylbenzidin (TMB) oder
Amplex Red™ verwendet. Fiir semi-reversible und -kontinuierliche Messungen gibt es
vornehmlich neue Anwendungen mit chemilumineszenter FlieRinjektionsanalyse (FIA).
Die aktuell am besten entwickelte Plattform fur die (vollkommen) reversible und
kontinuierliche Detektion von H202 basieren auf O2-Loschung der Phosphoreszenz
von Platinporphyrinen. Eine vollkommen ideale optische Detektions- und
Messmethode existiert jedoch nach wie vor nicht.

Da bei kommerziell erhaltlichen Assays fur die Quantifizierung von H202 oft mehrere
und damit zeitaufwandige Vorbereitungs- und Verdinnungsschritte bendtigt werden,
wurde eine sofort nutzbare (RTU) Mikrotiterplatten (MTP) basierte Plattform fur die
sehr schnelle Detektion und Einfachmessung von H202 entwickelt. Grundlage der
Plattform ist wie beim kommerziell erhaltlichen Amplex Red™ Kit die katalytische und
1:1 stéchiometrische Umwandlung des nicht fluoreszenten und farblosen Stoffes 10-
Acetyl-3,7-dihydroxyphenoxazine (ADHP) mit H202 zu dem fluoreszenten und pink
gefarbten Resorufin in Gegenwart des Enzyms Meerrettich Peroxidase (HRP). Da
HRP ADHP auch ohne H202 langsam in Resorufin umwandelt, missen Enzym und
Farbstoff voneinander getrennt aufbewahrt werden. Daflr wird ADHP als gefrorene
Stammlosung in DMSO bei -20 °C und HRP in Losung bei 4 °C gelagert. Um diese
Problematik zu umgehen, wurde ADHP zunachst in die kommerziell erhaltliche
polyurethanbasierte Hydrogelmatrix D640 eingebettet. Das in EtOH/H20 geldste D640
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Zusammenfassung

mit ADHP lie} sich dabei als um dinne Schichten und Membranen mittels
Streichbeschichtung auf ein klares Beschichtungssubstrat, hier industriell gefertigtes
biaxial orientiertes PET auftragen, was den Herstellungsprozess sehr interessant fur
grofdtechnische Produktion macht. In diesen getrockneten Membranen war ADHP bei
Raumtemperatur und damit um 42° C von der idealen Lagertemperatur von -20 °C
entfernt fur mindestens 22 Monate stabil. Im Assay wird durch die Zugabe von Lésung
oder Probe der Farbstoff mit dem Aufschwellen des Hydrogels in die Losung
freigesetzt. Diese Membranen wurden mit einem Lasercutter ausgeschnitten und auf
eine eigens, mit doppelseitigem Klebeband praparierte bodenlose Mikrotiterplatte
geklebt. Um die Trennung von Enzym und Farbstoff zu erreichen, wurde konzentrierte
HRP als Losung in 30 nL groRen Tropfchen aufgetropft und damit eine Mischung von
Enzym und Farbstoff minimiert. In einem Assay mit H202 in PBS pH 7.4 konnte mit
diesen MTPs bei 37 °C innerhalb von nur drei Minuten Assayzeit H2O2 mit einem
exzellenten unteren Detektionslimit (LOD) von nur 10 nmol-L" und einer oberen
Grenze von bis zu 2 ymol-L-' in 100 yL Probenvolumen detektiert werden. Der
erreichte LOD war damit um eine Grélienordnung besser als die Herstellerangabe des
kommerziellen Kits (0.1 ymol-L-' angegeben als 10 pmol pro 100 uL). Durch die
Verwendung von 50 v% Glycerin als Kalteschutzmittel waren die RTU MTPs bei einer
Lagerung bei -20 °C bis zu 13 Wochen ohne signifikanten Aktivitatsverlust und mit
einer produktionsbedingten Varianz (cv) von =9 % verwendbar. Ohne oder mit dem
falschen Kalteschutzmittel verursachte die Denaturierung der HRP innerhalb von 4
Wochen den vollstandigen Verlust der Detektionskapazitat. Glucose Oxidase (GOx)
oder Lactat Oxidase (LOx) als H202-generierende Enzyme zusatzlich zu HRP mit auf
die Platte aufgebracht, erlaubte die Detektion von Glucose, bzw. Lactat. Dabei war flr
Glucose einen LOD von 4 mmol-L-" und nach oben hin bis zu 20 mmol-L-* méglich und
damit sehr interessant fur die Detektion von milder und schwerer Hyperglykamie. Fur
Lactat wurde ein LOD von 0.04 mmol-L" erreicht und ein linearer Bereich von bis zu
0.4 mmol-L-'. Um herstellungsbedingte Schichtdickenunterschiede auszugleichen,
wurde die Integration von Polystyrol Nanopartikeln (PSNP), beladen mit einem Cy5
Farbstoff, in die Membran untersucht. Die Einbettung des Farbstoffes in die Partikel
war dabei zwingend notwendig, da der Referenzfarbstoff im Assay mit HRP und H202
ohne diesen Schutz auch abgebaut wurde. Die optimierte Beladung des Hydrogels mit
Partikel ermdglichte damit eine ratiometrische Detektion.

Fur die (Weiter)Entwicklung von Sensormembranen und die letztendlich angedachte
kontinuierliche Detektion von H202 und in Kombination mit GOx und LOx, Glukose und
Laktat, wurde Europium (lll) Tetracyclin (EuTc) als lumineszente Sonde verwendet.
Diese wurde in eine daflr entwickelte Sensormembran eingebettet. Die Membran
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besteht aus einer Sondenschicht aus D4, einem kommerziell erhaltlichen Hydrogel auf
Polyurethanbasis, das von einer Schutzschicht aus Polyvinylacetat/Celluloseacetat
(PVAc/CA) bedeckt wird. Auch hier wurden die jeweiligen Membranen und Schichten
auf ein klares Beschichtungssubstrat aus industriell gefertigtem, biaxial orientiertem
PET mittels Streichbeschichtung aufgetragen. Die erwahnte Schutzschicht wurde
dabei zur Vermeidung des storenden Einflusses von interferierenden Substanzen und
fur die Unterbindung ungewollter Freisetzung der Sonde bendtigt. Diese Schutzschicht
limitiert jedoch auch die Diffusion in die darunter liegende Hydrogelschicht und erhdht
damit die Zeit, die das System zur initialen Equilibrierung bendtigt, drastisch. Um diese
Zeit zu verkurzen, wurde die Dicke der Schutzschicht reduziert. Auf der einen Seite
wurde das durch die Verdinnung der Beschichtungslosung und auf der anderen Seite
durch die mechanische Reduzierung der Streichbeschichtungshdhe erreicht. In beiden
Fallen konnte eine signifikante Beschleunigung der initialen Equilibrierung erreicht
werden. Um etwaige Schwankungen im Verlauf in der Messung auszugleichen und um
in einem finalen Produkt die Kalibrierung zu vereinfachen, wurde auch hier eine
ratiometrische Detektion entwickelt. 9,10-Bis(phenylethynyl)anthracene (BPEA) stellte
sich dabei als idealer Referenzfarbstoff heraus, da er sowohl wie EuTc mit 405 nm
angeregt werden konnte, jedoch einen deutlich kleineren Stokes-shift aufwies, und
auch die Uberlappung der Peaks der Emissionsspektren von Referenz und Sonde
minimal waren. Durch die Einbettung des Referenzfarbstoffes in eine Schicht aus
Cycloolefin-Copolymer (COC) konnte die Photostabilitat mit einem Faktor von zwei im
Vergleich zur Losung deutlich erhoht werden. Als Alternative zu der Einbettung in eine
separate Schicht konnte der Referenzfarbstoff auch in synthetisiete COC-
Nanopartikel integriert werden. Da eine chemische und auch thermische Sterilisation
des Sensors durch die eingebetteten Enzyme unmaoglich war, wurden die separaten
Sensorschichten mit y-Bestrahlung behandelt. BPEA in seiner COC-Schicht und GOx
in D4 zeigten dabei eine hervorragende Stabilitat. Die Sensormembranen mit EuTc
zeigten im Vergleich zur Referenz eine Reduktion der Lumineszenz von = 50 %. Es ist
davon auszugehen, dass optimierte temperierte Bedingungen und verkirzte
Behandlungszeiten bei hoherer Dosis diesen Verlust reduzieren. Die
Sensormembranen zeigten keine oder nur minimale Beeinflussung in Gegenwart
verschiedener Interferenzsubstanzen. Insbesondere konnten in der Literatur bekannte
Interferenzen vermutlich durch die Schutzmembran abgewehrt werden. In verdiinntem
humanem Plasma zeigten die Sensormembranen eine gute Leistung. Durch die lange
Lumineszenzlebenszeit von EuTc war die Detektion von H202 nicht nur in Lésung,
sondern auch in der Membran mdglich.
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Summary

The main aspect of this dissertation is the development and advancement of hydrogel-
based, thin-film optical sensors and assay platforms for bioanalytical and clinical
detection of hydrogen peroxide (H202). From this point of view, a critical review first
examines new and significant developments and methods of optical sensors for H202
since 2018. Of particular note here is the increasing integration of smartphones for
optical and especially reflectometric applications. While there are a variety of new and
innovative matrices, sensor materials and catalysts for easy-to-use applications,
commercially available matrices and established dyes such as 3,3,5,5-
tetramethylbenzidine (TMB) or Amplex Red™ are also often used here. For semi-
reversible and continuous measurements, there are mainly new applications with
chemiluminescent flow injection analysis (FIA). The currently best developed platform
for the (fully) reversible and continuous detection of H202 is based on O2-quenching
of the phosphorescence of platinum porphyrins. The development of such systems is
however, rare. Furthermore, a completely ideal optical detection and measurement
method for H202 does still not exist to this day.

As commercially available assays for the quantification of H202 often require several
and thus time-consuming preparation and dilution steps, a “ready to use” (RTU)
microtiter plate (MTP)-based platform was developed for the highly sensitive, single-
use detection of H202. Since commercially available assays for the quantification of
H202 often require several and therefore time-consuming preparation and dilution
steps, a “ready to use” (RTU) microtiter plate (MTP)-based platform was developed for
the very rapid detection of H202. As with the commercially available Amplex Red™ kit,
the platform is based on the catalytic and 1:1 stoichiometric conversion of the non-
fluorescent and colorless substance 10-acetyl-3,7-dihydroxyphenoxazine (ADHP) with
H202 to the fluorescent and pink-colored resorufin in the presence of the enzyme
horseradish peroxidase (HRP). Since HRP slowly converts ADHP into resorufin even
without H202, the enzyme and dye must be stored separately. For this purpose, ADHP
is stored as a frozen stock in DMSO at -20 °C and HRP in solution at 4 °C. To avoid
this problem, ADHP was first embedded in the commercially available polyurethane-
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based hydrogel matrix D640. The D640 with ADHP dissolved in EtOH/H20 could be
applied as pm-thin layers and membranes on a clear coating substrate, in this case
industrially manufactured biaxially oriented PET, by means of spread coating, which
makes the manufacturing process very interesting for large-scale production. In these
dried membranes, ADHP was stable for at least 22 months at room temperature, which
is 42°C away from the ideal storage temperature of -20°C. In the assay, the addition of
solution or sample releases the dye into the solution as the hydrogel swells. These
membranes were cut out with a laser cutter and glued to a specially prepared
bottomless microtiter plate with double-sided adhesive tape. To achieve separation of
enzyme and dye, concentrated HRP was dripped as a solution in 30 nL droplets to
minimize mixing of enzyme and dye. In an assay with H202 in PBS pH 7.4, H202 could
be detected with these MTPs at 37 °C within only three minutes assay time with an
excellent lower limit of detection (LOD) of only 10 nmol L', which is an order of
magnitude better than the manufacturer's specification of the commercial kit
(0.1 ymol-L-" given as 10 pmol per 100 pL), and an upper limit of up to 2 ymol-L" in
100 pyL sample volume. By using 50 v% glycerol as cryoprotectant, the RTU MTPs
were usable for up to 13 weeks when stored at -20 °C without significant loss of activity
and with a production-related variance (cv) of =9 %. Without or with the wrong
cryoprotectant, denaturation of HRP caused complete loss of sensitivity and detection
capacity within 4 weeks. Glucose oxidase (GOx) or lactate oxidase (LOx) as H202-
generating enzymes applied to the plate in addition to HRP allowed the detection of
glucose and lactate, respectively. For glucose, an LOD of 4 mmol-L-" and up to
20 mmol-L-' was possible, and thus very interesting for the detection of mild and severe
hyperglycemia. For lactate, an LOD of 0.04 mmol-L-" was achieved and a linear range
of up to 0.4 mmol-L-'. In order to compensate for production-related differences in layer
thickness, the integration of polystyrene nanoparticles (PSNP), loaded with a Cy5 dye
into the membrane, was investigated. The embedding of the dye in the particles was
necessary, as the reference dye was also degraded in the assay with HRP and H20:2
without this protection. The optimized loading of the hydrogel with particles thus
enabled ratiometric detection.

For the (further) development of sensor membranes and the ultimately planned
continuous detection of H202 and in combination with GOx and LOXx, glucose and
lactate, europium (lll) tetracycline (EuTc) was used as a luminescent probe. This was
embedded in a specially developed sensor membrane. The membrane consists of a
probe layer of D4, a commercially available polyurethane-based hydrogel, which is
covered by a protective layer of polyvinyl acetate/cellulose acetate (PVAc/CA). Here,
too, the respective membranes and layers were applied to a clear coating substrate
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made of industrially produced, biaxially oriented PET by means of kinfecoating. The
protective layer mentioned above was required to avoid the interfering influence of
interfering substances and to prevent unwanted leakage of the probe. However, this
protective layer also limits diffusion into the underlying hydrogel layer, drastically
increasing the time the system needs for initial equilibration. To shorten this time, the
thickness of the protective layer was reduced. On the one hand, this was achieved by
diluting the coating solution and, on the other, by mechanically reducing the coating
height. In both cases, a significant acceleration of the initial equilibration was achieved.
In order to compensate for any fluctuations in the course of the measurement and to
simplify calibration in a final product, ratiometric detection was also developed here.
9,10-Bis(phenylethynyl)anthracene (BPEA) proved to be the ideal reference dye, as it
could be excited at 405 nm like EuTc, but had a significantly smaller Stokes shift, and
the overlap of the peaks of the emission spectra of reference and probe was also
minimal. By embedding the reference dye in a layer of cycloolefin copolymer (COC),
the photostability was significantly increased by a factor of two compared to the
solution. Alternatively, BPEA could also be integrated in synthesized COC-
nanoparticles. Since chemical as well as thermal sterilization of the sensor was
impossible due to the embedded enzymes, the separate sensor layers were treated
with y-irradiation. BPEA in its COC layer and GOx in D4 showed excellent stability. The
sensor membranes with EuTc showed a reduction in luminescence of =50 %
compared to the reference. It can be assumed that optimized temperature-controlled
conditions and shorter treatment times at higher doses will reduce this loss. The sensor
membranes showed no or only minimal influence in the presence of various
interference substances. In particular, interferences known in literature could
presumably be repelled by the protective membrane. The sensor membranes
performed well in diluted human plasma. Due to the long luminescence lifetime of
EuTc, the detection of H202 was possible not only in solution but also in the membrane.
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1 Relevance and Structure of the Thesis

The core goals of bioanalytical chemistry are to find answers to the questions of how
much of what (substance/chemical) is where. Answers essential not only for
healthcare, but also for environmental, product and workplace safety. Answers that
often have to be found in spite of difficult samples, matrices and a true host of
interfering substances. Answers that are made possible by new and innovative
solutions, but often also in combination of previously known concepts and methods.

The development of these, together with the need of finding better, more sensitive and
faster detection methods is the driving force and basis of novel (bio)sensors, assays
and analytical approaches.

One potential target and thus analyte (what) of such assays, sensors and approaches
is hydrogen peroxide (H202). H202 is used in many industrial and chemical applications
as disinfectant and reagent. However, H202 is not just a dead, inorganic reactive
oxygen species (ROS) but is also present in a variety of metabolic processes, both as
intermediate and metabolic products. Elevated H20:2 levels have been associated with
a variety of diseases [1]. But, due to a variety of biological processes functioning as
efficient and rapid degradation of H202, together with the instability of dilute H202,
determining the exact concentrations of such relatively low H202 concentrations,
especially in tissues and bodily fluids, is challenging [2,3]. The issue is also illustrated
by the literature data for hydrogen peroxide, which can deviate from each other even
by orders of magnitude [4,5]. This in turn makes the development of rapid and sensitive
detection a key goal. Furthermore, as several enzymes, primarily oxidases, exist which
can produce H20z2 [6], the latter is also a very versatile secondary analyte for a variety
of other relevant metabolites and biomarkers.

Two examples of such enzyme-metabolite pairs that are accessible to subsequent
H202-quantification are glucose with glucose oxidase (GOx) and lactate with lactate
oxidase (LOx).
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Glucose is a very important and vital biomarker, as too high blood glucose levels over
a long time can lead to a variety of metabolic complications (usually only for diabetic
patients), such as hyperglycemic shock, hyperosmolar hyperglycemic coma [7],
diabetic angiopathy [8] and, if untreated or treated poorly, death. Short-term, stress
hyperglycemia often occurs in critically ill patients and in extreme stress situations.
This short-term hyperglycemia is not necessarily a bad thing, but rather an indicator or
symptom of a biological response to a far more serios health issue [9]. Unfortunately,
the number of people suffering from diabetes has increased in the last two decades
and will probably also grow further in the future [10]. With reduced physical activity [11]
and sugar still being added excessively to processed foods, despite the benefits of
reduced sugar contents [12], and the risks and damage to health of added sugars
[13,14], the issue will most likely not get better.

Lactate as an analyte is both relevant in clinical and lifestyle settings. Systemically high
lactate levels or lactate acidosis are often an indicator of poor survivability or bad
clinical outcomes of patients [15]. After its discovery lactate has often been seen as a
mere metabolic byproduct out of necessity or a result from oxygen lack in muscles.
The increased production of lactate under anaerobic conditions has also made it a
common lifestyle analyte to determine correct training intensity and frequency [16].
However, in the meantime, lactate has been recognized as taking an essential part in
several processes, both metabolic under aerobic conditions and in regulatory and
signaling functions [17]. Increased lactate levels have also been tied to cancer growth
and metabolism [18] with cancer tissue lactate levels rising up to 40 mmol-L-! above
the regular 1.5 — 3 mmol-L-! of healthy individuals [19].

The development of sensors capable of detecting glucose and lactate are two major
active research areas (Figure 1.1) and markets, with an estimated market size of 9.68
billion USD for glucose biosensors [20] and 370 million USD for lactate meters [21].
Especially for glucose, the measurement with glucometers is widely established and
they are fast and indispensable tools for the private healthcare of (diabetic) patients
and in emergency medicine. Lactate and glucose are mostly measured via H202 and
subsequent electrochemical [22] or optical detection of the latter.
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Figure 1.1 Web of science record count for A “glucose sensor” and B “lactate sensor” between 1990 and 2025. [23]

While electrochemical setups can offer fast and sensitive responses, electrochemical
detection can often be hamstrung by a plethora of interfering electroactive substances,
electrode fouling [24], and passivation [25], which severely limit the (re)usability of
expensive components. Optical detection can offer a (not necessarily metallic) silver®
lining here. Using light for characterization and quantification of molecules and
materials is very exciting, not just on a ground level, but can allow access to information
across a wide range of scales across the whole (visible and invisible) spectrum. That
the recognition element with the transducer can be decoupled and does not have to
be in direct physical contact with the detector, is elegant and practical in terms of wear
on the connection to the detector. Furthermore, optical assays and approaches allow
for high-throughput screening in microtiter plate formats for the rapid measurement of
up to 1536 samples in one run.

Considering the presented versatility and importance of H202 both as primary and
secondary analyte, it is hardly surprising that a variety of innovative sensors, assays
and analytical approaches have been developed and are currently being developed.
Here, more recent (2018-2024) advances and trends in optical devices for the
detection of H202 are critically reviewed and discussed in chapter 2. One point, which
under no circumstances should be overlooked is the howd. As mentioned before there

¢ Unless of course, we use a silver nanoparticle agglomeration assay [26]...

d to detect how much of what and where.
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are a variety of possible options. For this thesis the main focus was the development
methods for the photoluminescent detection of H20x2.

In a nutshell, photoluminescence is the emission of photons or light after excitation of
electrons with an external light source. In contrast to this chemi- and bioluminescence
are the emission of photons after a chemical reaction, the latter just being
chemiluminescence in lifeforms or parts thereof, such as cells, higher organisms or
luminescent enzymes and proteins. There are a variety of photoluminescent types,
such as fluorescence, phosphorescence, lanthanide and complex photoluminescence
and upconversion luminescence. What they all have in common: light goes in, light (of
a different wavelength) goes out. In the range of optical detection, photoluminescent
approaches can provide superior limits of detection when compared to absorbance- or
extinction-based measurements®.

In the scope of this thesis two photoluminescent systems are used for the detection of
H202 with the development of a single-use assay platform and a continuous sensor.
Specifically, 10-Acetyl-3,7-dihydroxyphenoxazine (ADHP) and Europium(lll)
tetracycline (EuTc) are the assay reagent and probe respectively.

ADHP, also known by its brand name Amplex Red™, is a colorless and non-
fluorescent, resorufin-based derivative. Sold as part of assay kits, ADHP is one of the
most commonly used fluorophores to detect H202 [27]. In the assay together with
horseradish peroxidase (HRP), ADHP and H20:2 are catalytically transformed in a 1:1
stoichiometric reaction to the fluorescent and pink colored resorufin, H20 and Oa.

An issue commonly observed and known for ADHP in this liquid assay is that the
fluorescence intensity decreases with higher H202 concentrations [28]. The reason
often stated, especially in operating instructions of assay manufacturers is that a
further oxidation of resorufin to resazurin allegedly takes place. To the author’s
knowledge, no analytic proof thereof has been published. Spectroscopic data in a well-
cited paper from 1997 [28] showing a lack of resazurin emission peaks, and
electrochemical data showing the irreversible reduction of resazurin to resorufin [29—
31] would suggest that the proposed resazurin formation does not take place. At the
time, Haugland [28] and other researchers [32] actually mentioned or proposed a
precipitating colorless oxidation product showing no fluorescence. A later paper from

¢ “Measuring the weight of a car by weighing a containership with and without the car”, or, as beautifully
demonstrated by Uli Stein: “die Katze hat schon wieder zugenommen”
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2004 [33] is probably the origin of the resazurin statement, as it cites the earlier paper
[28] and another publication of Brotea et al. [32] as source, but neither suggests
resazurin forming as oxidative product of resorufin with HRP and H20:. In fact, Brotea
et al. mentioned their laboratory working with the resazurin-resorufin system
previously, which might have led to the confusion in literature. Unfortunately, to the
author’s knowledge, these nonfluorescent oxidation compound(s) have not been
identified to this day.

Aside from this issue the assay also requires several dilution and (manual) preparation
steps, which increases the time required for reagent preparation and thus limits the
sample throughput. In fully automated setups and laboratories this makes more
sophisticated and elaborate automation necessary. Here, the development of a ready-
to-use MTP-based platform, intended to reduce the preparation steps and thus
increase sample throughput, is presented in chapter 3.

As previously mentioned, the most advanced method of detecting H20:2 is based on
the oxygen quenching of the phosphorescence of Pt-porphoryn-complexes following
the catalytic decomposition of H202. Although the response time of the probe to oxygen
is only limited by the diffusion of O2 into the membrane, the catalytic process of H202
to O2 and the use of oxygen-harvesting modules to eliminate any previously dissolved
oxygen increases the overall response time drastically [34]. As such, those sensors
are only of limited use in highly oxygenated samples and media. Furthermore, the flow
cells and the attached microfluidics must be very impermeable to any oxygen
containing atmosphere. Alternatively, a sensor based on a non-Oz can be used. Here,
EuTc is a very interesting and versatile probe that allows the detection of H202 based
on the Eu(lll)-lanthanide transition °Do—'F2, detectable at 616 nm [35]. The emission
is enhanced by the presence of H202 due to the displacement of H20 from coordinating
sites. The development and optimization of such an EuTc-based ratiometric sensor is
discussed in chapter 4.

Finally, in Chapter 5 the findings of the thesis are summarized and evaluated in a
conclusion. Here, the potentials and outlooks of the developed and presented
technologies are highlighted.

For such a sensor and platform development, the probes and recognition elements
require suitable matrices. With the additional prerequisite of the usage in an optical
assay or in an optical sensor the matrix should also be transparent, permeable for the
analyte or, when looking for a reagent release, the active assay components. In sensor

5
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development, hydrogels have become highly favorable matrix for probes and dyes [36—
38] due to their excellent properties that cover the above-mentioned requirements. A
gel is, according to IUPAC, a “non-fluid colloidal network or polymer network that is
expanded throughout its whole volume by a fluid”. For a hydrogel the swelling
component is water [39]. That in turn means, paraphrasing Herve This [40], that we,
you and | my reader, are, with around 60 w% water content [41], hydrogels according
to IUPAC'. (Hydro)gels come in many shapes and synthesis/manufacturing processes.
As such, there is a variety of options to produce such membranes and thin films [42].
As the best alternative that can also be used in larger scale mass production knife
coating is used as method of hydrogel application. Knife coating is a technique where
the coating substance is placed in front of a blade or a coating bar which is then moved
across the coating substrate with a defined distance from the latter, resulting in a
coated film. There are various designs of knife coaters with the fundamental difference
being in the moving part. For smaller production and knife coaters usually the coating
substrate is fixed (eg. vacuum, magnets locks, clamps, or tape) and the knife is moved
either manually or mechanically over the surface. These setups are very suited for
smaller productions and for initial parameter testing. However, the reproducibility and
the precision of the layer thickness is strongly affected by any ridges, the slope and
the overall roughness of the coating bed. Furthermore, as the knife is usually removed
and cleaned between coating steps, the set coating thickness can only be guaranteed
to a limited extent, again affecting the in-batch reproducibility. In a larger production
line which enables a mass production by roll-to roll fabrication [42], the knife is usually
fixed and the coating substrate is moved from roll to roll. Depending on the substrate,
the resulting friction over the flat surface can cause damage to the coating substrate
or an inhomogeneous coating thickness due to the vibration. With very thin layers
where the substrate is moved on a roll or a roller, an unbalance of the rotating cylinder
can lead to different (periodic) layer thicknesses.

The mentioned deviation in thickness does of course also impact the reaction overall.
As more or less membrane is associated here with the amount of dye and thus
substrate, both, the assay precision and the reproducibility, suffer. To a certain extent,
these problems can be reduced by the (manufacturing) quality of the devices used for
coating and a correspondingly good adjustment and levelling. However, the issue
cannot be brought completely under control like this. As a result of this issue with
reproducibility, true replicas, i.e. the same concentration with different areas on the

fTo be read in a lovely Elsassian accent.
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membrane/film are rarely measured or published in applications that knife-coat their
sensors, especially with very thin layers [34]. Determining the thickness of the
membrane e.g. by SEM or other methods is often time-consuming, expensive and not
representative for the thickness over larger areas. A ratiometric measurement on the
other hand can quickly and easily provide information about the thickness of the
membrane and thus the amount of dye per well. Such ratiometric approaches are a
common method used in commercial [43] and for development [44] of thin film sensors
and applications. Usually ratiometric detection in a system using two independent
fluorophores is performed with an analyte-responsive fluorophore with a large Stokes
shift, which allows for the use of a reference with a smaller shift [45,46]. This can allow
the circumvention of certain optical effects like analyte dependent FRET and
reabsorbance/emission of the probe dye emission by the reference dye [47]. With small
Stokes shift of probes this strategy of a shorter wavelength emitting reference dye does
not work. This in turn means that the reference dye needs to be excitable in the same
region as the probe, the spectral overlap should ideally be minimal, and the reference
emission should not be affected by an increase of analyte and thus probe emission.
With these methods a fast, reliant, efficient and scalable production and development
of sensor and detection platforms is feasible.
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2 Recent advances and trends in optical
devices and sensors for hydrogen
peroxide detection

2.3 Abstract

Hydrogen peroxide (H2032) is a critically important, vital biomarker and hence a highly
relevant analyte in a broad range of bioanalytical applications. The most recent trends
furthering the ability of its reliable, reproducible, and sensitive quantification include the
development of non-biological enzyme mimics, the investigation of smartphone
cameras as transducers and detectors, and the continued development of semi-
reversible and reversible detection strategies. While the non-biological catalysts offer
stability-related advantages over enzymes while providing equally good limits of
detection, critical questions regarding toxicity, persistence, (bio)accumulation, and
overall environmental footprint need to be answered. In the case of heavy metal-based
strategies a replacement by non-toxic, renewable alternatives should be an obvious
research need. Signal recording has seen a dramatic change toward smartphones,
with their ever-improving computing and image-acquisition abilities. Yet, with the sheer
number of different camera and phone models progress can be difficult to assess, as
reproducibility and comparability of results and experimental set-ups are too often
elusive. In the area of semi-reversible sensors flow injection analysis (FIA) coupled
with chemiluminescence (CL) remains the most advanced system. In the case of fully
reversible sensors, research points toward oxygen-based sensing to be the most
reliable. Analyzing publications from 2018-2024, it is not surprising that the important
analytical figures of merit of low limits of detection (LODs), broad quantitation ranges,
faster response and regeneration times combined with novel (reversible) probes
continue and should remain central focus of future developments.

Keywords: H202, Hydrogen Peroxide, optical detection, optical sensors, single-use
devices, HRP, Enzyme mimic, smartphones
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2.4 Introduction

Hydrogen peroxide (H202) plays a significant role in numerous physiological processes
including, metabolic functions, apoptosis [1], cell-signaling [2] and immune-cell
activation [3-5]. Its significance as an indicator of oxidative stress [6], a defense
mechanism, and a contributor to aging is well-established [7,8]. It serves as a vital
biomarker for various diseases, such as diabetes [9], cancer and has potential to be
used in treatment of the latter [10], Parkinson's [11], cardiovascular diseases [12],
Alzheimer's [13], and neurodegenerative disorders [14]. In food safety and quality,
H202 is an important analyte, due to its use as food adulterant for example in milk, in
many cases above allowed and thus potentially harmful concentrations [15].

The quantitation of H202 may be combined with oxidases of the large group of H202-
producing enzymes, such as glucose, cholesterol, lactate, and glutamate oxidases, or
with catalase as a H202-degrading enzyme. These coupled reactions allow for the
development of sensors and bioassays that rely on H202 detection to quantify both
enzyme substrates or products, thus widening the scope of probes for H202 [16—18].
Consequently, the ongoing research in (bio)sensors based on the detection for H20:2
has found applications and is of interest in fields including medical diagnostics [19],
clinical research, food chemistry [20] and environmental investigations [21].
Furthermore, with the increasing use of peroxide-based explosives, such as triacetone
peroxide in terrorist attacks, H202 as a residual precursor and indicator has
unfortunately also become an important analyte to ensure the safety of first responders
and security personnel [22].

Electrochemical and optical methods are the two major techniques broadly used for
analysis and quantification of H202. Electrochemical devices are more frequently
developed, more commonly published, usually offer fast response times and are in
principle also applicable to continuous monitoring. The interfering challenges caused
by other electroactive species present in various matrices at higher concentrations,
such as vitamin C or uric acid, have long been solved by using a second redox reagent
that is oxidized by H202 acting as a mediator or by using electrodes with selectively
active or catalytic electrode surfaces and materials that can then detect specifically
H20:2 at lower potentials [20]. Especially interesting is the development of reversible
electrochemical systems [23]. Yet, electrode fouling is a serious issue not to be
underestimated in real samples.
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Optical H202 detection and quantification is often performed with commercially
available assay kits, such as the colorimetric 3,3',5,5'-Tetramethylbenzidin (TMB)/HRP
or the fluorometric Amplex red/HRP-assay. However, these assays require several
preparation steps with buffer addition, and calibration via dilution series thus increasing
assay time and the chance for erroneous data due to human error. Furthermore,
sample preparation can require further steps as the dye and the enzyme have to be
stored separately and at different temperatures, as it is the case for the Amplex Red
assay. While the fluorescent and strongly pink reaction product resorufin that forms
upon action of HRP or of other catalysts in presence of H202, is useful for both
fluorometric [24] and colorimetric [25] detection, its applicability is limited due to an
autocatalytic degradation of Amplex Red to resorufin when exposed to light [26]. In the
past, detection methods based on the interaction of nanomaterials [27] or peroxidase
[28] with H202 and the resulting optical change have also been developed and
successfully used.

It is hence not surprising, considering the importance of H202 detection and the limited
optical detection strategies that over the last two decades, a true plethora of H202-
sensitive photoluminescent probes has been developed [29], many of which are in the
field of organoboron-based probes [30-32]. These innovative fluorescent probes are
applied for assay development and more importantly for cellular imaging, The
experimental utilization of these innovative fluorescent probes is typically applied to
standard bioassays and more importantly for cellular imaging. Unfortunately, most of
the probes show an irreversible reaction with H202, making them useless for
continuous or reversible measurements, and are thus far from the ideal chemical
sensor [33]. Yet, they are often referred to as sensors irrespective of the definition
IUPAC definition given in 1991 [34] requiring both a receptor and a transducer.

In many application scenarios, simpler and cheaper single-use disposable devices are
preferrable over expensive and complex sensors, especially in point-of-care settings
where factors like cross-contamination or harsh conditions would affect results
negatively. These devices offer easy and cost-effective diagnostic and quantification
capabilities, reducing the need for complex laboratory equipment and potentially
lowering healthcare costs, such as pregnancy, COVID or glucose tests. Much recent
research focuses on developing single-use devices for H202, which, when combined
with H202 generating enzymes, facilitate the quantification of various biomarkers on-
site. At this point, such point-of-care devices complement traditional sensors for H202,
offering simple and rapid determination methods, while the latter may be preferred for
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more demanding online quantitation requiring higher instrumental effort over an
extended period of time.

An additional challenge researchers will commonly encounter for optical applications
when working with complex (biological) media and samples such as whole blood is
having to overcome opacity and autofluorescence. Furthermore, the presence of
catalases (which, to add to the nuisance are of course not present in the same
concentration in every person [35]) and other H202-degrading species make the
quantification of H202 both time sensitive and thus unreliable, which to some degree
could explain the concentration discrepancy and range reported in literature [36].

This critical review provides insight into the trends of recent (2018 — mid 2024) optical
sensing devices and sensors for the detection of H202 focusing on colorimetric,
chemiluminescent, photoluminescent detection and surface plasmon resonance
approaches. In analyzing the trends, the authors decided that papers exclusively
reliant on liquid assays conducted within cuvettes and microtiter plates, or applications
restricted solely to imaging or (surface enhanced) Raman spectroscopy, were
deliberately excluded from the article, with the latter having been reviewed recently
[37]. Instead, focus is on studies encompassing a broader spectrum of novel,
innovative methodologies and applications, ensuring a more diverse and
comprehensive examination of the subject matter. Based on our literature analysis and
the IUPAC definition of sensors and their possible classifications [34] we have
categorized applications and devices into three groups:

e Single-use sensors and systems featuring a non-reusable detection/sensing
module, exemplified by paper-based devices.

¢ |Intermediate sensors and semi-reversible systems, in accordance with the
classification by MoRhammer et al. [36], encompassing devices and sensing
applications capable of semi-continuous detection. This involves the consistent
introduction of reagents, akin to flow injection analysis (FIA), or relying on
reactions reversible by external factors such as light, temperature, addition of
redox reagents, or potential cycling to facilitate the regeneration of sensing
capability.

e Fully reversible sensors.
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Herein, we highlight innovative devices and sensors employing novel (enzymatic and
enzyme mimicking) enhancement strategies and materials, (smartphone) detection
and (semi) reversible and continuous sensors.

2.5 Single-use sensors and systems for quantitation of H202

2.5.1 Novel (enzymatic) enhancement strategies and materials
2.5.1.1 Enzymatic detection

Detection of H202 with HRP as a catalyst/recognition element is a classical way of
signal generation. The commercial availability of this reasonably inexpensive enzyme
has resulted in an abundance of published protocols demonstrating its rapid reaction
kinetics under mild reaction conditions ideal for biological and bioanalytical
applications. Standard protein chemistry allows conjugation to various (bio)molecules,
immobilization and its use as a signal enhancement strategy. However, similar to most
enzymatic applications it is susceptible to inhibition by interferences. In the case of
HRP, cyanide, azide, hydroxylamine, and some heavy metal ions are most known for
reaction inhibition. Furthermore, a higher background signal due to non-specific
enzymatic conversion in the absence of H202, a high pH dependent activity, a poor
stability when exposed to higher temperatures and organic solvents limit HRP’s
application and calls for more research [38].

In order to increase the stability of HRP and reduce the experimental assay complexity
some research focuses on the encapsulation or immobilization of HRP in a suitable
matrix such as a polydimethylsiloxane (PDMS) layer with a GPT linker [39], in a carbon
dot-doped hydrogel sensor array [40], as enzyme-inorganic nanoflowers made from
EDTA, CaHPO4 and HRP [41], gold nanoparticle(AuNP)-enzyme [42] or HRP-BSA
AuNP nanoclusters [43]. The respective approaches hone in on providing a reusable
and simple CL-platform by Bocanegra-Rodriguez et al. [39] to achieve an LOD of
0.02 ymol-L" range 0.06 - 10 umol-L-! (see table 1), a multiplexing, PDMS-housed
sensing array for H202 mediated colorimetric detection of wound related biomarkers
such as glucose and uric acid and non-H202 mediated like pH, total protein and urea
with good accuracy by Zheng et al. [40], enabling colorimetric H202 detection with TMB
was developed by Tian et al. whose nanoflowers maintained 90% activity over 30 days
at -20°C, offering potential in applications like prostate cancer screening and water
quality monitoring and achieving an LOD of 1 ymol-L-' and an analytical range of
2 —100 ymol-L-" [41], integration of luminescent HRP-Au nanoclusters into a
microfluidic droplet device for single-cell secreted H202 detection by Shen et al. [42] or
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the encapsulation of advanced HRP-BSA AuNP nanoclusters [43] into a glass-based
microfluidic device limited to visual detection and an LOD of 0.5 nmol-L"' and a
reasonably broad analytical range of 0.5-—50 nmol-L-! in cuvette-measurements
(Figure 2.1). However, for a better comparability of the performance in the cuvette and
of the microfluidic device, a signal data acquisition of the HRP-encapsulated
fluorescent bio-nanoparticles (HEFBNPs) beyond mere detection with eye-vision,
especially considering the impressively low LOD and analytical range, would have
been desirable.
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Figure 2.1: Schematic illustration of the quenching mechanism of the innate Au-nanoclusters HEFBNPs
fluorescence by addition of H202 and its applications. Reprinted with permission from [43]. ©MDPI

Goicoechea et al. [44] developed a self-referenced optical fiber sensor for H202
detection based on localized surface plasmon resonance (LSPR) of metallic
nanoparticles in layer-by-layer (LbL) films. The sensor utilizes a LbL nanoassembly
technique to fabricate sensitive nanocoatings on the optical fiber core. The
nanocoatings incorporate both silver nanoparticles (AgNPs) and gold nanoparticles
(AuNPs), which exhibit different sensitivities to H202. The LOD of the sensor is
estimated to be 2.7 ppm and allowed for compensation of light source fluctuations,
sensor drift and measurements of a total of 40 min. Unfortunately, the signal from the
LSPR absorption bands was noisy impacting signal quality, in the current setup,
presumably due to dipping of the sensor into solutions, instead of using a flow-system,
which would have been desirable. While the sensor did show no to very little signal
change in presence of interferents such as Hanks' Balanced Salt Solution (HBSS),
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glucose and ascorbic acid, a measurement in a real ‘live’ cell culture or any other
complex matrix to see the effect of cell matter and proteins on the sensor would have
been interesting.

Main focus on paper-based colorimetric enzyme-based devices using HRP take
advantage of smartphones for signal recording. For Galban [25], Amplex red provided
significantly better LODs as demonstrated for the precise and reproducible detection
of histamine/tyramine and H202than using TMB or ABTS, as their approach avoids the
issue of lateral reactions such as the oxidation of the dye by the aldehyde forming in
the oxidation step of histamine. Yet, as indicated in the introduction, both Amplex Red
and the respective peroxide-generating enzymes require refrigeration for storage
inhibiting the applicability in the field. In the case of Hosu et al. [45] a poly(aniline-co-
anthranilic acid) (ANI-co-AA) composite film was used as substrate. It was applied in
a multiplexing platform reaching LODs of 34.6 umol-L-' by spectrophotometric
detection and 51 ymol-L-" with the smartphone, thus not providing the most sensitive
device, an acceptable trade-off for its simplicity in use, a 2 min assay time, the
multiplexing assay and the accessibility of the smartphone readout. The advantage of
the of the film material was, that it could not just act as carrier/immobilization
membrane for the enzyme, but also as chromogenic reagent. Lima et al. [46] used
guaiacol in a paper-based device with wax-printed wells together with self-extracted
peroxidase from zucchini for the detection and quantification of H202 in milk. With a
linear calibration between 1.25 mmol-L-' and 15 mmol-L-! they were able to achieve
an LOD of 0.354 mmol-L-" and an LOQ of 1.18 mmol-L-! respectively. In spiked milk
samples, they were able to achieve recovery values between 92.2 % - 108 % whilst
maintaining relative standard deviations below 6.5 %. Guaiacol is hence an interesting
substrate as it delivers appropriate detection limits while being much cheaper than
other colorimetric substrates.

2.5.2 Enzyme mimic-based and catalysis-enhanced sensing

Synthetic enzyme mimics or nanozymes have proven to be a true gamechanger in the
field of optical sensing of hydrogen peroxide. In the last 15 years, the development of
synthetic materials with alleged peroxidase activity has been increasingly successful
[47] with their use being reported in several electrochemical sensors [48]. Initial papers
describe the use of Fe30s4-NPs and graphene derivatives. Currently, other
nanomaterials dominate the research landscape. Such studies are e.g. based on the
structural and surface modification of already existing mimics, of new metal organic
frameworks (MOFs) including their surface activation/increase, and the search for
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more sustainable synthesis and precursors/educts. So called enzyme mimics or
nanozymes are supposed to overcome issues such as storage & temperature stability,
limitations of pH dependent activity; and can provide a tunable activity [49,50]. As with
any nanomaterial, one of the major issues is the reproducibility of their synthesis, size,
homogeneity, and batch-to-batch variations. Crucial questions regarding toxicity have
to be addressed before moving to in-vivo or clinical applications. Of equal importance
is the environmental impact where release into the environment is possible, a
consideration that is unfortunately rather rare in literature.

Also in optical assay strategies these peroxidase mimicking artificial enzymes are
increasingly employed [51,52]. Major advances made over the last years include the
development gel-based matrices with peroxidase-mimicking ability and the integration
of novel synthetic enzyme surrogates in paper-based devices. In the first case, the list
of such novel gel-based devices include, a capillary array-based colorimetric platform
to detect H202 in milk with sodium alginate coated Fe304-NPs and TMB showing an
enhanced catalytic activity [53] in comparison to ‘naked’ NPs, a Cu(ll)/Co(ll) bimetallic
organic gel with enhanced peroxidase-like activity, requiring 20 min at 45 °C [54], a
dual-use PtNis hydrogel with high stability, selectivity and reproducibility as
electrocatalyst for electrochemical and as peroxide-like nanozyme with TMB for the
colorimetric detection of H202 secreted from HELA cells in a custom-made portable
colorimetric sensor [55] or the development of a chemiluminescent glucose POC
device with a peroxidase-like hemin containing guanosine hydrogel loaded with luminol
in analytical cartridges for smartphone detection [56] (Figure ). In all of these assays
the used mimics showed competitive catalytic activity in comparison to HRP or were
able to provide catalytic activity in HRP-adverse conditions.
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Figure 2.2: lllustration of the peroxidase-mimicking G-quadruplex guanosine-derived hydrogel loaded in analytical
cartridges for chemiluminescent detection of glucose and H202 for smartphone-based detection as developed by
Calabria et al. Reprinted with permission from [56]. ©2023 MDPI.
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In the case of paper-based strategies, innovation afforded through an enzyme mimic
is paired with the unique advantages of the simplistic, yet adaptable assay format.
Listed here are a few especially interesting publications that have demonstrated
applicability in real matrices in all cases. For example, sericin-capped AgNPs were
integrated into a paper-based origami folding device whereby folding the paper-based
device the sample flows through the enzyme layer (for the glucose device) or the
enzyme mimic layer before reaching the TMB reagent (Figure ). This origami layout
allowed for both, the separation of the reagents and catalysts/enzymes and showed
improved assay speed in comparison to ‘classical’ paper-based devices [57].
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Figure 2.3: Mirzaei et al developed a paper-based origami folding device for the detection of glucose and H202.
Layout and design of the devices for (a) H202 and (b) glucose detection. With (I) injection, (lI) GOx (glucose-
detection exclusive), (lll) nanozyme and (IV) detection layer). (c) Assay procedure and colorimetric change. (d)
Recording the image of sensor before and after exposing to analyte. (e) Image analysis in ImageJ, (f) evaluation of
color difference map. Reprinted with permission from [57]. ©2023 Springer.
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Cheng et al utilized mesoporous CuO hollow sphere nanozymes in a paper-based
device for a smartphone-based readout [53]. However, the authors fail to mention any
specifics regarding, lighting and camera settings and how the smartphone was held in
position. Cellulose membranes with immobilized Au nanoclusters acting as peroxidase
mimic for the detection of H202 and uric acid were proposed by Wei et al. [58].
Peroxidase mimicking MoS2-SrTiOs [59] and alginate-gel stabilized MoS2@CoTiO3
[60] nanocomposites for colorimetric detection of H202 with TMB were applied in
paper-based formats. Research on cellulose nanofibrils/Fe-doped carbon dot
composite nanopapers for the smartphone-based colorimetric detection of H202 and
glucose was published by Bandi et al. [61]. Most notably, the group was able to recycle
and reuse the test strips with the enzyme mimic with treatment of 0.1 mol-L-" ascorbic
acid, followed by washing steps up to 10 times without a significant loss of activity. The
group of Qui [62] used self-assembled nanocomposite Pd-Pt@hemin-rGO/CNTs-
COOH in paper-based indicator strips with TMB for the detection of H202. Beng et al.
synthesized carbon dots co-doped with B, N, and S for smartphone-based colorimetric
detection of H202 in samples like milk and mouthwash [63]. Another group [64] used
molybdenum oxide quantum dots (MoOx QDs) showing peroxidase-like activity on a
microfluidic paper-based analytical device for the rapid colorimetric detection of H202
released from PC12 cells with ABTS as dye. The paper-based device was able to
detect H202 with an LOD of 0.175 ymol-L-! after an assay time of 10 min.
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Figure 2.4: Cheng et al. developed a paper-based platform with mesoporous CuO hollow sphere nanozymes as
peroxidase mimic for the colorimetric detection of H202. Reprinted with permission from [65]. ©2021 MDPI
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Overall enzyme mimics can provide an innovative and intriguing alternative to classical
enzymatic catalysis in H202 detection. Aside from the general limitations and issues
aforementioned, it is crucial to see more benchmark experiments with HRP in place of
the mimic. Only this would allow for true comparability and as proof of an actual
improvement or advantage of the mimics over the enzyme. Few researchers spend
time and resources on such often enough tedious comparison studies since assay
parameters for enzymes and mimics differ. Thus, such parameter misalignment when
done poorly, will potentially compromise comparability once more. Furthermore, the
terms or rather neologisms nanozyme and enzyme mimics are often coined to new
catalysts with improved surface structures or combinations of metals employed in
reactions that result in the same detectable product as with an enzymatic reaction, i.e.
TMB in a Fenton-type reaction without the peroxidase-typical two-electron process.
Often Michaelis-Menten kinetics for single-enzyme, single-substrate [66] systems are
used despite the often-encountered two-substrate mechanism [53] where other kinetic
models, such as Langmuir-Hinselwood [67] are better suited to describe the observed
reaction time course. Furthermore, a sufficient saturation with substrate or the amount
of catalytically active surface or centers in comparison to the used weight is often
ignored. That raises the question if the employed substances qualify for the term
nanozyme or enzyme mimic and, if needed in excessive amounts 600 ug-mL-" of
Fe3Os4 QDs vs 500 ug-mL-' TMB [53], even as a catalyst or just as a stochiometric
reagent [68].
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In the field of catalytically enhanced H202-sensing, next-generation probes have
provided much advancement in the detection of H202. Huang et al. developed a
biocompatible GelMA hydrogel with encapsulated Mn-containing bioactive glass and
CePO4:Tb (CPT-MnBG-Gel) for wound monitoring and H202 scavenging capabilities
for faster wound healing [69] Through chemical modification of Iluminol, m-
carboxyluminol demonstrated an enhanced CL-signal [70] and was successfully
integrated in p-pads with the option of a smartphone-based readout [71] where H202
was detectable with an LOD of 13 ymol-L" with a range of up to 2000 ymol-L-! and
lactate with an LOD of 0.03 mmol-L-" with an analytical range of up to 100 mmol-L".
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Figure 2.5: Rink et al. present a wax-printed p-pad with the enhanced CL-reagent carboxyluminol for the
smartphone- or CCD-camera based detection of H202. Stepwise illustration of the assay procedure in (A) for H202
detection and luminophore detection with (1) applying sample to sample zone, (2) signal development and (3) taking
images with a CCD camera and in (B) for the L-lactate assay with (1) applying sample to sample zone, incubation
for 10 min, (2) opening sample chamber (3) signal development and (4) taking images with either a smartphone or
CCD camera, schematic illustration, and real images with sulforhodamine B dye solution for better illustration of
liquid flow. Reprinted with permission from [71]. ©Wiley 2023.

The integration of previously known catalysts and reagents into paper-based or
miniaturized 3D-printed devices are other innovations seen in literature. For
chemiluminescent quantification of H202 in milk, featuring a dedicated variable gain
amplification system, and disposable wells with a hydroxyethyl cellulose-based
detection membrane, miniaturized 3D-printed devices with disposable cartridges and
flow-systems were developed by Vasconelos et. al. [72]. They allowed detection of
H202 down to an LOD of 9umol-L'! and a linear range of approximately
30 - 270 umol-L.
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Vasconelos et. al. A) Scheme of the sensing membrane fabrication; B) exploded view of the integrated detection
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© 2023 Elsevier

Upconverting nanoparticles (UCNPs) have shown to be a valuable approach to work
with or in complex biological matrices. Here, the efficiency and reliability of traditional
probes and sensors are often challenged by many interfering substances as well as
physical, chemical, and biological barriers. UCNPs are nanoparticles based on a
nanocrystalline host e.g., NaYF4 or LiYF4 that have the ability to convert low energy
NIR light into visible light with higher energy by serial multiphoton excitation steps. The
various (and complex) mechanisms of upconversion and the design and variety of
upconverting nanoparticles are highly interesting and literally exciting topics that has
been reviewed thoroughly elsewhere [73,74]. When doped with Yb3* as sensitizer and
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Er3* as acceptor, UCNPs have the capability to be excited close to the optical window
of tissue allowing a deep tissue penetration. Moreover, UCNPs offer great optical
properties among low autofluorescence, high signal-to-noise ratios, exceptional
photostability and non-blinking emission. Despite some issues with UCNPs such as
the susceptibility to water quenching and the significantly lower quantum yield and
overall brightness in comparison to organic dyes, UCNPs have become an increasingly
popular choice and powerful tool for photodynamic therapy approaches as well as
sensor and probe development [73,74]. Their applicability for H202 detection was
beautifully demonstrated by Wang et al.'s [75] device with an integrated pump for long-
term monitoring of H202 in ovarian cancer peritoneal metastasis (Figure ). Good
sensitivity and real-time detection capabilities show promise, yet challenges remain
regarding in-vivo applicability and long-term stability. Unfortunately, the device is being
hamstrung by its detection method with the irreversible oxidation of the used IR820
dye by *OH produced in a Fenton-type reaction, making replacement of the sensing
membrane necessary for longer measurements underscoring the need for further
research and refinement in this field.
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Figure 2.7: Detection modes and devices using UCNP-luminescence as developed by Wang et al. a) Scheme of
the developed detection modes for H202 via implantable devices. b) Structural schemes and photographs of the
fabricated micropump and detection cell. ¢c) Photographs of the electromagnetic-driven device before and after
dismantling of the shell. Reprinted from [75] with permission. © 2023 Wiley.

Wu et al. [76] developed a portable dual mode sensing chip combined containing o-
phenylenediamine (OPD) as colorimetric reagent together with facet-engineered iron-

based MOFs as enhanced Fenton-type catalysts and fluorometric agents. In their chip
the sample would first be exposed to the MOFs producing *OH and quenching the
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MOF fluorescence with a simultaneous emission color shift from blue to yellow. The
produced *OH could then be washed to the second pad containing OPD resulting in a
colorimetric change. This change in MOF emission and dye color change could be
captured with a smartphone. Based on the evaluation of the image with a network
model the differentiation between different oxidizing agents, such as permanganate,
dichromate, and TATP was possible. In cuvette-based experiments and the ratiometric
emission 572 / 447 nm of the MOFs allowed for an LOD of 2.06 nmol-L".

a- i Buffer solution i

SE-VGG16
network model

samplin
uﬁit Y Component 1

Component 2

', Test Blank

Flu. image database Identifying

1.0
I:)1.0- > o Q¢ e e e o T 20 c /\‘;@- 0 0 0 0 0 0 1
]
0.8 // +1.6 ° &0 0 0 o 01 0] 08 2
- 27| I
Q —4&— Flu. validation accuracy |- 1_25 % \‘.\Q‘Jeg: ¢ 0 0 oyt 9 08 %
gD.B- Abs. validation accuracy 2 ~ (\O 40 0 0 1 0 0 0 2
—<— Flu. validation loss | < Lo e ) 1 0 o 0 0.4 =
804 - Abs. validation loss 0.8 o g &% 0 3
< [ o 4% 2 -l-’:z\g»- o 1 0 0o 0 0 0] o2 o
0.2 4 ' d1 0o 0o 0o 0o 0 0
&
0.0 & & o E T T é 0o
S P A S P Y| i 3 ek,
0.0 ——————— oF ¥ ¢ o SV
L
0 2 ¥

<
Abs. Predicted labels

Colorless
solution

Detection
device

Figure 2.8: Portable dual detection sensing chip by Wu et al. a) Schematic representation of the sensing chip design
and image-based network model analysis. B) validation accuracy and loss values of the fluorescent and colorimetric
detection modes. Confusion matrices of the c¢) colorimetric and d) fluorescent detection with different analytes. e)
image of the 3D printed chip/smartphone holder and colorimetric and fluorescent response on screen. f) response
to colorless analyte solution with 0.3 w% H202 and g) white powder with 5 w% TATP. Reprinted with permission
from [76] © 2024 Wiley
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2.5.3 Noncatalytic sensing of H20>

Non-catalytic detection approaches of H202 are leaner and are often more
straightforward than those requiring an additional, catalytic assay component. Typical
and recent examples for the detection of H202 are probes with a boronic-ester group
as a recognition element, (quenching of) aggregation-induced emission,
sonochemiluminescence, and fluorescence quenching. Obviously, the lack of an
enzyme or catalyst as recognition element leads to reduced selectivity as unwanted
(faster) reactions with other (oxidizing) reagents occur, such as boronic-ester groups
reacting non-specifically also with peroxynitrite, hypochlorous acid and
peroxymonophosphate [36]. Also, the lack of a catalyst and hence increased activation
energy barrier suggests that additional energy input is needed, or increased assay
times occur, possibly limiting the practical application of such devices. That is the case
for Dutta and Maitra's [77] paper-based approach utilizing a cholate hydrogel with the
deboronation of a sensitizer ligand to then allow the energy transfer of UV-excitation
light to the lanthanides Eu3* or Tb3*, respectively. With an incubation time of 1 h and a
required temperature of 50 °C the method is both time-consuming and requires an
additional heating element to work. Surprisingly, the method shows reasonably good
reproducibility and disc to disc variation despite the ‘simple’ drop coating preparation.
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Figure 2.9: Schematic representation of the sensitization of the Tb® lanthanide hydrogel and images of
photoluminescent paper discs with different concentrations of H202. Reprinted with permission from [77]. ©2022
American Chemical Society.

27



Recent advances and trends in optical devices and sensors for hydrogen peroxide
detection

Cheng et al. [78] used a naphtalimide-based dye with a hexyl backbone and an aryl
boronic ester moiety (C6NIB) on an aluminum foil-based silica gel plate sensing
platform for the detection of H202 in vapor. They were able to detect H202 down to an
LOD of 2 ppb with a detection time of only 70 s. For higher concentrations such as
30% H202, a detection/ response time of 0.5s could be achieved. However,
presumably due to difficulties regarding reproducibility in the production of the films
and the and the construction-related measuring time, the authors did not carry out
multiple determinations. Similarly, the group of Zhang [79] used pyrene/fluorene-based
probes DB-WCZ (with two carbazole groups) forming porous microstructures
enhancing the diffusion of H202 in vapor and DB-W with two aryl boronic-ester
moieties, one on the pyrene and the fluorene moiety each, for the fluorometric
detection of H202 and triacetone peroxide (TATP) in vapor. The spin-coated films could
detect 2.2 ppb of H202 with a reasonably good reproducibility.

Xu et al. [80] integrated a fluorescent ratiometric probe for smartphone-based detection
of H20:2 into a paper-based device or a miniaturized portable 3D printed testing system
with an integrated UV light excitation source. They used a flavonoid dye with an
organoboron H202-reactive moiety that can bind or coordinate to the hydrophobic drug
reception sites in albumin in a 1:1 ratio resulting in both, an enhancement and a blue
shift of the observed fluorescence reaching an emission maximum after about 5 min
assay time. In a titration assay, the flavonoid/albumin probe (HFPQ@ALB) could reach
an LOD of approximately 3.5 pymol-L-' and a linear range of up to 50 ymol-L-". With the
smartphone application Color Desk a good linear relationship up to 200 umol-L-' H202
was achieved (Figure ). Here, the general disadvantages of the non-catalytic approach
are overcome through the favorable hydrophobic environment in the albumin. As is
true for most reactions in organic chemistry, the oxidative cleavage of boronic ester
moieties and their kinetic is strongly influenced by electronic and steric coordination
effects. This results in the stabilization of transition steps as a result of solvent cages
other groups from the boronated molecule. These factors could explain some of the
variations seen in the required reaction times and temperatures of the aforementioned
probes and assays.
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Figure 2.10: Xu et al. [80] present the integration of an advanced flavonoid dye with a boronate group as recognition
element embedded in albumin in a paper-based device or cuvette-based assay for smartphone readout. Reprinted
with permission from [80]. ©2023 Elsevier.

Chang et. al. [81] published a strategy for the detection of H202 and glucose on a
paper-based system using an AIE fluorogen-based sensing. The proposed AIE
fluorogen-based sensing strategy shows high sensitivity for H202 detection in both,
solution state and on a paper-based fluorescence sensor. The paper-based assay has
an LOD of 2.5 ymol-L* and a range up to 5 mmol-L-' for H202 and 50 nmol-L-! for
glucose. An obvious disadvantage is the incubation time of 30 min at 37°C and, if
human serum is applied the need to dilute the sample 1:10 to avoid a reduction of the
fluorescence intensity (Figure ). The paper-based device of Mei et al. [82] detects H20:2
via the quenching of the aggregation-induced emission (AIE) of Cu nanoclusters with
Ce?*. The detection of H202 is possible with an LOD of 3 ymol-L-" and a linear range
of 14 — 140 pymol-L-'. Combined with GOx, the device could be used for the detection
of glucose in human serum with an LOD of 2.4 umol-L-' and a linear range of
8 - 48 umol-L" showing high sensitivity and selectivity for glucose detection. The
authors also claimed that glucose concentrations from 16 — 3200 uymol-L-" could be
discerned by eye-vision based on the color change under a 365 nm UV lamp, making
rapid clinical or POC diagnostics possible. However, with a total incubation/reaction
time of 40 min, the term ‘rapid’ diagnostics is questionable especially compared with
commercially available electrochemical glucose sensors, that can provide data from
whole blood within seconds.
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Figure 2.11: Schematic illustration of the principle for H202 and glucose detection based on AlEgens. Reprinted
with permission from [81]. ©2018 Elsevier.

Providing an apparative improvement the sonochemiluminescence (SCL) approach of
Meng et al. [83] features an apertureless ultrasonic spray-based photoacoustic sensing
platform for the detection of H202, glucose, and GOx activity. The apertureless USB-
piezoelectric ultrasonic transducer (USB-PUT) overcomes the limitations of the
previously established mesh-type USB-PUT, such as solution leakage and
atomization, and enhances the sensitivity and intensity of the detection.

Sharma et al. [84] modified the surface of a paper-based device with a silver
nanoparticle alginate composite (AgNPs@alg) for the smartphone-based colorimetric
detection of H202 in a custom-made 3D printed photobox suitable for multiple
smartphone models and form factors. With only 5s of assay time (dipping into
solution), detection is simple and fast, but with an LOD of 0.1 mmol-L-! not the most
sensitive approach.

He et al. [85] developed a paper-based fluorescent device for the rapid early screening
of oral squamous cell carcinoma by detecting lactate and choline via the generation of
H202 by GOx and LOx. H202 was detected by the fluorescence decrease of porphin-
grafted composite fluorescent polymer colloids (PF-PDMTP/HQ) (Figure ). The signal
could be detected by a grayscale value analysis of a smartphone image of the paper-
based device allowing for the quantification of H202 with an LOD of 9.4 ymol-L-" and a
range up to 200 umol-L-'. The linear detection ranges of the grayscale value were
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10 — 200 pmol-L" for lactic acid and 10 — 100 ymol-L-' for choline, with LODs of
5.7 umol-L-" and 8.9 ymol-L-' respectively. With the need for an UV-lamp for detection
the device is not the most convenient, but with a very short assay time of only 5 min
and the smartphone-based readout the method offers an intriguing and powerful
opportunity for POC-care.
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Figure 2.12: Design and detection methods of CP/HQ paper-based device as presented by He et al. Reprinted with
permission from [85]. ©2023 ACS.

Unfortunately, with a few positive exceptions, many publications of single-use devices
do not examine important analytical measurement parameters such as the
reproducibility of the production process or the precision and accuracy of the results.
Layer thickness variation for (thin)films, coated and printed devices [86], the coffee-
ring effect [87] or dispensing volume variations for drop coated and similar applications
or variations from the probe carrier material or catalyst can negatively affect
performance to name a few. Unfortunately, such considerations and measurements
receive too little attention although they are direly needed to evaluate the production
process and all measurements. Yet, since manual preparation in the lab cannot provide
the precision provided by mass-produced devices, and since additional significant
effort is needed to produce such results, too many academic scientists shy away from
presenting such potentially difficult data.
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2.5.4 The complexity of smartphone-based optical data acquisition

With several groups using smartphones in previously mentioned publications, one
cannot and should not avoid addressing the issue here. The dramatic improvement of
camera and imaging technology of smartphones enables researchers to use them for
data recording of sensor signals [88—90] and in general as transducers and photon
detectors for optical applications. Smartphones can represent a compact and user-
friendly detection system for performing various chemical assays, enabling real-time,
on-site, and point-of-care testing. This shift from traditional laboratory-based analyses
to portable, smartphone-integrated approaches broadens the accessibility of chemical
testing away from the lab toward the general public. In contrast to photoluminescence,
chemiluminescent [56,71] and colorimetric applications [25,40,63,91] generally require
no additional external light source, making the latter two the preferred detection
methods in the readout of analyte concentrations with smartphones.

The constant evolution of smartphone cameras and the variation between models
brings forth a substantial challenge for standardization and hence universal
applicability in analytical systems. While the ongoing advancements enable more
sensitive and sophisticated detection methods, the plethora of choices in the
smartphone market makes it challenging to create detection cabinets and protocols
that can seamlessly integrate with every model. Each smartphone model possesses
unique features, dimensions, camera specifications, positioning of the camera on the
smartphone, software (availability & compatibility) and sensor configurations, leading
to variations in light detection performance and potentially compromising the reliability
of analytical results, a factor typically overlooked or ignored in papers featuring
smartphones as detection platform. Specifically, most researchers are content to
demonstrate the feasibility of their studies with one specific smartphone model and one
operating system and do not provide general applicability. Moreover, the abundance
and widespread availability of smartphones are often touted as major selling points
and primary reasons for utilizing them in analytical applications. However, the very
characteristic that makes smartphones attractive for widespread use becomes a
double-edged sword. The allure of accessibility can lead to a lack of thorough
consideration for the challenges posed by the diversity of smartphones.

With regard to the measurement setup or measurement design, one should ask
oneself in many publications why, if a simple and portable low-effort system is to be
developed for ‘everyone’, the complex and time-consuming calibrations should not also
be simplified. Especially for colorimetric and reflectometric measurements, the addition
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or rather integration of a calibration color-bar or code (as is already used in a variety
of indicator and test strips [92]) should do the trick. Thinking onward: With the current
developments and interest in machine-learning and image analyzing Al, future
applications in detection and analysis with smartphone based apps could also greatly
benefit from that development with some groups already applying that to basic
colorimetric systems [93].

The lack of standardized reporting of operational parameters used in smartphone-
based detection in publications exacerbates this issue. Without comprehensive
information on the specific parameters and settings used in experiments, the
reproducibility of results becomes a daunting task. Researchers aiming to replicate or
build upon these studies may face difficulties in achieving consistent outcomes without
a clear understanding of the operational intricacies tied to specific smartphone models.
Ideally, parameters that would be published are (if available) used aperture, shutter
speed, white balance, ISO-value, color space, data format (e.g. JPEG, RAW, TIFF,
etc.; with only RAW files representing real image data unbiased by the camera
software), type of (CCD)sensor, software version of image-capturing software and
used automated image processing routines by the camera software (if so), and the
used illumination source. Such datasets should become standard or at least be a
standard to that should be striven for to warrant replicability of analytical detection with
smartphones and contribute to let them become a more accepted means of detection
rather than a trendy additional detection system.

The need for adaptability across different smartphones and operating systems is
crucial for the advancement and acceptance of smartphone-based analytical systems.
Collaborative efforts within the scientific community, involving researchers, developers,
and industry stakeholders, are essential to establish guidelines for reporting
operational parameters and creating adaptable detection cabinets. Such guidelines
would ensure a more systematic approach to smartphone-based analytical research,
fostering standardization and improving the overall robustness and reliability of these
systems. This issue is gaining attention, with different groups on the scientific side
proposing such standards for reproducible reporting and data acquisition [94,95], open
source software for image analysis [96], digital color analysis [97], color correction
algorithms [98] and positive influences arising from microscopy applications [99].
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2.6 Sensors, Intermediate and semi-reversible sensing systems
for quantitation of H20:2

Many applications including environmental analysis, process, biomedical and general
cell culture monitoring, will greatly benefit from a constant monitoring of H202 or
precursor analytes [100]. Overall, development of such continuous and fully reversible
optical sensors has been slow since their tasks are significantly more challenging. The
well-known interferences and problems such as (bio)fouling [101], photobleaching,
general changes in the composition of the analyte matrix including variations in pH,
ionic strength, leakage of probe molecules and temperature are all dramatically
enhanced challenges for continuous sensors. Intermediate and semi-reversible
strategies can in some instances provide a sufficient solution through the help of an
appropriate engineering and assay design.

2.6.1 Intermediate and semi-reversible sensing systems for quantitation
of H202

Intermediate and semi-reversible systems represent the steppingstone between
discontinuous single-use sensors and continuous fully reversible sensors. These
systems allow semi-continuous detection by repeated sample injection with irreversible
reactions, with steadily or repeated input of reagents, such as flow injection analysis
(FIA) or external factors such as light, temperature, addition of redox reagents or
cycling by an applied potential to allow (sufficiently fast) regeneration of the sensing
capability.

2.6.1.1 FIA systems

Due to the in-flow addition of buffer and reagents, FIA systems can work with a variety
of sample types and concentration ranges with a broad range of pH values, assuming
a sufficient dilution and buffering can be reached. The noteworthy recently developed
FIA-protocols are mostly CL-based. Aside from the advantage of not requiring an
excitation lamp, thus reducing the required number of optical components, CL
reactions often show rapid to seemingly instantaneous kinetics, the temporal resolution
therefore being mostly defined by instrumental limitations. However, requiring a certain
level of instrumentation with pumps, waste disposal, reagents, buffers and the like
combined with a temperature dependence of CL reactions, such FIA systems are not
the preferred choice for remote or POC applications. As the injected samples are being
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‘contaminated’ with reagents and buffers such systems are also not applicable to
‘closed loop’ systems and are not ideal for very small sample volumes.

Advances both in instrumental nature and on the basis of reagent additives were key
to the work by MoBhammer et al. [102] (Table 2.2) who developed a versatile FIA
system coupled with microdialysis probes allowing an initial size exclusion to avoid
contamination of the system with larger molecules for the sensitive detection of H20:2
with an acridinium ester as CL reagent. Their protocol and setup offers customizable
calibration ranges and exhibits enhanced selectivity, especially with the addition of
EDTA to prevent commonly occurring interference from metal ions such as Fe(ll) and
Fe(lll) [103] (Figure 2.13).

Sample Loop
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Figure 2.13: Schematic of the FIA setup developed by MoRBhammer et al. with microdialysis probe for sample uptake
with a syringe pump. The reagent and buffer additions are achieved with a with peristaltic pump. Reprinted from
with permission [102]. ©2018 Elsevier.

As with single-use devices, also enzyme mimics are seeing their use in FIA systems.
For example Li et al. developed a [104] CL FIA protocol using a Fe-porphyrin covalent
organic framework (Fe-PorCOF) as peroxidase mimic combined with luminol for H202
detection and a broad linear range of 0.01 to 10.0 ymol-L~" and an LOD of 5.3 nmol-L™"

in carbonate buffer pH 10.5. Aside from the use of the enzyme mimic the FIA protocol
and setup was standard.

Yuan et al. [105] realized a CL FIA approach through a sulfonated polyaniline
decorated copper-based metal organic frame composite (SPAN/HKUST-1@Luminol).
This composite has a significantly enhanced CL quantum yield of 136 times higher
than luminol and showed good signal intensities not only in basic conditions, but also
at physiological pH of 7.4. In a PBS pH 7.4 running buffer, they were able to detect
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H202 with an LOD of 60 nmol-L" with a linear range of 0.1 — 30 umol-L-! and in
0.1 mol-L-* NaOH down to 25 pmol-L-" with a linear range of 30 — 600 pmol-L-'. Thus,
combining their system with an autosampling setup would make a very interesting
setup for monitoring H202 in cell cultures (Figure 2.14). In another study, Shen et al.
[106] published a FIA protocol integrating carbon nanodots (CDs) and bis(2,4,6-
trichlorophenyl) oxalate (TCPO) for sensitive quantification of H202 and glucose with
an LOD of 11.7 ymol-L"" and a wide linear range up to 15 mmol-L-" with the option for
an exponential fit extending the quantitation range up to 50 mmol-L-'. Most notably, the
CL quantum yield of the CDs reached (8.22 + 0.30) x 1072 which the authors claim is
among the best values reported for a CL nanomaterial used in chemical analysis. New
in their system is the use of these enhanced CL-carbon dots, whereas the FIA protocol
itself is a traditional strategy.

In the case of Sun et al. [107] a chemiluminescence resonance energy transfer (CRET)
platform is proposed that utilizes WS2 quantum Dots (QDs) for assessing H202 during
photocatalytic processes, achieving a low LOD of 38 nmol-L"" and a linear range from
0.14 — 14 ymol-L™'. This is especially interesting for future applications on the analysis
and evaluation of disinfectant properties of photocatalytic species.
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Figure 2.14: A Schematic diagram of synthesis of SPAN/HKUST-1@Luminol composite and the mechanism of the
CL detection of H202. B SEM image of SPAN/HKUST-1@Luminol C CL responses of the SPAN/HKUST-
1@Luminol in PBS (pH 7.4) toward different concentrations of H202 (fromato h, 0.1, 0.7, 1, 2, 3, 7, 15, 30 umol-L").
Reprinted with permission from [105]. © 2023 Elsevier.
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A unique strategy to overcome problems with both the autofluorescence/color of
erythrocytes and the time-factor of measuring H202 from whole blood samples is
proposed by Sen et al. [108]. By using an acoustics-based blood plasma separation
module in their microfluidic setup they were able to remove interfering and H20:2-
degrading contents and quantify H202 from fresh whole blood samples in one setup in
flow. The separated plasma was then mixed in the microfluidic chip with HRP, buffer
and Amplex red which could be measured on-chip and off-chip in their setup. In the
on-chip separated plasma the group was able to detect H202 in a range of
0 —49 ymol-L* and with an LOD of 0.05 pymol-L-! within a total response time of
15 min. For healthy individuals the group reported H202 values in the range of
0.8 — 6 ymol-L-" in whole blood. While microfluidic systems do allow a miniaturization
of the actual mixing and measurement modules, and in this case also makes
centrifugation obsolete the previously mentioned same restrictions as for the other FIA
systems apply, but by using a microfluidic system they were able to reduce the required
sample, buffer and reagent volume in comparison with a larger FIA setup. By choosing
a photoluminescent reagent, the setup naturally also requires an excitation light source
or laser, respectively. The results suggest that the setup could be applied also to rapid
blood screening (Figure ).
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Figure 2.15: Sen et al developed a microfluidic FIA-device for the detection of H202 in whole blood with a blood
separation device on-chip. (a) Schematic of the microfluidic device with blood separation (module ) reagent and
buffer addition and mixing (module 11) and detection (module Ill) (b) photograph of the microfluidic device and the
respective modules, (¢) images of the fluorescence in a reaction cup and in the channel (d) Amplex Red reaction
with H202 in presence of HRP. Reprinted with permission from [108]. © 2021 Springer.
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2.6.1.2 Regeneration of the detection system by external factors

Reversibility of a detection strategy was proposed by Malyukin et al. using CeO2x NPs
[109]. These NPs can detect H202 by oxidation of Ce3* to Ce**. This is accompanied
by quenching of Ce®* luminescence of the nanoceria at 430 nm by a Fenton-type
reaction as the nanoceria particles also show a peroxidase-like activity. However, the
long regeneration time of the nanoparticles of up to 120 h at 22 °C or 24 h at 37 °C for
: the smaller, 2 nm nanoparticle species, with the larger 10 nm nanocrystals taking
even longer for their regeneration required faster conversion to make this approach
competitive to other methods. Later, Seminko et al. [110] discovered, that by
simultaneously increasing the temperature and continuous irradiation with UV light,
they were able to reduce the regeneration time for the H202 detection of CeO2x and
CeO2x:Eu® NPs from 180 h and 4 h down to 36 min at 52 °C respectively. These
reduced regeneration times might not be sufficient for applications that require
constant monitoring but could be suitable for applications where a high temporal
resolution is not required. In combination with a currently severely limited capability of
quantitation this technology requires further development and improvement before
being implemented into a functional sensing device.

Cobalt(ll)-hexacyanoferrate (CoHCF) was used as an advanced Prussian white
substitute by Virbickas et al. [111] as an optical indicator for H202 which is
electrochemically regeneratable as a layer on an ITO/glass substrate. This unique
system shows high stability of CoHCF’s thermochromic properties after voltammetric
cycling and also resistance to air exposure. The needed constant temperature of 25 °C
for photometric detection seems to be a minor disadvantage that can be overcome
with a simple chip-controlled temperature module (Figure ).
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Figure 2.16: Scheme of the semi-reversible Cobalt(ll)-hexacyanoferrate (CoHCF) sensor as published by Virbickas
et al. Reprinted with permission from [111]. ©2020 Elsevier.
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2.6.2 Continuous and fully reversible sensors for quantitation of H.O>

The interplay between signal response, recovery, interferences, calibration, and long-
term signal drift distinguishes continuous and fully reversible sensors from
discontinuous or single-use sensors. In the case of H202 detection, sensors should
show rapid response times, allowing for real-time detection of concentration changes
in @ dynamic environment as this timely information enhances safety, efficiency, and
overall process optimization. For all new concepts proposed, it is hence very important
to understand the mechanisms underlying the reversibility as only this will allow smart
optimization of the sensor performance ensuring their longevity in demanding
applications.

Publications over the last five years have proposed valuable new concepts and probes
for continuous and reversible optical sensors for H202. Such concepts address
photobleaching, leakage, internal referencing, reduction of interferences and
background signals.

2.6.2.1 Ratiometric fluorescence

Dung and Rhee [112] (Table 2.3) immobilized HRP on the surface of a sol-gel
glycidoxypropyl trimethoxysilane and aminopropyl trimethoxysilane membrane
containing carboxyl group functionalized-CdSe/ZnS quantum dots (QDs) and
aminofluorescein (AF)-encapsulated polymer particles as probe and reference
material, respectively. The membranes were excited at 400 nm and measured at
500 nm for the reference and at 560 nm for the QDs, respectively. In presence of H202,
the luminescence of the QDs was quenched allowing a detection of H202 with a
calculated LOD of 11 ymol-L-" and a linear range of 0.1 -1 mmol-L-! with a response
time of 5.5-8.5 min. The membrane also showed an acceptable reusability and
stability of the signal after 60 test runs for concentrations up to 1 mmol-L-' whereas for
higher concentrations (up to 10 mmol-L-") the response of the membranes was
reduced. The authors attribute this reduction in sensitivity to the polymer backbone
degradation. By using QDs, the sensor eliminates the issue of photobleaching if one
ignores the photobleaching of the reference (AF)-encapsulated polymer particles. On
the negative side, QDs innately also show a blinking emission, an issue usually easily
remedied by longer integration time of the signal. With the rather long response time
and a limited usable analytical range further research in the field is required (Figure ).
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Figure 2.17: (a) Emission spectra of QD—AF membrane at different concentrations of H202 and its calibration curve
for H202 determined by normalization of the fluorescence intensities (FI560/FI1500). (b) Images of fluorescence
quenching of the QD—AF membrane after exposure to increasing H202 concentrations. (c) Calibration curves and
response of the QD—AF membranes in H20z2 at concentration ranges of 0.1 — 1 mmol-L-" and 1 — 10 mmol-L-" using
a small (3 mg) or large (6 mg) amount of reference dye particles. Reprinted with permission from [112]. © 2019
MDPI
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2.6.2.2 SPR-based detection

The label-free SPR technique has long been used in flow-systems making it applicable
for in-situ measurements. It enables very fast response times and depending on the
setup it may only require small sample volumes. As label-free strategy that monitors
activity at the sensor surface, it obviously suffers from non-specific interactions and
adsorption processes [113]. Gupta and Semwal [114] proposed an enzymatic
decomposition of H202 to Oz and H20, where the latter interacts with graphene oxide
(GO) nanosheets in the GO/gold wafer interface. This interaction causes a change in
the refractive index and a shift in the resonance wavelength of the SPR curve.
Unfortunately, the authors opted for discontinuous FlA-style operation and did not take
advantage of an in principle possible continuous measurement set-up. Nonetheless,
the sensor showed a response time of 30 s, an LOD of 55 uymol-L"' and a quantitation
range up to 1000 ymol-L-* (Figure ).
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Figure 2.18: Schematic diagram of SPR sensing setup and probe design as proposed by Gupta and Semwal.
Reprinted with permission from [114]. © 2021 Elsevier
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2.6.2.3 Oxygen-based H20:2 detection

The well-known and well-published concept of quantifying H202 through catalytically
or enzymatically generated oxygen followed by quenching of fluorescence or
phosphorescence [115] allows the use of several well-established oxygen-sensitive
dyes and complexes as probes, such as Ru-bipyridines, Ru-Phenanthrolines and Pt-
and Pd-porphyrins [116]. Major advantages of this approach include probe response
time and regeneration time with the quenching mechanism being primarily diffusion
limited. Obviously, residual oxygen or oxygen concentration changes within the
samples can severely impact measurement quality, reproducibility, and precision and
must be taken into consideration. Ding et al. [117] present a sensor employing Pt NPs
within fibrous silica particles embedded in a hydrogel matrix, demonstrating promising
detection capabilities and requiring only very small sample volumes. Unfortunately,
they noticed a luminescence decrease of 12% after the first calibration cycle, which
they attributed to leakage. Aside from that, they also observed concentration-
dependent response times and, while acknowledging the issue of interference from
residual oxygen and temperature in principle only briefly suggested possible solutions,
i.e. the integration of an oxygen and temperature control sensing spots. The work of
Torsten Mayr's group [118] which they were recently also able to use as detection
element for at-line monitoring of H202 released from a photocatalytic synthesis [119]
offers an innovative flow-cell-based sensor with an additional oxygen sensing element
and an upstream deoxygenation module to mitigate such baseline issues and sensory
drifts based on oxygen changes as in their previously published glucose sensor [120].
While achieving enhanced LODs, extended linear ranges, full reversibility, stable
hysteresis, and stability over 9 h of measurement, the sensor's response/equilibration
time of 5 minutes, the batch-to-batch variation and complexity associated with the
experimental setup underscore the need for further refinement and consideration of
practical application challenges.
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Figure 2.19: A) Schematic and B) picture of the flow cell of the oxygen sensor with C) Oz-reference and H20:2
detection spot developed by Torsten Mayr’s group. Reprinted with permission from [118]. ©2023 Elsevier.
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2.7 Conclusion and Outlook

The development of optical H202 sensors shows a clear trend toward implementing
synthetic enzyme mimics and nanozymes as tunable and efficient replacements for
peroxidases. Although some aspects, regarding catalytic activity, issues with the vague
interpretation of the definitions and wording are under scrutiny the hope is that these
nanomaterials can provide a better long-term and assay stability in addition to desirably
low LOD'’s. Nevertheless, benchmark experiments and closer comparison to enzyme
activities and nanozyme weight- or amount-based turnover rates should be included in
publications for better classification. The next steps towards their possibly broad-based
use in analytical systems are the comprehensive design of studies investigating their
effect on the environment including toxicity, persistence, (bio)accumulation, and overall
environmental impact [121]. In fact, some of the heavy metal-based systems may be
far from any sustainable use. It is therefore of great interest that some efforts are made
searching for renewable sources of educts for the synthesis of certain enzyme mimics
[122-124].

For colorimetric applications, TMB continues to be the most common indicator, despite
the availability of other valid options such as Amplex red, nanomaterials or ABTS. This
increased use is likely due to its commercial availability, comparably low price, and an
abundance of protocols for enzymes and synthetic enzyme mimics. However, finding
a replacement for colorimetric substrates with a broader dynamic range, lower
background signal and lower environmental impact would be highly desirable.
Considering the vast number of published enzyme mimics, there may be a possibility
of new developments and applications on this front in the future.

The dramatic improvement of cameras integrated in smartphones has made those an
easy transducer for sensor development as signals can easily be taken and processed
through appropriate apps. This clearly is a significant and growing, but not entirely
unproblematic trend in the field of analytical chemistry [90]. The paradigm shift from
lab-based detectors to smartphone cameras is driven by the widespread use,
computational power, and portability of modern smartphones, which have transformed
these handheld devices into versatile tools for quantitative chemical analysis.
Smartphone-based detection is also commonly used with paper-based sensors
combining low-cost and weight disposable sensors and broadly available smartphone
devices. However, standardization of smartphone optical data acquisition and its
software conversion to work with smartphones from any producer still remains an
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unsolved task. Specifically, comprehensive reporting of experimental parameters
regarding image capture and data/software processing, is necessary for reproducibility
and reliability in smartphone-based detection. The diversity of smartphone models
does pose a challenge for standardization and universal applicability in analytical
systems. Efforts to adapt measurement setups to accommodate different models and
operating systems are crucial. In combination, performing control experiments with
different smartphones are needed to show the robustness and versatility of sensing
platforms. The implementation or integration of simplified calibration processes such
as standard color bars or codes into measurement designs to facilitate ease-of-use for
a wide range of users in different lighting and (smartphone) camera situations could
also improve sensing accuracy and accessibility.

Overall, such collaborative efforts within the scientific community are needed and are
being actively pursued [92,94-99] to establish guidelines for reporting operational
parameters and creating adaptable detection systems. This would promote
standardization and improve the reliability of smartphone-based analytical research.
Such standards from researchers for researchers will help development and innovation
and serve as a benchmark, as well as provide regulatory institutions with helpful
examples for developing operational guidelines and requirements.

The current rise of machine-learning algorithms and Al-tools could also provide a
massive enhancement for image and data analysis for both smartphone-based mobile
and more classical laboratory-based applications. This trend leans on early research
in the 1990s using neural networks for pattern recognition [125]. A main hurdle will
always be the sheer amount of data that is needed to feed such digital learning tools
but considering current trends and openness from funding agencies to go along this
developmental route, the integration of Al in sensors and sensing technology will
become not only feasible but also useful.

Although an abundance of novel photoluminescent probes is developed and published,
the number of sensors based on new probes is limited. Literature surveys show that
over 1152 papers alone are found in the Web of Science since 2018 when searching
for ‘fluorescence detection hydrogen peroxide’. Yet, these are seldomly picked up by
researchers developing optical sensors, who tend to use established probes. One may
ask why this disconnect exists. Don’t the new probes address challenges hampering
optical sensors? Or do sensors lag behind probe development? Obviously, there
should be more interaction between these two research fields. If there was more
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cooperation here, great sensors would surely come to or rather emit light (with a higher
wavelength).

For the semi-reversible/continuous systems FIA methods, especially in combination
with CL reagents, have seen improvement and have shown to be powerful tools. With
the developments based on newer, brighter CL reagents, microfluidics, portable
systems usable for more remote work [126] and the improved sampling systems, new
innovations and better systems are just around the corner.

Clearly, fully reversible and continuous optical H202 sensors remain a rarity where to-
date no fully satisfying solution exists. Yet, the development of probes or recognition
or catalytic elements alone is not sufficient. It is also necessary to develop new,
sustainable membrane coatings that protect optical probes from fouling and leaking.
Self-referencing or ratiometric probes are needed to avoid extensive calibration and
sensory drifts. Novel probes with a truly reversible detection mechanism that work not
only in cuvettes but can be used in sensor membranes and for continuous detection
are required. We thus think that this should motivate the leading minds in sensor and
optical probe development to enhance collaboration towards the advancement of
superior optical sensors addressing the critical issues here described that are beyond
each single lab’s expertise.
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3 A fluorescent MTP-based Detection
Platform for Hydrogen Peroxide,
Glucose, and Lactate

3.1 Abstract

Hydrogen Peroxide (H20:2) is an important small metabolite often quantified with
commercially available multi-step fluorescence-based assays. We developed a new
microtiter plate (MTP) based platform that allows a rapid, one-step assay with a
ratiometric readout function. Specificallyy, we embedded 10-Acetyl-3,7-
dihydroxyphenoxazine (ADHP) in a polyurethane-based hydrogel sensor membrane.
For a ratiometric set-up the membranes were loaded with polystyrene nanoparticles
containing a Cy5-based reference which allowed for the compensation for variations
in membrane thickness. These knife-coated um-thin films were mounted onto
bottomless MTPs with double-sided adhesive tape. Optimized membranes provided
measurement times of 3 minutes upon sample addition and an LOD that was 10x lower
than that of the ADHP-using Amplex Red® commercial kit of 100 nmol-L-' H202. These
ADHP hydrogels could be stored at room temperature for at least 22 months.
Horseradish peroxidase (HRP) was nanospotted alone or together with either lactate
oxidase or glucose oxidase for the detection of H202, lactate and glucose, respectively.
With 50 v% glycerol as cryoprotectant in the spotting solution the HRP ADHP platform
was stable for at least 13 weeks at — 20 °C. Enhanced simplicity and comparable
performance to multi-step assays suggest that the platform can simplify MTP-based
assays in the future.

Keywords: H202, Hydrogen Peroxide, Hydrogel, Amplex Red, Sensor, HRP
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Figure 3.1: Graphical abstract

3.2 Introduction

Hydrogen peroxide (H202) is a compound found in a variety of applications as reagent,
disinfectant, or metabolite in numerous enzyme-catalyzed reactions. In the first cases,
the analysis is important in order to determine concentrations beyond the desired or
permitted limit values and thus to avert any harmful effects [1]. In case of the latter,
H202 is a particularly interesting analyte as a marker for a variety of diseases [2] and
due to the availability of a range of H202-generating enzymes that provide access to
concentrations of multiple precursor analytes [3].

Electrochemical [4] and optical [5] methods are the two most commonly developed
approaches to detect H202. Depending on the setup, electrochemical approaches
either monitor the oxidation or reduction of H202. To overcome the high potentials
needed, a plethora of approaches both for novel materials and surface modifications
for electrodes and new electrocatalysts for the electrochemical detection of H202 has
been developed making electrochemical detection a viable option for rapid and on-site
tests [4,6,7].
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In a non-automated setting, optical H202-quantification is often achieved with
commercially available colorimetric or fluorescent assays in microtiter plates (MTPs)
with desirably low LODs [8]. In case of colorimetry, TMB [9] or ABTS [10] are typically
applied, for fluorescent approaches, although also usable for colorimetric [11] and
electrochemical detection [12], the predominant dye is 10-Acetyl-3,7-
dihydroxyphenoxazine (ADHP) better known by its commercial name
Amplex Red™ [13]. In presence of H202 and a suitable catalyst or enzyme, here
horseradish peroxidase (HRP), a 1:1 stoichiometric, irreversible reaction takes place
from colorless and non-fluorescent ADHP to pink-colored resorufin, which shows a
fluorescence emission peak at 585 nm with a 572 nm excitation maximum [14] (Figure
3.2).

ADHP Resorufin
colorless pink
non-fluorescent fluorescent

Figure 3.2: HRP-catalyzed reaction of colorless, non-fluorescent ADHP to pink, fluorescent Resorufin in presence
of H202

ADHP is ideally stored at -20 °C, light protected [15] and separately from horseradish
peroxidase (HRP) which is preferably stored at 4 °C, due to the slow oxidation to
resorufin occurring in presence of HRP, even without any H202 present which makes
the development of one-step biosensors and assays difficult [11]. Hence the
combination of the ADHP-HRP couple results in additional thawing, dilution and mixing
steps for any assay that takes more time and in turn reduces the amount of sample
throughput and considerably increases the chance for human error. However,
considering the instability of dilute H202 [16] the quantification of low concentrations is
time-critical to avoid an underestimation of H20..

In the past, hydrogel membranes have shown to be the ideal environment for the
storage of (bio-)recognition probes [17]. Hydrogels have also been used for a variety
of applications in the development of detection methods, such as containing the
catalytically active component [18], as H202 scavenger [19] or for housing the probe
[20]. Hydrogels and polymers that do not require chemical or physical crosslinking can
usually be easily applied onto surfaces by knife coating, also known as doctor blade
coating [21] to form versatile sensor membranes of um-thickness.
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We therefore investigated an approach towards an all-in-one ratiometric fluorescent
H202 MTP detection platform that is simple to produce and is based on the fast and
efficient release of ADHP from a thin film of commercially available polyurethane
hydrogel after a single sample-addition step. By nanospotting HRP together with H202
generating enzymes, we achieve sufficient separation of enzyme and dye to combine
assay times of few minutes with LODs for H202 down to 10 nmol-L-'. To extend the
stability of the spotted enzyme for storage we used 50 v% glycerol as cryoprotectant
to investigate the stability for a duration of 13 weeks.

3.3 Material and Methods

Detailed protocols on membrane production, the used devices and all the
measurements performed can be found in the Sl. Bidistilled water was used for any
aqueous solutions, if not stated otherwise. All organic solvents used were of analytical
grade or better quality and used without further purification.

3.3.1 Chemicals

HydroMed D640 was supplied from AdvanSource biomaterials, Mitsubishi Chemical
America Inc. (Wilmington, USA), H202-solution (34.5-36.5 %), glycerol (=99 %),
Polystyrene (average Mw = 280000 g-mol'), horseradish peroxidase and glucose
oxidase were obtained from Sigma-Aldrich, Merck KGaA (Darmstadt, Germany),
lactate oxidase was purchased from Sorachim SA (Lausanne, Switzerland), 10-Acetyl-
3,7-dihydroxyphenoxazine (ADHP, 99.5%) was purchased from Synchem UG & Co KG
(Felsberg-Altenburg, Germany). S0982, 4,5:4'5'-Dibenzo-1,1'-dibutyl-3,3,3",3'-
tetramethylindadicarbocyanine hexafluorophosphate was supplied by FEW-chemicals
GmbH (Bitterfeld-Wolfen, Germany), Sodium dodecyl sulfate (SDS, =99.0%) was
obtained from AppliChem GmbH (Darmstadt, Germany)

Phosphate buffered saline (PBS, pH 7.4) was prepared from NaCl (p.A), KCI (p.a.)
from Carl Roth GmbH + Co. KG (Karlsruhe, Germany), Na2zHPO4 (p.a.), and KH2PO4
(p.a.) from Merck KGaA (Darmstadt, Germany). The pH was adjusted to 7.4 with
NaOH-solution (1 mol-L-", Titripur®) also from Merck KGaA.
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3.3.2 Special labware

Non-sterile black bottomless 96-well MTPs were purchased from Greiner Bio-One
GmbH (www.gbo.com). 3M Double-sided adhesive tape with polyester backing GPT-
020F, transparent, 100 mm x 50 m, 0.202 mm was obtained from SKS GmbH
(www.shop-sks.com). Biaxially oriented PET-membrane roll with a thickness of 125 ym
was purchased from goodfellow GmbH (www.goodfellow.com). Spectra/Por® 4
dialysis membrane tubing MWCO:12-14 kD was obtained from Carl Roth GmbH & Co
KG (www.carlroth.com). Life science sealing films for storage and automation,
aluminum, self-adhesive were bought from Brand GmbH && Co KG (www.brand.de).

3.3.3 Dye-loaded polystyrene nanoparticle (PSNP) synthesis

Dye loaded PSNPs were synthesized following a modified protocol published by Bartos
et al. [22], which is a polymerization free version of the surfactant-enabled
microemulsion method [23,24]. In short, aqueous sodium lauryl sulfate (SDS)-solution
(14.0 mL, 1.00 mg-mL-", 48.5 mmol), PS in toluene (average Mw = 280000, 1800 L,
96.6 mg-mL-', 174 mg) and S0982 in toluene (100.0 uL, 17.29 mg-mL-', 1.729 mg)
were filled in a glass vial with snap cap. Under vigorous stirring, the solution was
sonicated with a sonication tip at 60 W with 60 one-second pulses a total of three times.
In between each sonication procedure, the emulsion was stirred with a sealed lid for
1 h. Afterwards, the solvent was allowed to evaporate at RT with an open lid under
stirring for 48 h. The residual aqueous phase was then dialyzed over 72 h with
bidistiled water (800 mL). The dialysate was exchanged five times. Particle
suspensions were stored light-protected in ambient conditions. Particles were
analyzed with fluorescence spectroscopy, DLS and TEM.

3.3.4 Membrane production

For a typical membrane, ADHP-stock in DMSO (20 pL, 50 mmol-L", 1 ymol) was
added to D640 (6 g 10 w%, in EtOH/H20 9:1 v/v). The solution was vigorously stirred
light-protected for 10 min. Precleaned dust-free 15 x 34 cm PET-substrate was fixed
to a vacuum bed and the D640-ADHP cocktail (spacer was set to a thickness of 30 um)
was knife-coated on top. The film was then dried for 2 h at 37 °C, laser-cut (S| figure )
and fixed to the underside of a self-made sticky MTP (Figure 3.3 + Sl figure 3.1).
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3.3.5 Spotting procedure

Nanospotting was done with a scienion nanospotter (www.scienion.com) equipped
with a coated NDC-M nozzle. Following a standard startup and priming procedure, the
required spotting volume (25 — 50 nL) is set by adjusting pressure and valve-opening
time (i.e. 8% pressure 2 37 kPa, 350 s pulse time results in = 30 nL spots, Sl figure
3.18). The solution to be nanospotted is aspirated (in PBS pH 7.4: HRP 22.5 U-mL-",
GOx 0.2 U'mL", LOx 0.4 U-mL") the tip subsequently dipped into water to remove
enzyme-solution contaminating the outside of the tip and 20 jets are ejected to remove
any water aspirated by capillary forces. The corresponding number of spots is then
dispensed into each selected well on the MTP-mounted membrane following the
production as described in section 3.8.13. For further functionalization, additional
enzyme (GOx, LOx) was spotted in a second step following the same procedure as for
HRP.
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Figure 3.3: A Luminescent HP probe & reference dye particles are dissolved in hydrogel B from which membranes
are knife-coated and dried on PET. C Sensing membranes are laser cut and stuck onto the underside of in-house
made sticky bottom MTPs. D Enzyme is spotted on top of the sensing membrane in the wells. E Schematic cross-
section of stacked sensor membrane with support, hydrogel, dye NPs and the probe ADHP.
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3.4 Results and Discussion
3.4.1 MTP design and knife coating

The necessity of several predilution and preparation steps before measurement with
commercial ADHP tests makes the usage of the latter time and cost-intensive, and in
case of automation, requires more sophisticated procedures and extra steps. In
designing the new platform technology, the goal was to reduce this to ideally one step,
in which the sample is prediluted in buffer for pH adjustment and then just added to an
MTP containing all the other required reagents and catalysts. Key to the new platform
is the use of a hydrogel membrane in which the assay reagents can be embedded and
simultaneously separated from each other. Thus, a fluorescent detection probe and
polystyrene nanoparticles with an integrated reference dye were added into a hydrogel
matrix, and enzymes were simply nanospotted on the dried film. Thus, all three
components are stored with sufficient separation and the system can easily be mass-
produced providing increased stability of all components in the dried state and in the
correct concentration for the desired assay. Upon addition of sample or buffer, the
enzymes are dissolved, the fluorescent probe is released, and the reference dye
remains protected from exposure to the analyte.

While there are a variety of methods to apply hydrogels and polymers for the
development of sensors [21] we decided to use knife-coating, also known as doctor
blade coating, as it enables both fast prototyping and parameter screening on small
scale coaters but is also accessible to large-scale industrial roll-to-roll production. For
this approach we also developed and prepared sticky MTPs from bottomless MTPs
with double-sided adhesive tape stuck to the underside of the well walls by laser-cutting
double-sided adhesive tape to fit the wall of the wells (compare 3.8.11). The knife-
coated membranes can then be laser-cut and mounted on the underside of these in-
house modified bottomless 96-well MTPs, allowing a fast, simple and streamlined
production of a detection platform for a widespread system. The transparent coating
substrate and hydrogel allow for the detection with both top optics, and, if available,
bottom optics measurement in an MTP-reader.

Looking for a suitable polymer or hydrogel as matrix, we tested several polymer/solvent
combinations. We primarily focused on commercially available polymers that do not
require chemical or photocatalytic crosslinking or curing, but only solvent evaporation
after coating. For this study, we investigated polyvinyl acetate/cellulose acetate
(PVAc/CA), LRP t 7016®, D4 and D640.
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PVAC/CA has been used in literature as coating for enzymatic sensors [25], we
investigated both DMF/H20 and cyclohexanone (Chon) as solvent candidates.
PVAc/CA 10w% DMF/H20 9:1 v/v (Sl figure 3.4 G, Sl figure 3.5 G) shows very little
fluorescence intensity increase over time with no clear dependence of H20:2
concentration, which suggests very little and insufficient release of ADHP. The kinetic
curve of the PVAc/CA 10w% Chon/H20 99:1 v/iv-membranes indicate a better reagent
release of ADHP (Sl figure 3.4 F, Sl figure 3.5 F), however no specificity towards the
concentration of H202 making this polymer combination unsuitable.

LRP t 7016, which is an amorphous poly(L-lactide-co-D,L-lactide-co-PEG) triblock-
polymer dissolved in THF/H20 99:1 has the disadvantage of no release of ADHP (Sl
figure 3.4 H, Sl figure 3.5 H). D4 and D640 are both polyurethane-based hydrogels,
whereby D4 in particular is often used as matrix for the development of optical sensors
[26—29]. In comparison to D4, D640 exhibits a larger pore size, due to its increased
maximum water content. Both can be dissolved in a variety of solvents. However, using
aqueous-ethanolic mixtures as solvents is particularly interesting as toxic,
cancerogenic and high-boiling solvents can be avoided. In this context, alcohols in the
9:1 mix were tested with D4 as solvent component to determine the effect of the type
of alcohol on the response. We investigated the effect of different alcohols (ethanol,
isopropanol and tert-butanol) and dimethyl formamide (DMF) as polar aprotic solvent
in the coating mix toward the release of the dye. In general, D4 shows a good reagent
release and response time/kinetic curve. There was however no major difference in
the response time for the different solvents, with the last concentration reaching the
equilibrium after about 10 min (Sl figure 3.4 A-D, Sl figure 3.5 A-D). Isopropanol as co-
solvent seems to reduce the background signal (Sl figure 3.4 C, Sl figure 3.5 C) but
has no other positive effect apart from that. However, as it is known to form light-
induced peroxides under ambient conditions [30] it would not be the optimal choice in
this platform set-up. D640 shows both a very fast response time of only around 3 min
(Sl figure 3.4 E, Sl figure 3.5 E) and linear response range up to 5 ymol-L-! H202 with
a calculated LOD of 0.09 umol-L-! (3-0viankslope! compare Figure 3.4 A) and a linear
range up to 5 umol-L"' already surpassing the given LOD of the Thermo Fisher
commercial kit of 0.1 ymol-L" (reported as 10 pmol per 100 uL in the manual). As a
result, we chose D640 as thin-film matrix for the storage and application of ADHP over
D4 here because of the fast and effective reagent release.

An issue commonly observed and known for ADHP in the classical liquid assay that
also impacts the membrane set-up, is a fluorescence intensity decrease with higher
H202 concentrations as a nonfluorescent product is formed [13]. This formation can
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result in an incorrect determination and thus underestimation of high H20:2
concentrations. To broaden the dynamic range in that higher concentration, thicker
membranes were studied as these could host overall more dye. However, too thick
membranes show a slower release of the dye (Sl figure 3.7). Also, the amount of dye
in the membrane was optimized, as with too high concentrations the gel becomes
overloaded with dye and DMSO affecting the drying process and thus performance. In
the end, the best overall results were achieved with 20 uL of ADHP-stock (containing
50 mmol-L-' ADHP) per 6 g of hydrogel-solvent mix. Below this concentration the
analytical range is reduced, above the hydrogel becomes overloaded and cannot
release the dye as efficiently and fast after drying.

Deviations in membrane thickness led to deviations in H202 detection as the ADHP
concentration varies accordingly. This is especially apparent in manual lab-based knife
coating processes and likely less so in a commercial roll-to-roll manufacturing process.
Nonetheless, ratiometric detection approaches can avoid any problems caused by
changes in membrane height of dye distribution. A group of cyanine dyes was identified
as a good match for ADHP. They can still be excited with the 560 nm excitation
wavelength useful for resorufin but show emission at around 700 nm which is far
enough away from the 585 nm resorufin emission. To avoid their oxidation by H202 and
HRP, a hydrophobic cyanine without sulfo-moieties, 4,5:4',5'-Dibenzo-1,1'-dibutyl-
3,3,3',3'-tetramethylindadicarbocyanine was used. Since it could not be dissolved in
the dye membrane cocktail it was loaded into polystyrene nanoparticles (PSNPs) (Sl
figure 3.19) which protected it from oxidation. This enabled ratiometric detection of
H202, both in a purely liquid assay in cuvettes (Figure 3.4 B) and membrane-based in
the MTP (Figure 3.4 C). The increased reliability afforded by this ratiometric approach
also enabled an LOD of 0.05 ymol-L-! surpassing the previous LOD even further
(3-Oblank-slope™).
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Figure 3.4: A Dose response curve of ADHP in D640 towards increasing concentrations of H202 with linear fit. B
cuvette-based emission spectrum of ADHP with H202, HRP and S0982-loaded PSNPs in PBS pH 7.4 showing the
emission maxima of ADHP at 585 nm and the dye-loaded PSNP at 725 nm. C dose-response curve of the
ratiometric signal of ADHP in sensor membrane composed of D640 with dye-loaded PSNPs, 10 mU HRP per well
and increasing concentrations of H20x.
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3.4.2 Development of nanospotted enzyme-based assays

For a one-step assay, it was investigated how enzymes could be integrated with the
membrane platform. Integration of the enzyme in a membrane layer works well, but it
requires very high amounts of 80 U-g”' or more enzyme in the coating solution (Sl
figure 3.8) which indicates the enzyme not being released from the membrane as
efficiently as the dye. The amount of enzyme could be dramatically reduced via
nanospotting. A 3x3 matrix fitting 9 spots can easily be achieved per well (Figure 3.5
A). The small volume of = 30 nL per spot or = 270 nL per well reduces hydrogel swelling
and thus interaction of the enzyme and the dye. This approach can easily be adapted
to co-spot more than one enzyme or modify the hydrogel surface with other molecules.
The amount of HRP spotted was optimized to avoid increased background due to
unspecific oxidation of ADHP or slowed response. Optimal conditions included 4 HRP
spots (= 30 nL, 22.5 U-mL-", Sl figure 3.10) leaving place for 5 extra spots containing
other enzymes like GOx or LOx. With the 4 spots of HRP a very good spectral intensity
distinction between the background fluorescence caused by the unspecific oxidation
of ADHP by HRP and with 0.1 ymol-L-' H202 added is clearly possible (Figure 3.5 B).
With a full dose-response curve accessible after only 3 min assay time (Figure 3.5 C),
in the smaller concentration range below 0.1 ymol-L"" (Figure 3.5 D) a distinction
between the blank and 0.02 umol-L" is clearly possible. The linear regression in this
area even results in a calculated LOD of 0.01 ymol-L"" H202.

Secondly, the enzymes GOx or LOx were co-spotted into the wells for the detection of
glucose and lactate, respectively. The concentration of the enzymes and the number
of spots per well were optimized with respect to detecting within the physiological
range. Here the best results were achieved with 4 spots (=30 nL) of GOx with
0.2 U-mL™" (Sl figure 3.11 A) and 0.4 U-mL"" LOx (Sl figure 3.11 B). The entire system
was then applied for glucose and lactate detection in buffer. Glucose could be detected
in the range from 4 -20 mmol-L-' (Figure 3.5 E), lactate in the range of
0.04 - 0.4 mmol-L" (Figure 3.5 F). Considering the reported successful use of ADHP
together with HRP and H202 producing enzymes in a variety of challenging biological
matrices [31-34], application of the platform in such systems should be possible.
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Figure 3.5: A top head image of 9 50 nL HRP spots in a MTP well. B Fluorescence spectra of of ADHP in D640
(Aex = 550-10 nm) and HRP (4 spots, 30 nL per spot, 22.5 U-mL-L"") spotted with 0 pmol-L"* (black) and
0.1 ymol-L' H202in PBS pH 7.4. C dose-response curve with Hill fit of ADHP in D640 (Aex = 560-10 nm, T = 37 °C,
Aem = 585-10 nm, N = 4) and HRP (4 spots, 30 nL per spot, 22.5 U-mL-L") spotted with increasing concentrations
of H202 in PBS pH 7.4 after 3 min assay time. D enlarged section (blue squares 0 — 0.1 ymol-L-') dose-response
curve section of ADHP in D640 (Aex = 560-10 nm, Aem = 585-10 nm, N =4) and HRP (4 spots, 30 nL per spot,
22.5 U-mL™") spotted with increasing concentrations of H202 in PBS pH 7.4 LOD = 0.01 umol-L-'. E dose-response
curve of ADHP in D640 (Aex = 560-10 nm, T = 37 °C, Aem = 585-10 nm, N = 4) and HRP (4 spots, 30 nL per spot,
22.5 U-mL™") / GOx (4 spots, 30 nL per spot, 0.2 U-mL"") spotted with increasing concentrations of glucose in PBS
pH 7.4 LOD =4 mmol-L". F dose-response curve of ADHP in D640 (Aex = 560-10 nm, T =37 °C, Aem = 585-
10 nm, N = 4) and HRP (4 spots, 30 nL per spot, 22.5 U-mL") / LOx (4 spots, 30 nL per spot, 0.4 U-mL-L-") spotted
with increasing concentrations of lactate in PBS pH 7.4 LOD = 0.04 mmol-L™".

3.4.3 Stability

Initial experiments of ADHP-membranes with spotted HRP in PBS showed complete
oxidation of ADHP at 4 °C and declines of the activity over a course of 4 weeks at RT
and -20 °C (Sl figure 3.14). In the case of the latter two, the addition of fresh enzyme
allowed for the assay to proceed, which indicates the degradation of the enzyme. It is
assumed that at RT, both the increased temperature and the lacking humidity causes
denaturation. At -20 °C the denaturation is either caused by the formation of ice
crystals or the slow evaporation of H20 from structurally important coordination
positions within the active center of the enzyme [35]. At 4 °C the enzyme can still
catalyze the unspecific oxidation of ADHP, albeit slowly. Furthermore, it is assumed
that the humidity present allowed some hydrogel swelling and interaction of dye and
enzyme leading to the formation of resorufin over time. To improve on storage stability
of the enzyme known additives (50 v% glycerol, 10 w% dextran and 500 mmol-L""
sucrose) were added to the spotting solution ensuring that good dispensibility or the
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spotting solution was maintained. The composition of 50 v% glycerol in the spotting
solution decreases the freezing point to about -40 °C [36] preventing damage caused
by the formation of ice crystals [37]. Dextran has been used as alternative to glycerol
in literature to prevent hemolysis of red blood cells during freezing [38] and sucrose is
a common cryoprotectant used for the cryopreservation by vitrification [39].
Surprisingly, dextran, sucrose and PBS fail in long-term stability protection as about
50 % of signal response is lost within the first week of storage at -20 °C and are in fact
hardly discernable from the unspecific oxidation of ADHP by HRP without H202 (Sl
figure 3.16). In contrast, HRP spotted with 50 v% glycerol showed a good stability over
a course of 13 weeks with a coefficient of variance of 9 %. Considering the random
distribution of data the variance is likely caused by membrane thickness variation in
production or the variation in spotted HRP-stock and not by significant reduction in
enzyme activity (Figure 3.6). The facts that standalone membranes containing ADHP
could still be used after 22 months with fresh HRP (Sl figure 3.15) and no significant
reduction of signal intensity of HRP with glycerol as cryoprotectant suggest the
possibility of extended long-term storage, which will be studied further in the future.
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Figure 3.6: stability of ADHP membranes with spotted HRP (3 spots, 30 nL per spot, 22.5 U-mL"") in 50v% glycerol
stored at - 20 °C (Aex = 560-10 nm, T = 37 °C, Aem = 585-10 nm, N = 3).

3.4.4 Material Cost of Production

Currently commercially available ADHP assay kits retail in Europe at around 500 € or
USD for 500 tests or about 1 € or USD per test. Material required for the production of
the developed MTP-based platform only costs 7.29 € per MTP (96 tests) or about
0.08 € per test, despite the small-scale purchase of production materials (S| table ),
suggesting significantly lower material prices in case of large-scale production.
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3.5 Conclusion

An MTP-based hydrogel sensor membrane platform was developed containing ADHP,
reference particles and nanospotted enzymes for the ratiometric fluorometric detection
of H202. When coupled with H202-generating enzymes, detection of glucose in
physiologically relevant range and lactate in a 1:10 dilution thereof was demonstrated.
The presented platform drastically reduces assay preparation steps, with only sample
addition after predilution in buffer which is very attractive for automation setups.
Depending on the membrane quality, thickness, dye and enzyme load, very fast H202
assays of 3 min are possible with LODs one order of magnitude lower than published
for the commercial assay in solution. At low material costs of 0.08 € per test, this
platform technology can provide a drastically simplified analysis strategy for high
throughput screening of all assays in which H202 is produced.

Key design criteria were the separation of ADHP and HRP to avoid non-specific
reactions, the pore sizes of the membrane to enable a rapid release of the dye, the
implementation of a reference dye to increase reliability, and nanospotting of the
enzymes involved to obtain fast response times and low material consumption.
Considering the release mechanism of the hydrogel membrane, the platform might
also be suitable to host a variety of other responsive dyes and probes.
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3.8 Supplementary Material
3.8.1 Non-measurement software

The following software instances were run on a Windows 10 Pro 64-bit-version.
General data management and calculations of general nature or concerning mean
values, standard deviations and error propagations were done with Excel Version 2402
(www.microsoft.com) Graph plotting, peak picking, peak analysis, particle size
distribution histograms and mean particle size with standard deviation calculations
were done in Origin 2024 (www.originlab.com). Graphical analysis of TEM images was
performed with ImagedJ version 1.53f (https://imagej.nih.gov/ij/). 3D images were
designed and rendered using Blender 4.1.1 (www.blender.org). Schematics, laser
cutting patterns and non-plotted graphs were designed and drawn in CorelDraw® 2023
v. 24.3.0.571 (www.coreldraw.com).

3.8.2 Instruments

Knife-coater with knife (in-house made device with adjustable film thickness in lower
pm-range), K control coater K101 with a micrometer adjustable applicator “variocoater”
and an aluminum vacuum bed “type B” from RK PrintCoat Instruments Ltd.
(www.rkprint.com, Litlington, UK). The Coater was purchased from Coesfeld GmbH &
Co KG (www.coesfeld.com, Dortmund, Germany). The applicator and the vacuum bed
were purchased from Erichsen GmbH & Co. KG (www.erichsen.de).

For laser cutting sticky tape and membranes, a VLS2.30 laser cutter from Universal
Laser Systems (www.ulsinc.com) with a 30 W COz2 Laser and a 2” lens was used. In
both cases, the respective substrate was placed on the template or the cutting table
and fixed with masking tape if necessary.

All transmission electron microscopy (TEM) was performed using a 120 kV
Philips cm12 microscope by Christoph Blhler. Samples were prepared by dropping
10 pL of 1.1 mg-mL-" nanoparticle solutions on a carbon coated 400 mesh copper grid
from Plano GmbH, Wetzlar.

Graphical analysis of the received TEM images was performed with Imaged. After
setting the scaling of the image to the given scale bar, the color values of the TEM
images were set to binary, followed by noise removal processing and, if particle
silhouettes were in contact, an internal function called water shedding was processed.
The Feret diameter of the particles was automatically analyzed using an image specific
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scaling. Size distribution and the corresponding histogram was calculated and plotted
in origin. The particles mean size together with its standard deviation was calculated
by a gaussian fit of the histograms.

All dynamic light scattering (DLS) of particle solutions were measured using a
Zetasizer Nano ZS from Malvern Panalytical (www.malvernpanalytical.com). Particle
dispersions were measured in disposable 1.5 mL semi-micro PMMA cuvettes from
Brand (www.brand.de). Measurements were repeated three times, and the size
distribution was calculated by the signal intensity.

Rheology was measured with a Bohlin Instruments CVO rheometer equipped with a
4 cm cone-plate setup and a humidity trap. 1.5 mL of each sample was injected, the
gap was set to 150 ym and thermostatted to 25 °C for 60 s. Measurement runs were
set to 400 s with a linear increase of the shear rate of 1 s2.

MTP-based kinetic and spectral fluorescence measurements were performed in a
Biotek Synergy Neo2 MTP reader (www.agilent.com) with 100 yL sample per well
diluted or prepared in PBS pH 7.4. The assay was performed at 37°C and the kinetic
curve was measured for 15 — 20 min. The fluorescence was excited at 560 nm with a
10 nm bandwidth and measured at 585 nm with a 10 nm bandwidth for the ADHP
emission and at 710 nm with a 10 nm bandwidth for the emission of the S0982 PSNPs.
Cuvette-based excitation/emission spectroscopy was done in an Edinburgh
Instruments FS5 spectrofluorometer.

Any shown standard deviations and variances are reported in accordance with DIN
1333.

3.8.3 PBS pH 7.4

NaCl (8.00 g, 137 mmol), KCI (0.20 g, 2.7 mmol), Na2HPO4 (1.44 g, 10 mmol) and
KH2PO4 (0.245 g, 1.8 mmol) were dissolved in water (800 yL) under stirring. The pH
was adjusted with NaOH (1 mmol-L-") to pH 7.4 and the solution was filled up with
water (to 1 L). The buffer was then filtered through a 0.2 ym nylon membrane filter and
stored at 4 °C light protected. The volume required for the respective assays was
previously removed from storage and brought to room temperature before use.
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3.8.4 D640 Cocktail

Hydromed D640 (10 g) is dissolved in a mixture of ethanol and water (9:1 v/v, 90 g) in
an airtight glass flask under strong stirring with a magnetic stirring bar until no lumps
are visible.

3.8.5 D640 ratiometric Cocktail

Hydromed D640 (10 g) is dissolved in a mixture of ethanol and PSNP solution (9:1 v/v,
90 g) in an airtight glass flask under strong stirring with a magnetic stirring bar until no
lumps are visible.

3.8.6 Coating cocktail

ADHP stock (2.5 uL, 50 mmol-L-' or 25 yL, 5 mmol-L") is added to D640 in EtOH/H20
(19, 10 w%, 9:1 v/v) in a snap-cap vial and is stirred for 10 min protected from light.
The coating cocktail is used within 1 h after production.

3.8.7 Ratiometric coating cocktail

ADHP stock (2.5uL, 50 mmol-L'" or 25uL, 5 mmol-L"") is added to D640 in
EtOH/PSNP-solution (1 g, 10 w%, 9:1 v/v) in a snap-cap vial and is stirred for 10 min
protected from light. The coating cocktail is used within 1 h after production.

3.8.8 Knife coating membrane (small coater)

The membranes coated on the small knife coater were primarily used for screening of
concentrations, doping amounts and polymer types. 30 um stacked on the 125 ym
spacers are placed in the knife-coater at both sides. PET film is cut (11.5 x 5.5 cm),
cleaned with acetone, dried and fixed to the coating bed with vacuum. Dust or
remaining contaminants are removed with acetone and wiping. 250 L of the coating
cocktail is pipetted as a homogeneous line on the starting point of the Mylar substrate.
The knife is pulled slowly to the end of the substrate to obtain an even film. The
applicator is removed and the film with the wet membrane is placed on a pre-heated
1 mm steel plate in an oven (37°C) and dried for 2 h.
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3.8.9 Knife coating membrane (large coater)

PET film is cut (34 x 15 cm), cleaned with acetone, dried and fixed to the coating bed
with vacuum. Dust or remaining contaminants are removed with acetone and wiping.
The leveled and adjusted applicator (30 - 40 um) is placed on the film and the coating
cocktail (650 uL) is applied in a line in front of the knife. The applicator is moved along
the coating area (10 x 24.5 cm) with a set speed of 3 (approx. 2.8 cm-s™). The
applicator is removed and the film with the wet membrane is placed on a pre-heated
1 mm steel plate in an oven (37°C) and dried for 2 h.

3.8.10 Laser cutting

All shown laser cutting templates (Sl figure 3.1 A, Sl figure 3.2 A+B) were engraved
into 300 x 400 mm 1 mm thick stainless-steel plates to ensure more reproducible
cutting as well as easier and faster piece alignment.

3.8.11 Sticky Plate production

Double-sided adhesive tape (36 x 10 cm) is placed on the cutting template (Sl figure
3.1 A) and fixed with masking tape. The mounted tape with the cutting template is
placed on the laser work surface and the focus is adjusted accordingly (1 mm for the
cutting template, 0.1 mm for the tape). First the wells (black lines) are cut out and
removed before the outer edge is cut (2” lens, 5 % power, 40 %speed, red lines). The
received cutout is placed on the underside of bottomless 96-well MTPs and pressed
on firmly. The shelf-life depends mainly on the adhesive strength (and the loss thereof
over time) of the adhesive tape used. In the context of this work MTPs that were up to
3 years old stored at RT could still be used without restrictions.
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Sl figure 3.1: A cutting template scheme for the production of double-sided adhesive tape cutout. B Scheme of a
single MTP cutout. The dimensions of each of the 6 cutouts is 111 x 74.5 mm. Each well cutout has a diameter of
6.5 mm and the distance between each well is 2.5 mm from the edge or 9 mm from each well center respectively.
Laser cutting settings: 2” lens, 5 % power, 40 Y%speed.
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3.8.12 Membrane cutting

The knife-coated and dried membranes were placed on the respective cutting template
(Sl figure 3.2 A and B respectively). For the membranes coated on the small coater a
total of 12 strips was cut from 12 coated foils per full MTP (2” lens, 5 % power/1.5 W,
60% speed). These laser-cut membranes can be stored at 25 °C to -20 °C light and
humidity protected for at least a year.
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Sl figure 3.2: Cutting template schemes for lasercutting membrane strips and sheets. A Template layout for small
substrate foils 55 x 115 mm from the “small coater”. B Template layout for large substrate foils 150 x 340 mm from
the “large coater”. Edges of the steel plates indicated by grey dashed lines.
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Sl figure 3.3: cutting templates for membrane strips of 55 x 115 mm coated membranes. Top: Edge pieces column
1 & 12, bottom: center pieces MTP column 2 - 11. Laser cutting lines (red) well positions in the MTP indicated by
blue circles.

3.8.13 Membrane application

First, the protective layer of the sticky tape is removed. Then the laser cut sheet or
strips are stuck to the underside of the MTP and firmly pressed on by hand with the
hydrogel membrane facing towards the MTP.
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3.8.14 Hydrogel/solvent dependence
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Sl figure 3.4: Fluorescence measurement of kinetic curves of ADHP (50 pL stock solution, 5 mmol-L™" in DMSO,
2,75 mmol/1.5 g coating solution) knife-coated in different hydrogel/solvent combinations in presence of various
concentrations of H202. Foils were coated with a wet thickness of 30 ym and dried for 3 h at 37°C. Strips were laser
cut and stuck to the bottom of a sticky MTP. HP-solutions and HRP-solutions (50 pL each in HEPES 0.1 mol-L™,
HRP 0.875 U-mL™") were added right before the measurements. Biotek MTP-Reader: N = 3, 37 °C, Aexc. = 530-
10 nm, Aem. = 555-10 nm, gain 100, bottom optic. A: D4 10w% EtOH/H20 9:1 v/v. B: D4 10Ww% 'BuOH/H20 9:1 v/v.
C: D4 10w% 'PrOH/H20 9:1 v/v. D: D4 10w% DMF/H20 9:1 v/v. E: D640 10w% EtOH/H20 9:1 v/v. F: PVAC/CA
10w% DMF/H20 9:1 v/v. G: PVAc/CA 10w% Chon. H: LRPt7016 2.5w% THF/H20 99:1 v/v.
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Sl figure 3.5 Fluorescence measurement dose-response curves of ADHP (50 pL stock solution, 5 mmol-L™" in
DMSO, 2,75 mmol/1.5 g coating solution) knife-coated in different hydrogel/solvent combinations. Foils were coated
with a wet thickness of 30 um and dried for 3 h at 37°C. Strips were laser cut and stuck to the bottom of a sticky
MTP. HP-solutions and HRP-solutions (50 uL each in HEPES 0.1 mol-L™", HRP 0.875 U-mL™") were added right
before the measurements. Biotek MTP-Reader: N = 3, 37 °C, Aexc. = 560-10 nm, Aem. = 585-10 nm, gain 100, bottom
optic. A: D4 10w% EtOH/H20 9:1 v/v. B: D4 10w% BuOH/H20 9:1 viv. C: D4 10w% ‘PrOH/H20 9:1 v/v. D: D4
10w% DMF/H20 9:1 v/v. E: D640 10w% EtOH/H20 9:1 v/v. F: PVAc/CA 10w% DMF/H20 9:1 v/v. G: PVAc/CA

10w% Chon. H: LRPt7016 2.5w% THF/H20 99:1 v/v.
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Here, AR in D640 shows good linear correlation in the area between 0.2 — 5 ymol-L-"
with an LOD of 0.09 pmol-L-"
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Sl figure 3.6: Fluorescence measurement dose-response curves of ADHP (50 pL stock solution, 5 mmol-L™ in
DMSO, 2,75 mmol/1.5 g coating solution) knife-coated in different hydrogel/solvent combinations. Foils were coated
with a wet thickness of 30 um and dried for 3 h at 37°C. Strips were laser cut and stuck to the bottom of a sticky
MTP. HP-solutions and HRP-solutions (50 puL each in HEPES 0.1 mol-L™", HRP 0.875 U-mL™") were added right
before the measurements. Biotek MTP-Reader: N = 3 (N =2 for D640 at 20 ymol-L™"), 37 °C, Aexc. = 560-10 nm,
Aem. = 585-10 nm, gain 100, bottom optic. Data points taken at 10 min.

3.8.15 membrane thickness

Too thick membranes show a reduced and slower release of ADHP.
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Sl figure 3.7: Fluorescence measurement kinetic curves of ADHP (5 pL stock solution, 50 mmol-L™" in DMSO,
2,75 mmol/1.5 g coating solution) knife-coated in different hydrogel/solvent combinations. Foils were coated with a
wet thickness of 80 um and dried for 3 h at 37°C. Strips were laser cut and stuck to the bottom of a sticky MTP. HP-
solutions and HRP-solutions (50 pL each in HEPES 0.1 mol-L™*, HRP 0.875 U-mL™") were added right before the
measurements. Biotek MTP-Reader: N = 96, 37 °C, Aexc. = 560-10 nm, Aem. = 585-10 nm, gain 100, bottom optic.
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3.8.16 HRP membrane

HRP was embedded in D640-membranes to test the co-knifecoatability of probe and
enzyme. To achieve a sufficient response both in speed and signal intensity, a relatively
high concentration of HRP (80 U-g') was necessary. Overall, the integration of HRP
in D640 membranes for the fluorescent ADHP/H202 assay in the MTP showed a poor
outcome both in signal intensity and cv%.
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Sl figure 3.8: Fluorescence dose-response curves of D640-HRP membranes with H202 and different amounts of
HRP in the coating cocktail after 10 min assay time. N = 3, Aexc.= 530 — 10 nm, Aem.= 590 — 10 nm, 37 °C.
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Sl figure 3.9: Fluorescence dose-response curves of D640-ADHP membranes with H202 and different amounts of
HRP in the coating cocktail. A after 10 min B after 20 min.
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3.8.17 HRP, GOx and LOx spotting concentrations

HRP stocks with 90, 45, 22.5 and 11.25 U-mL" were spotted on ADHP membranes to
determine the optimal enzyme/spot amount. DR-curves after 3 min showed the best
signal for 4 spots of 22.5 U-mL"" HRP. Higher concentrated HRP stocks caused a
significant reduction of signal after 3 min resulting in an unreliable signal readout.
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Sl figure 3.10: Optimization of nanospotted HRP. Fluorescence dose-response curves of D640-ADHP membranes
with H202 and different concentrations of enzyme stocks and spot number of HRP after 3 min assay time. Biotek
MTP-Reader: N = 3, 37 °C, Aexc. = 560-10 nm, Aem. = 585-10 nm, gain 100, bottom optic.

4 spots (= 30 nL) of either GOx stocks with 0.1, 0.2, 0.5 and 1 U-mL"" or LOx with 0.4,
0.6, 0.8 and 1 U-mL"" were spotted on ADHP membranes with 4 HRP spots (= 30 nL,
22.5U-mL") to determine the optimal enzyme stock concentrations. DR-curves

showed the best signal for 0.2 U-mL"" GOx and 0.4 U-mL-! LOx.
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Sl figure 3.11: Optimization of nanospotted GOx A and LOx B. Fluorescence dose-response curves of D640-ADHP
membranes with H202 and different concentrations of GOx and LOx enzyme stocks 4 spots each and HRP (4spots
22.5 U-ml") and spot. Biotek MTP-Reader: N = 3, 37 °C, Aexc. = 560-10 nm, Aem. = 585-10 nm, gain 100, bottom
optic.
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3.8.18 Cy5 PSNP membrane content
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Sl figure 3.12: Ratiometric dose response curves (585 nm /710 nm) of ADHP in D640 with different contents of
Cy5 PSNP stocks in the coating mixture. N = 3, 37 °C, Aexc. = 560-10 nm, Aem. = 585-10 nm, 710-10 nm, gain 100,
bottom optic.

3.8.19 Stability without cryoprotectant

Hydrogel coating cocktails and the knife coating of the membranes were performed as
previously reported. For the temperature-dependent stability without cryoprotectants
however, a piece containing 22 strips (compare Sl figure ) the width of an MTP-column
which could then be cut at the connecting piece were laser cut and spotted with HRP
as previously described. Three of these pieces were then stored light protected, but
otherwise unprotected at constant 22 °C, 4 °C and — 20 °C (N = 3 per temperature, 9
pieces with 22 strips / 198 strips in total.) A strip for each storage condition could then
be separated per week, stuck to the bottom of a sticky MTP and measured in a
fluorometric H202 assay with O ymol-L'' and 0.5 ymol-L-"' H202 as previously
described.
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Sl figure 3.13: Laser cutting template for stability strips. Red lines: laser cutting line. Indicators for the manual cutting
line for strip separation (grey dotted line) and the well positions (blue dotted circles) were not laser cut and are only
used here for highlighting purposes.

The stability measurements without cryoprotectant and sealing show a decrease of the
fluorescence intensity with time when stored at 22°C and -20°C for all
concentrations, but an increase of the fluorescence intensity for the membranes stored

at 4 °C. Since the response of the seemingly inactive membranes could be restored
by the addition of fresh HRP, the enzyme likely degrades at 22 °C and — 20 °C.
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Sl figure 3.14: stability measurements of ADHP in D640 spotted with HRP in PBS with 0 ymol-L™" (A), 0.2 pmol-L"
(B) and 0.5 ymol-L™" (C) stored light protected at 22 °C (black squares), 4 °C (blue circles) and — 20 °C (red
triangles). N = 2 for 0 umol-L", N = 3 for 0.2 ymol-L-" and 0.5 umol-L™".

The membranes of this study stored at 22 °C under the previously mentioned
conditions with the inactivated enzyme could be used with fresh HRP even after

22 months of storage. This demonstrates the exceptional stability of both the
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membrane and the ADHP stored inside the latter. As can be seen in Sl figure 3.15 the
response to H202 only takes place upon the addition of fresh HRP (black boxes), wells
without fresh HRP are unresponsive (blue circles).
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Sl figure 3.15: Fluorescence dose-response curves of D640-ADHP membranes stored for 22 months at 22 °C with
increasing H202 concentrations, wells without added or with inactive HRP show no concentration-dependent signal
change (blue circles N = 1), whereas wells with added fresh HRP (black boxes, N = 11, 0.1 U-mL"", 5 mU per well)
show a typical concentration-dependent response. T = 37°C

3.8.20 Stability study with cryoprotectants

For the stability study with cryoprotectants, five spots of HRP (22.5 U-mL"") in PBS pH
7.4, 50v% glycerol/PBS, sucrose (500 mmol-L-') and dextran (10 w% in PBS) was
dispensed. The thus produced MTPs were sealed with adhesive PCR aluminum cover
film after production and stored at - 20 °C until usage. Before unsealing, the microtiter
plates were brought to room temperature and any condensation from the bottom and
on top of the sealing cover was wiped away with a dry paper towel.
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Sl figure 3.16: Stability of ADHP membranes and spotted HRP with different cryoprotectants. Black boxes: no
cryoprotectant, blue circles: 50 V% glycerol, red triangles: sucrose, orange triangles: 10 w% dextran. Normalized
fluorescence intensity with A blank, B 0.5 pmol-L"" H202 and € 1 ymol-L-" H202. N = 3, T = 37 °C,
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3.8.21 Rheology

All measured samples and water/solvent ratios showed Newtonian behavior. 22.5 v%
showed a viscosity of 0.14830 + 0.00007 Pa-s, 15 v% 0. 0.12044 + 0.000025 Pa-s and
10 v% 0.10691 £ 0.00004 Pa-s. Based on the viscosities all used solutions were fully
suited for knife coating.

A

10v%
15v%
0.35 1 —22.5v%

o

10v%
15v%
—22.5v%

w
o
1

e
w
1
N
a
1

N
o
L

0.25

viscosity n/ Pa's
o
)

shearing stress / Pa
&
o o
’ 1

3]
1

0.1 1

(=]

0 50 100 150 200 50 100 150 200

o

shearrate / s™ shearrate / s™

Sl figure 3.17: Rheology of D640 EtOH/H20 with different volume ratios of water in the solvent content showing
Newtonian behavior. Black curves 10 v%, blue curves 15 v%, red curves 22.5 v%. A viscosity versus shear rate
graph, B shearing stress versus shear rate graph.

3.8.22 Spotting Volume

Depending on the used pulse time of each valve-cycle and the applied pressure, quasi-
linear increase of the spotted volume is observable with a coated NDC-M nozzle. With
longer pulse time more volume is emitted. As is to be expected the difference in
absolute volume emitted increases with increasing pressure.
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Sl figure 3.18: PBS spotting volume per spot by NDC M nozzle in dependence of pressure for 500 us (black) and
350 ps (blue) pulses and 5 Hz spotting frequency. 100 spots per run, mean and SD of 5 runs.
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3.8.23 Particle characterization

The synthesized particles were received as homogenous deep blue suspension.
S0982-loaded particles in a 1:100 (v/v) aqueous solution showed a main emission
peak at 735 nm and a shoulder at around 690 — 700 nm under 660 nm and 560 nm
excitation. The synthesized particles showed to be mainly spheres in shape with some
spheroids present. The size distribution observed in the TEM micrographs agrees with
the measured size distribution in the DLS with a size average of 186 nm and a PDI of
0.158. The high variance in the size species which had no adverse effect on the sensor
membranes could be optimized by increasing both the number of sonication cycles
and the used sonication power which also resulted in smaller particles. When
incorporated into D640 hydrogel the emission peak shifts to 710 nm for both excitations
at 560 nm and 660 nm.
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Sl figure 3.19: A fluorescence spectrum of S0982 loaded PSNPs diluted 1:100 (v/v) in aqueous solution. Particle
dye load =1 w%, Aex. = 660 nm, em/ex bandwidth =2 nm, 0.05 nm steps, 1s dwell time, T =24.90 °C. B TEM-
micrograph of dye-loaded PSNPs, size bar is 500 nm. C DLS size distribution of dye-loaded PSNPs used in this
work, diluted 1:100, size average 186.6 nm, PDI 0.158, T = 20.0 °C

3.8.24 Material cost calculation

In a first step the material cost of a single MTP and test based on the production of six
MTPs was calculated. In all cases, the costs of procurement of the used devices (knife-
coater, laser cutter, nanospotter, sonicator) and the cost of labor was not considered.
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Sl table 3.1: List and totals of material costs per MTP and per test. The costs shown are the actual production costs
per MTP and test, taking into account any necessary offcuts of coating substrate and tape as well as minimum
amounts for solvent preparations based on the production of 6 MTPs. In industrial mass production, it can be
assumed that material costs in general, especially the two major cost items, MTPs and Mylar, will decrease
significantly.

No. Name Cost per pack Pack size Needed per Plate Cost per plate Needed per test Cost per test
1 Mylar 701.89 € 12 m? 0.051 m? 298 € 5.3 cm? 0.031€

2 MTP 153.65 € 40 1 3.84€ 1/96 0.040 €

3 Sticky Tape 62.02 € 50 m 0.12m 0.15€ =1.25mm 0.0016 €

4 Hydromed D640 180 € 453.592 g 019 0.04 € =1mg 0.00041 €

5 ADHP 300 € 100 mg 42.97 ug 0.13€ =0.45ng 0.0013 €

6 EtOH 21.74 € 1L 5.9 mL 0.13€ =61 L 0.0013 €

7 HRP 473€ 25 kU 1.152 U 0.02€ 0.012U 0.00023 €

Sum cost per plate: 7.29€ Sum cost per test: 0.08 €

Sl table 3.2: List and totals of material costs per PSNP synthesis resulting in approx. 10 mL of particle suspension.
The costs shown are the actual production costs per particle batch, including any minimum amounts for solvent
preparations. In industrial mass production, it can be assumed that material costs in general, will decrease
significantly.

No. Name Cost per pack Pack size Needed per batch Cost per batch
8 S0982 55 € 0.1g 1.729 mg 0.95€

9 PS 205 € 1kg 174 mg 0.036 €

10 Toluene 6.63 € 1L 14 mL 0.093 €

11 Dialysis tubing 257 € 30m 0.01m 0.086 €

12 SDS 35.60€ 100 g 14 mg 0.0050 €

Sum cost per batch: 117 €

Sl table 3.3: Material cost of PSNP per MTP and per test in dependence of the solvent volume ratio. Assuming
batch volume of approx. 10 mL of particle suspension. The costs shown are the simplified costs per MTP and test,
based on the production of 6 MTPs. In any case the material cost per test is well below 0.01 €

No. V% Needed per Plate Cost per plate Needed per test Cost per test
1 10% 656 pL 0.071 € ~6.8 uL 0.0007 €
2 12.5% 819 L 0.089 € =85 L 0.0009 €
3 15% 983 L 0.11€ ~10 pL 0.0011 €
4 17.5% 1147 pL 0.12€ =12 L 0.0013 €
5 20% 1311 L 0.14 € =14 pL 0.0015 €
6 22.5% 1344 pL 0.16 € ~15 L 0.0017 €
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4 Ratiometric detection of H202 with
Europium (lll) Tetracycline (EuTc) as
luminescent probe in thin-film sensor
membranes

Abstract

A luminescent hydrogel platform technology for H202 was developed, enabling
enzyme-based biosensors for the continuous monitoring of biomarkers through the
lanthanide probe Europium Tetracycline (EuTc). Long-term and continuous detection
remains difficult since the general challenges faced by biosensors are multiplied with
the need for long measurement times and are typically due to photobleaching, signal
instability in complex real samples, degradation, reversibility, and problems with
interferences. Here, we advanced our previously developed enzyme-based hydrogel
stacks and focused on addressing these challenges by careful selection of protective
layers, the integration of ratiometric dyes, and the design of a hydrogel stack for
continuous monitoring. Also, we identified 9,10-Bis(phenylethynyl)anthracene (BPEA)
as an ideal reference dye since it had high photostability, excitation with the wavelength
used for the EuTc probe, and minimal spectral overlap with the probe emission. It was
integrated into the membrane stack through a separate cyclo-olefin copolymer (COC)
layer or as BPEA loaded COC nanoparticles in a liquid assay. Choosing glucose as
prominent biomarker associated with severe metabolic disease as model analyte, the
general applicability of the platform technology was demonstrated in a high throughput
rapid microtiter plate assay and as continuous online system. Interestingly, gamma
irradiation sterilization studies suggest that this sensor system can also be used in
vivo.

Keywords: H202, Hydrogen Peroxide, optical detection, optical sensors, lanthanide
luminescence, EuTc
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This chapter, or at least parts of it, are intended for submission but currently
kept under seal due to patent claims by Terumo Cardiovascular Systems
Corporation, Ann Arbor, Ml 48103-9300 USA [1].
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4.3 Introduction

H202 is a metabolite found in numerous enzyme-catalyzed reactions, making it a
particularly interesting analyte as a marker for a variety of diseases [2]. H20z2 is also
used in a multitude of applications, as reagent, disinfectant or additive, just to name a
few. For both user and product safety and for general quality control a reliable analytical
method for these applications is a must [3].

Aside from being relevant as primary analyte, the availability of several H20:2
generating enzymes, such as glucose oxidase (GOx), lactate oxidase (LOx), galactose
oxidase, cholesterol oxidase [4], tyramine oxidase [5] or monoamino oxidase type |
and Il [6], makes the development of a modular sensor that can reliably detect H20:2
as secondary analyte interesting for academia, industry and medical applications.

During heart surgeries, which already belong to one of the most dangerous surgical
procedures, patients can show an increase of glucose concentration in their blood,
often accompanied by increased insulin-resistance during or after [7] the operation.
This can even for non-diabetic patients. This condition can be exacerbated by the
administration of adrenaline or noradrenaline to counteract low blood pressure [8].
Patients that have coronary disease and at some stage might require heart surgery
are generally not the healthiest individuals, often suffering from comorbidities such as
obesity [9], diabetes and psychological illness, making the issue more difficult. And,
with the increasing number of patients with diabetes [10], the chance of patients
requiring heart surgery, but also have diabetes the number of perioperative-glucose
related complications will grow in the future. Furthermore, in the recently updated
Society of Critical Care Medicine Guidelines on Glycemic Control for Critically I
Children and Adults 2024 the authors ‘suggest frequent (< 1 hr, continuous or near-
continuous) glucose monitoring compared with monitoring at intervals greater than
hourly in the management of hyperglycemia in critically ill adults on IV insulin during
periods of glycemic instability’ and an intervention with insulin for patients with a blood
sugar level of > 180 mg-dL"" or 10 mmol-L-' [11]. However, these limit values for
insulin-based intervention are not entirely uncontroversial in the literature [12].

This has driven the development of a plethora of analytical approaches and probes,
both electrochemical and optical [13—17].Electrochemically, the currently most reliant
method is to use the glucose oxidase (GOx) and then detect the produced H202 by a
Prussian blue electrode system [18]. Optically there have been several developments
in the past for glucose [19]. However, a major disadvantage of many of these is the
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irreversible nature of the reaction used for detection and quantification, making
continuous detection a challenge. A potential workaround is the use of flow injection
analysis (FIA) [20] which, coupled commonly with chemiluminescent and in fewer
cases with fluorescent reagents, allows closer-meshed data collection depending on
the cycle time [16,21]. Nevertheless, the appearance of truly reversible sensors is a
slow and rare thing. Here, non-invasive detection based on microwaves/radio
frequencies or infrared spectrometry have gained more attention in the last few years
[22]. More recently, oxygen-based detection of H202, which usually depends on the
quenching of either fluorescence or phosphorescence of organic dyes and metal
complexes such as Platinum porphyrins or Ruthenium bipyridine and derivatives
thereof [23] has seen developments [24,25]. In principle this oxygen-based detection
can allow very fast response and regeneration times as the primary time-limiting factor
is the diffusion trough the sensor matrix or layer. Unfortunately, these sensors rely on
the catalytical degradation of H202 to Oz, which can cause issues. Furthermore, the
outer structure must be as gas impermeable as possible and an additional calibration
or referencing must be carried out continuously for the dissolved oxygen in the sample
or the dissolved oxygen must be removed before the measurement, which in turn
complicates the device design and costs response time. An option to avoid these
issues is the use of innovative probes that do not require the implementation of
additional catalytical steps for the detection of H202 and that do not rely on oxygen
quenching. The complex Europium(lll)-tetracycline (EuTc) is such a probe as it can
coordinate with H202 at physiological relevant pH. This coordination leads to an
increase of luminescence intensity of the °Do—’F2 transition of the Eu3*-ion, due to the
displacement of water detectable at 616 nm [26].

Apart from this enzyme- and catalyst-free possibility to detect H202, EuTc offers
beneficial optical properties, such as a very large stokes shift of 211 nm, excitability
with blue (405 nm) LEDs and long lifetimes in the ps range, which allows for lifetime-
dependent, time resolved [27] and time-gated detection [28] reducing interference from
autofluorescence and organic dyes, which usually show lifetimes in the ns range [29].
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Figure 4.1: Absorbance (300 — 550 nm) and luminescence (550 - 750 nm) spectra of EuTc in Hepes at pH 7.4
showing the change in luminescence without H202 (black) and increasing concentrations of H202. Biotek plate
reader, NAexc. =405-10nm N =12, T =25 °C.

Furthermore, combining enzyme reactions with this H202-sensitive probe enables the
development of sensors for bioanalytical applications. The probe and the enzymes,
entrapped within biocompatible membranes and hydrogels, lead to optical sensors and
allowed real-time flow cell measurements. Ratiometric detection was done by adding
a layer containing a reference dye with suitable optical properties. This helped
addressing issues like variability and instability of instrumental factors, especially for
long term measurements. When combined with membranes containing glucose
oxidase (GOx), the analytical scope of the sensor could be extended to detect glucose.

4.4 Materials and Methods

Extended protocols on membrane production, the used devices and all the
measurements performed can be found in the Sl. Bidistilled water was used for any
aqueous solutions if not stated otherwise. All organic solvents used were of p.A. or
better quality and used without further purification.

4.4.1 Chemicals

HydroMed D4 was supplied by AdvanSource biomaterials, Mitsubishi Chemical
America Inc. (Wilmington, USA), H202-solution (34.5-36.5 %), glucose oxidase,
Europium trichloride hexahydrate EuCls3-6 H20 (99.9 % t.m.b.), tetracycline HCI
(= 95 %), polyvinyl acetate (PVAc, average Mw = 100 000), cellulose acetate (CA,
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average Mw = 30 000) was obtained from Sigma-Aldrich, Merck KGaA (Darmstadt,
Germany), lactate oxidase was purchased from Sorachim SA (Lausanne, Switzerland).
9,10-Bis(phenylethynyl)anthracene (BPEA, > 98 %) was bought from TCI Deutschland
GmbH (Eschborn, Germany), Topas® cyclo-olefin copolymer (COC, grade 8007) was
obtained from TOPAS Advanced Polymers GmbH (Raunheim, Germany). (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid). HEPES (for biochemistry) was
purchased from VWR International GmbH (Darmstadt, Germany). NaOH-solution
(1 mol-L", Titripur®) was from Merck KGaA (Darmstadt, Germany). LB broth (Miller’s
modification) was purchased from Alfa Aesar, Thermo Fisher Scientific Inc. (Waltham,
USA).

Human plasma was thankfully received from the bloodbank of the University Hospital
Regensburg.

4.4.2 Special labware

Non-sterile black bottomless 96-well MTPs were purchased from Greiner Bio-One
GmbH (www.gbo.com). 3M Double-sided adhesive tape with polyester backing GPT-
020F, transparent, 100 mm x 50 m, 0.202 mm was obtained from SKS GmBh
(www.shop-sks.com) Biaxially oriented PET-membrane roll with a thickness of 125 ym
was purchased from goodfellow GmbH (www.goodfellow.com).

4.4.3 H202 Sensor membrane stack production

Sensor membranes were produced following our previously published protocol [1]. In
short, D4 hydrogel containing EuTc was knife coated on Mylar®, dried in an oven, and
coated with a protective PVAC/CA layer. Hereafter described as EuTc-D4//PVAc/CA.
(Figure 4.2).

4.4.4 BPEA-COC-NP synthesis

BPEA-COC-NPs were synthesized following a modified protocol form Bartos et al. [30].
In short BPEA was dissolved in toluene together with COC. The solution was then
added to an aqueous solution containing SDS. Under vigorous stirring the solutions
were ultrasonicated 60 times in one-second intervals followed by one hour of stirring.
This procedure was repeated four times. Afterwards the particle suspension was stirred
with an open lid for 48 h to remove the organic solvent. The raw particle suspension
was then dialyzed against water (800 mL) for five times over a duration of 72 h. The
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particles were received as green-yellow untransparent suspension. Ratiometric
H202 Sensor membrane stack production

Ratiometric H202 sensor membranes were produced following our previously
published protocol [1]. In short, the ratiometric sensor membranes were produced by
knife-coating and drying a layer of COC containing BPEA on Mylar® before knife-
coating the D4-EuTc and PVAc/Ca membrane layers. Hereafter referred to as BPEA-
COC//EuTc-D4//PVAC/CA (Figure 4.2).

4.4.6 Enzyme membrane production

Membranes containing enzymes were produced following our previously published
protocol [1]. In short, D4 hydrogel containing GOwas knife coated on Mylar® and dried
in an oven (Figure 4.2).

ratiometric HP probe set: enzyme foil sub-set:
— protection layer: PVAc/CA enzyme: Gox in D4
— e 1 probe: EuTc in D4 substrate: Mylar
= N reference: DPEA in COC Gox (]

substrate: Mylar enables assays in microtiter plates and
flow cell formats

Figure 4.2: Sensor and enzyme membrane production scheme. A Probe, reference dye or enzyme was dissolved
in a hydrogel or polymer cocktail and B knife coated and dried on Mylar. C ratiometric probe membrane stack. D
Enzyme membrane stack. F component descriptions.
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4.4.7 Measurement setups

MTP-based measurements were done by either punching out 6 mm discs and glueing
them to the bottom of a 96-Well flat bottom MTP or by laser cutting sensor membrane
and sticking it to the bottom of bottomless MTPs, as previously reported (chapter 3).
For flow-cell measurements 24 mm discs were punched out and fixed in a custom-
made flow cell with a rubber seal and a quartz glass disc as optical window (Figure

4.3).
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Figure 4.3: MTP and Flow cell measurement preparations
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4.5 Results and discussion

On a general note: Ignoring solvent evaporation, which naturally results in a reduction
of the film thickness, the layer thickness of the wet film after coating is generally lower
than the setting for the knife-coating device. The actual coating thickness of the wet
film depends, among other things, on temperature, the solution’s viscosity, surface
tension, and coating speed. Determining the thickness of the wet film with volatile
solvents as used here is highly challenging if not impossible. Therefore, unless stated
otherwise, the layer thicknesses mentioned in this publication refer to the set gap
height of the respective knife coating device. In dried state, one can assume the volatile
organic solvent to be nearly completely evaporated, which then yields a dry layer
thickness reduced by about the volume factor that was initially present in the solvent
mixture used for the knife-coating of the sensor cocktail. Although the sensor
membranes will ultimately be implemented in a flow-cell system (hereafter referred to
as "in flow"), some experiments were conducted in microtiter plates to collect a larger
and statistically relevant amount of data (hereafter referred to as "MTP-based").

4.5.1 Protection membrane and initial equilibration

Moving from the liquid, buffer-based system to the hydrogel requires several
adjustments. Here D4 was chosen as ideal matrix to house the complex. D4 is a
polyurethane-based commercially available hydrogel that has been used for a variety
of optical sensors [24,31,32].

Due to the lower optical layer thickness of the membrane, the concentration of EuTc in
the film has to be increased. And, a D4 standalone membrane without an additional
protection layer suffers from complex leakage and inactivation, which in turn leads to
irreversible signals. Furthermore, the complex must be protected from interferents
getting into the membrane and prevent blood clotting and cell adhesion. To achieve
this a polyvinyl acetate/cellulose acetate (PVAc/CA) protection layer was developed by
Barbara Grotz and Dr. Meike Bauer in their respective PhD theses based on a
publication of Tsuchida [33], who used the polymer as matrix for an electrochemical
setup do detect creatinine and creatine in serum.

However, due to the acidic pH value of D4 (= pH 4 - 5) and the desired measurement
pH of EuTc being at pH 7.4 this protection membrane also increased the initial
equilibration of the complex within the membrane due to the slower diffusion. As this
limits the usability of the sensor, which is why initial equilibration should be made as
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short as possible. A way of reducing this initial diffusion/equilibration time can be
achieved by thinning the protection layer height. This can be done by mechanically
coating a thinner film of PVAc/CA on top of the EuTc-D4 layer. Optimization with respect
to the response and initial equilibration time was done using varying thicknesses of the
sensor foils. With a combination of thinner protection layers for the EuTc-D4/PVAc/CA
double layer shorter response times are feasible. Specifically, the equilibration time of
a sensor disc with a 10 um thick PVAc/CA protection membrane was reduced by 25 %
in comparison to a sensor disc with a PVAc/CA protection 30 um membrane (Figure
4.4).
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Figure 4.4: Time-resolved luminescence measurements (black) of unwashed 24 mm D4-EuTc // PVAc/CA (10-
0.5//10w%) sensor discs with different wet coating thickness in the flow cell with injection times/concentrations of
H202 in Hepes (blue). Aex = 405-8 nm Aem = 615-8 nm, flow -16, running/injection buffer 0.1 M Hepes pH 7.4 (25 C).
A 10 pm, PMT voltage: 745 V (H20: injections: 30 s 0.1 mM at 4700 s; 30 s 0.5 mM at 5500 s; 30 s 1 mM at 6300 s;
30s0.5mM at 7100 s; 30s 0.1 mM at 7903 s; 30 s 0.5 mM at 8700 s; 30 s 0.1 mM at 13300 s). B 20 um, PMT
voltage: 730 V (H202 injections: 30 s 0.1 mM at 5800 s; 30 s 0.5 mM at 6600 s; 30 s 1 mM at 7400 s; 30 s 0.5 mM
at 8200 s; 30 s 0,1 mM at 8900 s). C 20 ym, PMT voltage: 735V (H20:2 injections: 30 s 0.1 mM at 6300 s; 30 s
0.5mM at 7100 s; 30 s 1 mM at 7900 s)

Presumably, even smaller protection layers would be preferrable to enhance both
equilibration and response time. Unfortunately, in the context of laboratory based

methods controlling the exact knife-coated membrane layer thickness is not an easy
task and very difficult to reproduce [34].

Another variant which avoids the issue of having to choose smaller, thus unreliable
spacers, is to reduce the concentration of polymer in the solvent. The w% of the
protection layer was hereby tested with the standard 10 w%, 7.5 w%, 5 w% and
2.5 w%. With exception of the latter, all coating cocktails showed good behavior on the
knife-coater and seemingly uniform layers. The cocktail with 2.5w% ran too much on
the surface due to the high solvent content and was unsuitable for knife-coating, but a
dip-coating or spray-coating application might be interesting. As only one viable
membrane could be coated with the 2.5 w%, this dataset is only available in N = 8 in
the dry state and N = 1 for the wet assay. In the dry state both the absorbance and the
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emission spectra of the membranes overlap within a reasonable expectable standard
deviation to the different polymer covers showing no negative impact of the relatively
higher solvent during production.
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Figure 4.5: A Absorbance and B luminescence spectra of dry EuTc 0.5w%-D4//PVAc/CA (10 w%-2.5 w%)
membranes with 0.1 mol-L-' Hepes pH 6.5 in the aqueous part of the coating cocktail (10 v% of the 90 w. Aexc. = 405-
;g 2181 25°C, N =24 for 10, 7.5 and 5 w% PVAC/CA, N =8 for 2.5 w% PVAC/CA. Biotek MTP gain 100, top optic,
As expected in the MTP assay with H202, a clear trend towards a faster response to
H202 with the lower concentrated protection layers is observable. The best results
regarding signal intensity, response and standard-deviation are achieved with the
5 w% PVAC/CA-protection layer as can be seen in the kinetic curve (Figure 4.7 C) and
the corresponding dose-response plot (Figure 4.6). This reinforces the theory of the
diffusion limitation and mechanism caused by the protection layer. Especially the
2.5 w% shows a very fast equilibration of around 5 min, but with no differentiation
between the different H202 concentrations but only between buffer and H202, indicating
an insufficient protection layer (Figure 4.7 D).
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Figure 4.6: Dose-response curve with a linear fit of EuTc (0.5W%)-D4 (10 w%)-Hepes//PVAC/CA (5 w%)-membrane
after 20 min assay time with H202. Biotek MTP reader Aexc = 405-10 nm, Aem = 615-10 nm, gain 100, top optic,
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Figure 4.7: Kinetic curves of EuTc 0.5 w%-D4//PVAc/CA membranes with H202. Membranes were produced with
0.1 mol-L-! Hepes pH 6.5 in the aqueous part of the coating cocktail (10 v% of the 90 w%) and varying PVAC/CA
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protection layers (A 10 w%, B: 7.5 w%, C: 5w%, D: 2.5 w%). Biotek MTP reader Aexc = 405-10 nm, Aem = 615-
10 nm, gain 100, top optic, 25 °C,N=3 (A, B, C) N =1 (D)

As additive Hepes increases the pH of the coated membranes, thus reducing the initial
equilibration time. D4 1 with Hepes 0.1 M pH 6.5 in the aqueous part was used to
produce EuTc-D4//PVAc/CA membranes with different EuTc doping (0.1, 0.15, 0,25 &
0.5 w%). The addition of of Hepes in the aqueous part did not only reduce the observed
background signal, but also allowed for the detection of the EuTc-complex in the dry
membranes. Here, 0.1 w% EuTc showed the best result in regard to luminescence
intensity and visibility of the emissions at lower wavelengths. The increasing
absorbance indicates that there is more EuTc present in the dry membrane, but self-
quenching seems to occur.

0.8 1 —— 0.5 w% EuTc 3000 - ——0.5w% EuTc
0.7 ——0.25 w% EuTc ——0.25 w% EuTc
’ ——0.15 w% EuTc 2500 - ——0.15 w% EuTc
0.6- ——0.1w% EuTc 2 ——0.1 w% EuTc
s 2
§ 2000 -
So054 £
8 °
c 0.4 21500
= )
E Q
© 0.3+ 2
2 = £ 1000
®0.2 /—\ E
~ 500
0.1
0 0

360 380 400 420 580 600 620 640
wavelength / nm wavelength / nm

Figure 4.8: Absorbance (A) and luminescence (B) spectra of dry EuTc-D4//PVAc/CA membranes with 0.1 mol-L™'
Hepes pH 6.5 in the aqueous part of the coating cocktail (10 v% of the 90 w%) and varying EuTc doping. Biotek
MTP reader Aexc = 405-10 nm, 1 nm resolution, gain 100, top optic, 25 °C, N = 24.

In the liquid MTP assay with Hepes and H202 the membranes still show kinetic curves
with a slight but noticeable gradient. Depending on the doping, the curves start to
separate and increase more at the higher H202 concentrations (Figure 4.9). With
0.1 w%, for example (Figure 4.9 D), this effect occurs after approx. 5 min, but for
0.5 w% EuTc only after approx. 12 min (Figure 4.9 A). This general delay is a further
indication of the retention by the protection layer. That this delayed response differs for
the different doping and takes longer for higher EuTc concentrations can possibly be
explained by the fact that the proportion of complex causes both structural and thus
diffusion-based changes within the hydrogel on the one hand. On the other hand, as
the EuTc luminescence is pH dependent, the increased amount of EuTc might take
longer until fully equilibrated.
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Figure 4.9: Kinetic curves of EuTc-D4//PVAc/CA membranes with H202. Membranes were produced with
0.1 mol-L-' Hepes pH 6.5 in the aqueous part of the coating cocktail (10 v% of the 90 w%) and varying EuTc doping
(A 0.5w%, B: 0.25 w%, C: 0.15 w%, D: 0.1 w%). Biotek MTP reader Aexc = 405-10 nm, Aem = 615-10 nm, gain 100,
top optic, 25°C,N=3

No significant difference can be observed in the dose-response plot between the
individual EuTc contents except for increased standard deviation for the higher
amounts. The increased standard deviations of the higher H202-concentrations, which
are due to the variation in layer thickness of the different small strips from the small
coater, highlight the issue of diffusion depending on the layer thickness, both protection
and sensing. Especially the 0.1 w% EuTc DR can be fitted relatively well with a logistic
fit, currently only leaving the standard deviations of the concentrations between 0.5
and 0.1 mmol-L-" wanting. This issue might be better manageable with higher N, and
more homogenous membrane (large coater) production, as the replicates are from
different membranes.
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Figure 4.10: A Dose response curves of EuTc-D4//PVAc/CA membranes with H202 after 20 min. Membranes were
produced with 0.1 mol-L-! Hepes pH 6.5 in the aqueous part of the coating cocktail (10 v% of the 90 w%) and
varying EuTc doping (black rectangles: 0.5 w%, blue circles: 0.25 w%, red triangles: 0.15 w%, orange triangles:
0.1 W%). Aexc. = 405-10 nm, Aem. = 615-10 nm. 25 °C, N = 3 Biotek plate reader. B Dose-response curve with a
logistic fit of EuTc (0.1w%)-D4 (10 w%)-Hepes//PVAC/CA (10 w%)-membrane after 20 min assay time with H202.
Biotek MTP reader Aexc = 405-10 nm, Aem = 615-10 nm, gain 100, top optic, 25 °C, N = 3.

4.5.2 Ratiometric strategy

Long-term measurements can suffer from a variety of issues such as sensory, lamp
and detector drifts, photobleaching, sensor fouling or simply misalignment of the
sensor in the optical pathway. For this reason, a ratiometric strategy was explored.
Here, 9,10-Bis(phenylethynyl)anthracene (BPEA, Figure 4.11 A) was identified as ideal
reference dye. BPEA offers several beneficial characteristics: it can be excited with
405 nm, has an excellent quantum yield of 1, a good extinction coefficient of
35400 L-mol'-cm™ and shows two distinctive emission peaks at 468 nm and 500 nm
in toluene [35] (Figure 4.11 B blue curve) and thus minimal overlap with the main EuTc
emission at 616 nm (Figure 4.11 B red curve). With approximately 40 € per g the dye
is also reasonably cheap. As the dye is very non-polar, it needs to be integrated in a
polymer layer, which in turn also can protect it from water- and oxygen-based
quenching [36]. For this application we chose cyclo-olefin copolymer (COC) as a
perfect matrix to house the reference dye. COC shows a low birefringence, low gas
and water permeability and a high transparency [37]. Furthermore, Mitsui et al. [38]
could show that BPEA stored in a COC film showed a high degree of photostability,
compared to pure thin films of BPEA. COC could be dissolved together with BPEA in
toluene, enabling knife coating of the film.
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Figure 4.11: A Structure and B excitation (black curve)/fluorescence (blue curve) spectra of BPEA (2 ugL™) in
toluene and luminescence spectrum of EuTc (red curve) with 0.1 mmol-L-' H202 in Hepes pH 7.4. The data was
divided by the respective peak maximum to normalize peak height. BPEA: Edinburgh FS5: emission spectrum
Aexc = 405-0.5 nm, 415 nm- 650 nm, em slit: 0.5 nm, 0.5 nm steps, 0.5 s dwell, 5 repeats; excitation spectrum:
Aem = 505-0.5 nm, 250 nm- 490 nm, em slit: 0.5 nm, 0.5 nm steps, 0.5 s dwell, 5 repeats. EuTc: Biotek MTP reader
Aexc = 405-10 nm, 550-750 nm, gain 100, top optic, 25 °C, N = 4.

4.5.3 Photostability

In order to be usable as reference, BPEA should show a high photostability in the
application to minimze the baseline shift. The photostability of the reference dye was
determined by irradiating BPEA in toluene (5 ng-L™") with a high-power mercury lamp
for 45 min at 405-8 nm and simultaneously measuring fluorescence at 475-8 nm
(Figure 4.12 B). In this photobleaching experiment the dye showed a loss of
fluorescence intensity of = 1 %-h' (Figure 4.12 A). This correlates with a dye loss of
= 50 fg-L-'-h-'. If one considers that the suggested main photooxidation mechanism of
anthracenes is the oxidation of one of the central rings in 1, 6 position [39,40] reducing
the available oxygen should also increase the photostability. When repeating the
experiment, but with BPEA integrated in a COC-membrane the dye showed an
increased photostability. Specifically, the loss of fluorescence intensity over a duration
of 4.5 h was only = 2 % and thus only half in comparison to the experiment in solution.
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Figure 4.12: A Time-resolved photobleaching measurement of BPEA in toluene (5 ng-L"). Aex: 405-10 nm, the time
resolution was 1 s. Including a rough estimation of the solvent evaporation and a simple graphical extrapolation of
the reduction of the fluorescence intensity the overall loss of fluorescence intensity within one hour is approximately
1%. B fluorescence spectrum of a COC-BPEA (1.35 mg BPEA / mL coating solution) reference foil in the flow cell.
The highlighted area (green) represents the bandwidth (8 nm) used for detection/photobleaching measurements.
C (larger graph) full scale (0-1) relative (i/io) time-course measurement of the fluorescence of the reference foil used
in B. The magnified area (in blue) with the Y-scale from 0.975-1.1 visualizes the photobleaching effect of the dye
not visible in the main graph. The overall photobleaching after 4 h of continuous irritation was =2 %
(Ifmax: 6,33—IFmin =6.20).

4.5.4 Flow cell detection

Looking at the flow-cell emission spectrum of a ratiometric BPEA-COC//D4-
EuTc//PVAC/CA sensor disc, the peaks at 475 nm and 505 nm of the reference are
visible together with the EuTc-peak at 615 nm (Figure 4.13 A). However, they are
severely overlayed by a sloping background increasing towards the excitation
wavelength. The observed background signal might be tetracycline not coordinated to
europium [41]. Instead of unbound tetracycline, the signal could also be caused by the
polymers or the hydrogel used in the membrane production. Since COC has a very low
autofluorescence [42], the signal here would probably be autofluorescence of the PET
substrate with 405 nm excitation. Furthermore, as the fiber sits perpendicularly on top
of the quartz glass covering the sensor disc, the reflected light is also collected by the
fiber. Due to the setup the light also has to travel through several layers with varying
refractive indices from air to quartz glass to mylar to COC then D4, PVAc/CA then the
solution in the cell and vice versa, resulting in an increased (back)scattering and
reflection of the excitation. For the ratiometric detection within the flow cell 505 nm was
used as reference wavelength here for the better signal intensity ratio with the probe
emission at 615 nm. Considering how stable the fluorescence signal of the reference
at 505 nm is over a duration of 10000 s (Figure 4.13 B blue curve) the signal seems to
be independent of the solution flow in the cell and also independent from the initial
swelling and equilibration of the hydrogel at the start (Figure 4.13 B red curve). This
would indicate that the signal is not caused by hydrogel or non-coordinating
tetracycline, as the fluorescence of the latter is pH dependent [41]. With the hydrogel
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in its dried state being acidic, the pH in the matrix increases with the initial equilibration,
which should also change the fluorescence of tetracycline. This would indicate that the
signal was caused by the coating substrate PET. The increased noise seen here is
predominantly caused by the constant 1 s interval switching of the optical grating from
615 nm to 505 nm. Nevertheless, this setup allows for the ratiometric detection of H202
based on the emission of the reference dye BPEA within the COC layer, and the probe
emission of EuTc in the D4 layer. As can be seen in Figure 4.13, even with this
background signal the detection - albeit primarily qualitatively - of H202 is possible.
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Figure 4.13: A Spectrum of a dry 24 mm COC-BPEA//D4-EuTc//PVAc/CA-disc with the respective regions of
interest highlighted. B Ratiometric luminescence flow cell measurements of 24 mm COC-BPEA//D4-
EuTc//PVAc/CA-discs with the ratiometric channel (black) the probe channel (red, 615-8 nm) the reference dye
channel (blue, 505-8 nm) with the injected concentrations of hydrogen peroxide (dark yellow) shown with the
corresponding color-coded y-axis. Settings AB2 Flow cell (A): Aexc = 405-8 nm, Aem = 505-8 nm & 615-8 nm,
resolution 1 s.

The ratio between the fluorescence intensity of the reference BPEA in COC and the
probe emission is also highly influenced by the respective layer thicknesses. Thicker
reference layer means more reference fluorescence intensity and vice versa. An
example of these differences in layer thickness that occur within a few cm of the same
coated membrane is illustrated in Figure . Where one part of the membrane shows a
thickness of 694.4 nm, a different part only has 525.7 nm and thus only 75.7 % the
height of the thicker piece. Of course, the shown images of the membrane are two
extremes that are not necessarily representative. As COC can be coated in films
comparable to the used PET coating substrate, BPEA in COC could be produced as
industrial film and then be used as coating substrate. This would not only eliminate an
additional coating step, but also potential optical issues of the PET-COC interface and
the autofluorescence of PET. Furthermore avoiding the different birefringence of PET
[43] and COC might alleviate some of the spectral issues mentioned before.
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Figure 4.14: SEM-micrographs of two different tears in BPEA-COC samples allowing estimation of layer thickness.
EHT = 5 kV, WD = 5.8 nm, Magnification = 50000x. the Size bars are 100 nm.

4.5.5 Different layer? Same layer!

Alternatively, BPEA can also be integrated into polystyrene (PS) or COC nanoparticles.
These nanoparticles could then be added to the probe coating cocktail mixture, which
makes it possible to skip an additional coating step at the cost of employing potentially
harmful nanoparticles that could cause adverse effects in vivo. Here, a modified variant
of the ultrasonication/emulsion polymer nanoparticle synthesis investigated by Bartos
et al. [30] was used. Besides being true to its title, the synthesis was also accessible
for other polymers, allowing the embedding of the reference dye in COC-nanoparticles.
For the particle synthesis itself PS could easily be replaced with COC without having
to adjust synthesis parameters. In the light of the specific optical properties and the
lower gas permeability compared to PS, COC is the preferred polymer as matrix for
the stability of BPEA. It should of course be noted that the nanoparticles can also cause
scattering effects, which become worse with higher particle concentrations. To prevent
this, the highest possible loading of the particles with dye must be synthesized to
reduce the required quantity of particles in the membrane. However, the formation of
excimers of BPEA at higher concentrations needs to be avoided. To streamline the
synthesis and reduce the number of nanoparticle batches, the right order of magnitude
of dye was determined by simply dissolving increasing concentrations of BPEA in
toluene. As can be seen in Figure 4.15 BPEA starts to self-quench above 30 ug-mL™".
For the used COC with a density of 1.02 g-cm= and polystyrene with a density of
1.06 g-cm [44] the w% should then be adjusted to about 3 w%, which in turn
corresponds to 0.5-0.52 mg of dye in a synthesis batch (assuming a density of
1.02 g-cm3 to maintain the mean distance between each fluorophore molecule).
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Figure 4.15: A mass concentration dependent fluorescence intensity of BPEA at 475 nm in toluene showing self-
quenching above 30 pg-mL-" Biotek MTP reader Aexc = 405-10 nm, 1 nm resolution, 450-600 nm, gain 100, bottom
optic, 25 °C, N = 4. B spectra of BPEA in toluene with increasing mass concentrations.

However, as COC only has cycloalkane and alkane moieties, BPEA will presumably
not be as easily distributed as in PS, where it could 1-11 interact with the PS [45].
Particles made of COC could therefore not be loaded with as much BPEA as PS

nanoparticles before excimer-formation was visible.
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Figure 4.16: Luminescence spectra of COC-BPEA NPs with 0.23 w% dye load prediluted 1:50 and EuTc in Hepes
with increasing concentrations of H202. Biotek MTP reader Aexc = 405-10 nm, 1 nm resolution, 450-700 nm, gain
100, top optic, 25 °C., N = 3.

110



Ratiometric detection of H202 with Europium (lll) Tetracycline (EuTc) as luminescent
probe in thin-film sensor membranes

In solution best results were achieved with 1:50 predilution of 0.23 w% (and thus less
than a 10" of the estimated doping) doped particle suspension. Here, no change of
particle signal with changing H202 concentration, no scattering and good response of
the probe up to the saturation beyond 0.3 mmol-L-' H202 was possible. In a final
approach these particles could be integrated in a D4 membrane along the probe dye.
To avoid the previously shown background signal of PET a different coating substrate,
such as a COC film, or other polymer films showing low autofluorescence [46] will have
to be used in a future application.

4.5.6 Gamma sterilization study

Considering the potential application as sensor in vivo, the sensor must be sterile.
However, GOx prevents sterilization by temperature or chemical means. Furthermore,
chemical treatment could compromise the integrity and stability of the hydrogel layers,
destroying the sensor. Therefore, sterilization with y - rays is the method of choice. For
the sterilization of the sensor foils, all three membranes were tested separately, i.e.
ratiometric dye BPEA in COC, EuTc probe in D4/PVAc/CA, and glucose oxidase in D4,
respectively. In principle, all polymers used can be sterilized with y — radiation, which
means no to minimal structural/matrix damage was expected. The respective
membranes were exposed to approximately 12.6 kGray over a total of 66 h (irradiation
time: 228893 s, Si table 4.1).

Laser-cut COC-BPEA strips were stuck to the bottom of two MTPs with double sided
adhesive tape. Fluorescence measurements were performed before and after the y-
treatment. The control plate was stored light-protected at ambient conditions in a
laboratory adjacent to the room containing the sterilization device. It was found that
after treatment the BPEA still had more than 98% of its original fluorescence signal.
Specifically, the corrected remaining fluorescence intensity (statistical outliers
eliminated with Student’s t-test) for the control is 1.006 + 0.009 and 0.986 + 0.016 for
the test plate (Figure 4.17).

111



Ratiometric detection of H202 with Europium (lll) Tetracycline (EuTc) as luminescent
probe in thin-film sensor membranes

1% T Meanvalue21SD & Meanvalue + Datapoints 10B 1 Meanvalue+1SD e Meanvalue + Datapoints
> >
_E 1.5 ?§1.06-
214 £
c f=
s 1.3 s
£ £
§12 g 1.02 ]
0 0
11 @
o € 1.00 1
210 =
209 2098
£ E
Eos £ 0.96
[ @
=07 =
0.94

control test control

Figure 4.17: Violin box plots of COC-BPEA representing the residual fluorescence intensity (Fpostrad/Fprerad) at
475-10 nm (Aexc = 405-10 nm). Each measurement datapoint represents five averaged subsequent measurement
points. (A) full measurement data with outliers (blue) included (N = 96 each). (B) distribution of Data with outliers
removed (N = 94 control N = 90 test). The corrected remaining fluorescence intensity for the control is 1.006 + 0.009
and 0.986 + 0.016 for the testplate. Biotek MTP reader Aexc = 405-10 nm, Aem = 475-10 nm, gain 100, bottom optic,
25 °C.

MTPs with D4-GOx discs containing the enzyme were tested with increasing
concentrations of glucose before (Figure 4.18 A) and after the y-treatments (Figure
4.18 B) with EuTc as H202 probe in the liquid assay. The treated discs show a very
comparable function after the sterilization procedure. The overall lower response of the
test in comparison to the control can be explained by the two different plates and GOx

membranes used. The effect is consistent for both pre- and post- irradiation.
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Figure 4.18: luminescence dose-response curves of GOx-D4 enzyme discs in the control- (black) and the test-MTP
(blue) with EuTc as Probe in the liquid assay with increasing concentrations of glucose before (A) and after (B) the
y-treatment. Biotek MTP reader Aexc = 405-10 nm, Aem = 615-10 nm, gain 100, top optic, 25 °C, N = 24
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MTPs with D4-EuTc//PVAc/CA discs containing the probe were tested with increasing
concentrations of H202 before (Figure 4.19 A) and after the y-treatments (Figure 4.19
B). It is observed that irradiation had a significant effect on the EuTc probe with an
overall drop of the signal intensity of about 50%. Considering that the ideal storage of
EuTc is below room temperature, the observed effect might be alleviated with cooling
during irradiation. Furthermore, the irradiation time (66 h) will be much shorter for
industrial-scale sterilization.
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Figure 4.19: luminescence dose-response curves of EuTc in the control- (black) and the test-MTP (blue) with
increasing concentrations of hydrogen peroxide before (A) and after (B) the y-treatment. Biotek MTP reader
Aexc = 405-10 nm, Aem = 615-10 nm, gain 100, top optic, 25 °C, N = 24

Parallel to these luminescence measurements, sterility testing with punched out foil-
samples (N =3 for each foil type investigated above) was done. Here, the used
membrane discs proved to be aseptic over a duration of at least 3 months with no

fungal or bacterial growth visible (Sl figure 4.5).
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4 5.7 Interference

To evaluate the performance of the sensor in presence of commonly encountered
drugs, ions and markers, interference measurements with three concentrations (low,
medium and high) for the lower limit, the upper limit and the mean of the clinical range
were done. The results can be seen in Table 4 [*] and the respective graphs (Sl figure
4.2 Sl figure 4.3 Sl figure 4.4 [*]). The sensor shows no to only very minor signal
changes upon the introduction of a variety of interferents. The signal reduction for
Indocyanine green and methylene blue can be rationalized by absorption of the 615 nm
EuTc emission by both dyes. In that case, using a second reference EuTc-spot without
enzyme that would then also show reduced emission, could help as reference. The
interference caused by propofol might be a result of a coordinative interaction between
EuTc and the propofol. One could think of a 1r-stacking mechanism with the aromatic
ring systems of the tetracycline or the displacement of a water-molecule, similar to
H202, considering the similarities in the signal response. Contrary to literature we
observed no interference of either citrate or phosphate, which we attribute to our
stacked hydrogel structure with the PVAc/CA protection layer. As the buffer contains
Na and the sensor showed no interference towards CaClz2, MgCl2 or KClI, the reason
for the quenching with NaCl is likely caused by the increased concentration of Cl- by a
factor of 20 in comparison to the other CI- containing salts. This is to be expected as
CIl-is a common quencher for a variety of luminophores and photocatalytic approaches
[47]. However, as the response of the sensor towards NaCl was the same for all three
tested concentrations and the response towards the analytes H202 and glucose was
still sufficient, it is not to be expected that NaCl will have a major negative impact on
continuous measurements within the physiological range as soon as the initial
equilibrium is reached.
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Table 4: List of tested interferents I: low concentration m: medium concentration h: high concentration and change
in the luminescence signal intensity upon injection (+ + +: very strong luminescence increase; + +: strong
luminescence increase; +: slight luminescence increase; o: no luminescence change; -: slight luminescence
decrease; - -: strong luminescence decrease; - - -: very strong luminescence decrease). [*]

Interferent

Clinical range

Signal change

Acetylsalicylic acid / Aspirin

Single doses for grownups:

100 mg (1 x daily, anti-clotting treatment)
Analgetic:300 — 1000 mg (multiple times daily)
Migrane:1000 mg

Dose for anaphylactic shocks 0.005 — 0.01 mg/kg BM, sometimes
higher doses

Ca?*: 2 mmol-L"" in blood plasma
10-100 nmol-L"" in mammalian cells
8.6-10.2 mg-dL™"

=0.48-5.7 mmol-L""

I: o
m: o
h: o
I: o
m: oto-
h: oto-
oto-
I: oto-—
m:
h:
oto-
| o
m o
h o
| o
m o
h o
| o
m o
h o

I: -, then + + +
m: -, then + + +
he

2-5 pg/kg BM/ min

Very sick patients: 5 ug/kg BM/ min

every 15 — 30 min stepwise by 5-10 ug-kg™' BM/ min to 20-50 pg/kg
BM/ min

300 U/kg BM Bolus
Patient 70 kg: 21000 U

| o

m o

h o

| o

m o

h o .
I: o

m:

h: ---

Lactate

In bloodplasma:

low: <1.5 mmol-L"!

normal: 1.5-3 mmol-L"!

high: 3 mmol-L"’

During sport or stress: up to 25 mmol-L™ (skeletal muscles)

Mg?: 1 mmol-L-" in blood plasma
10 mmol-L"" bound in mammalian cells 0.5 mmol-L"" free in
mammalian cells

Mannitol/ Mannite

Grown-ups: 50-200 g Mannite (330-1.320 mL infusion) during 24 h
prophylaxis acute kidney failure: 1-1,5g-kg" for 1.5-4 h (30—
50 mL-h"")

intracranial pressure reduction 1.5-2 g-kg-1 during 30 min-1 h-z"".
(Several times per day).

For treatment of Methemoglobinemia und diagnostic kidney function
1-2 mg/kg BM (50-100 mg kidney function)

Sodium Chloride

K*: 4 mmol-L" in blood plasma
100 mmol-L" in heart

3.5-5 mmol-L"

Hypokalemia: <2.5 mmol-L™"

Na* 100-200 mmol-L™ in blood plasma
CI 100 mmol-L™" in blood plasma

I: o
m: o
h: o
I: o
m: o
h: o
I: o
m: o
h: o
I: --
m: --
h: --
I: o
m o
h o
I: o
m: o
h: o
I: --
m: --
h: - -
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4.6 Human Plasma

After establishing the interference-performance of the sensor membranes, assays with
human plasma as matrix were performed in the MTP setup (Figure 4.20). As expected,
10% plasma had minimal effect on the assay whereas 50% plasma caused quenching
within the non-flow system. This reduction of luminescence intensity is likely caused
by the presence of still active catalases, which reduce the amount of H202 in solution
[48].
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Figure 4.20: A: Linear range of the dose-response curves of D4-EuTc // PVAc/CA (50 pm wet coating thickness
D4, 30 um PVAC/CA) with Hepes buffer (pH 7.4 0.1 mol-L-") (black) and 10v% plasma in Hepes buffer (pH 7.4
0.1 mol-L") (blue) spiked with increasing concentrations of H202 (N = 48 per curve). Foils were laser cut and stuck
to the bottom of a MTP with double sided adhesive tape. Settings Biotek MTP reader Aexc = 405-10 nm, Aem = 615-
10 nm, gain 100, bottom optic. 25°C. B: Normalized dose-response curves of D4-EuTc // PVAc/CA (50 um wet
coating thickness D4, 30 um PVAC/CA) with Hepes buffer (pH 7.4 0.1 mol-L-") (black) and 50v% plasma in Hepes
buffer (pH 7.4 0.1 mol-L™") (blue) spiked with increasing concentrations of H202 (N = 48 per curve). Biotek MTP
reader Aexc = 405-10 nm, Aem = 615-10 nm, gain 100, bottom optic, 25 °C.

4.7 Lifetime based detection

As mentioned before, with a lifetime in the ps range, EuTc shows an extended
luminescence lifetime which allows for the detection of H202, reducing the impact of
interfering fluorescent species. Such lifetime-based or time-gated assays have already
been developed in the past [28]. However, to this day no lifetime-based detection of
EuTc in a membrane with H202 has been performed or at least published, to the
author’s knowledge. For this experiment a 1 cm broad D4-EuTc//PVAc/CA-membrane
was set in a triangle cuvette and incubated with buffer or H202 in Hepes pH 7.4 for
15 min. Here, significant differences between the two lifetime decay curves of the initial
intensity  (stop condition 120s), mean lifetime  ((T)Hepes = 22.1 £ 0.3 ps,
(T)H202 = 51.7 £ 2.5 ps) and the length of the decay curve could be observed (Figure
4.21 A blank, B 0.1 mmol-L-"). The increase of the luminescence over time with H202
is also visible in the corresponding spectra (Figure 4.21 C black curve 0 min blue curve
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15 min). Due to the better spectral resolution and smaller slits used the fine structure
of the °Do > “F2 peak is visible here even in the thin membrane. In a fiber-based setup
or an MTP-integrated flow-cell these membranes could provide an interesting
measurement option.
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Figure 4.21: Lifetime-based detection of H202 with EuTc-D4//PVAc/CA. A luminescence decay curve with
0 mmol-L-" H202 after 15 min incubation at 25°C. Stop condition 120s Fit parameters Chi?=1.018
11 =0.328 £ 0.005, 12=11.230 £ 0.013, 13 =44.0 £ 0.5, <T> amplitude-weighted = 22.1 £ 0.3 us B luminescence decay
curve with 0.1 mmol-L-" H202 after 15 min incubation at 25 °C. Stop condition 120 s. Fit parameters Chi? = 0.998
11=23.0+£1.1ps, 12=49.8 £2.1 ps, 13 =100 £ 5 us, M amplitude-weighted = 51.7 £ 2.5 ps C luminescence spectra of a
EuTc-D4//PVAc/CA-membrane with 0.1 mmol-L-" H202 directly after addition to the dry film in the cuvette and after
15 min of incubation. Edinburgh FS5: emission spectrum Aexc = 405-0.75 nm, 600 nm- 625 nm, em slit: 0.75 nm,
0.1 nm steps, 1 s dwell

4.8 Conclusion and outlook

In this chapter a luminescent ratiometric hydrogel/polymer-stack based biosensor for
H202 was shown. The results support the usability of the sensor membranes for both
flow-cell and MTP-based measurements. Furthermore, the sensor stack shows good
response in the presence of a variety of common and relevant interferents and
maintains sufficient performance when using doped human plasma. While the
response time in the presence of the respective analytes is almost immediate, the
regeneration time will require further optimization in the future. Especially further
decrease of the protection layer thickness could allow faster diffusion out of the sensor
layers and thus enhance the regeneration time. Different successful strategies to
reduce the initial equilibration time such as thinner protection layers and addition of
buffer to the coating cocktail were demonstrated.

The chosen reference dye BPEA in its COC-layer shows an exceptional photostability,
losing only 2 % of its fluorescence intensity over 4 h under continuous irradiation with
a high-power mercury lamp. Both GOx and the reference BPEA in their respective
layers provide excellent stability when treated with up to 12 kGy y-radiation for
sterilization. All sterilized membranes were free of bacterial or fungal growth for at least
3 months. The integration of the enzyme in a separate hydrogel stack enables a highly
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adaptable and interchangeable detection platform that could also provide further
customization and the broadening of the analytical scope with other H202-generating
enzymes. In the flow cell setup, high background signals towards smaller wavelengths
are still an issue which might be alleviated to some degree by switching the coating
substrate from biaxially oriented mylar to an industrially made COC-film containing
BPEA, which would reduce the number of required production steps. Alternatively, for
a non-vivo application BPEA could also be integrated in COC NPs, which, showed
encouraging results in liquid assays. Due to the extended lifetime of EuTc the
developed EuTc-D4//PVAc/CA-membranes could also be used for luminescence
lifetime detection, which eliminates several issues arising from interfering fluorescent
and scattering sources.

For a better understanding of the application range further tests with more interferents,
especially with commonly used opiates and heart drugs, are advisable. The integration
of the presented sensor membrane technology in more advanced flow cells,
microfluidic channels and shunts is feasible. Accompanied by further tweaking of the
layer thickness and the superior reproducibility of industrial knife-coating devices and
machines, a robust and reliable sensor platform can be envisioned in the future.
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4.13 Supporting Information
4.13.1 Non-measurement software

The following software instances were run on a Windows 10 Pro 64-bit-version.
General data management and calculations of general nature or concerning mean
values, standard deviations and error propagations were done with Excel Version 2402
(www.microsoft.com) Graph plotting, peak picking, peak analysis, particle size
distribution histograms and mean particle size with standard deviation calculations
were done in Origin 2024 (www.originlab.com). Graphical analysis of TEM images was
performed with ImagedJ version 1.53f (https://imagej.nih.gov/ij/). 3D images were
designed and rendered using Blender 4.1.1 (www.blender.org). Schematics, laser
cutting patterns and non-plotted graphs were designed and drawn in CorelDraw® 2023
v. 24.3.0.571 (www.coreldraw.com).

413.2 Instruments

Knife-coater with knife (in-house made device with adjustable film thickness in lower
pm-range), K control coater K101 with a micrometer adjustable applicator “variocoater”
and an aluminum vacuum bed “type B” from RK PrintCoat Instruments Ltd.
(www.rkprint.com, Litlington, UK). The Coater was purchased from Coesfeld GmbH &
Co KG (www.coesfeld.com, Dortmund, Germany). The applicator and the vacuum bed
were purchased from Erichsen GmbH & Co. KG (www.erichsen.de).

For laser cutting sticky tape and membranes, a VLS2.30 laser cutter from Universal
Laser Systems (www.ulsinc.com) with a 30 W COz2 Laser and a 2” lens was used. In
both cases, the respective substrate was placed on the template or the cutting table
and fixed with masking tape if necessary.

Round sensor discs were punched out using a Berg&Schmid HK 800 toggle lever
press.

All scanning electron microscopy (SEM) was performed using a Zeiss/LEO 1530,
Germany with 5 - 50 kV with 5 kV by Dr. Antonia Perju. Two 6 mm circles of coated
COC membranes from two different spots of the film were placed on a SEM holder.
Afterwards the samples were sputtered with a gold palladium mixture. Thickness of the
knife-coated polymer foil was determined with SEM images from side cuts of the
materials.
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All transmission electron microscopy (TEM) was performed using a 120 kV
Philips cm12 microscope by Christoph Buhler. Samples were prepared by dropping
10 L of 1.1 mg-mL-" nanoparticle solutions on a carbon coated 400 mesh copper grid
from Plano GmbH, Wetzlar.

Graphical analysis of the received TEM and SEM images was performed with ImageJ.
For the particles. After setting the scaling of the image to the given scale bar, the color
values of the TEM images were set to binary, followed by noise removal processing
and, if particle silhouettes were in contact, an internal function called water shedding
was processed. The Feret diameter of the particles was automatically analyzed using
an image specific scaling. Size distribution and the corresponding histogram was
calculated and plotted in origin. The particles mean size together with its standard
deviation was calculated by a gaussian fit of the histograms.

All dynamic light scattering (DLS) of particle solutions were measured using a
Zetasizer Nano ZS from Malvern Panalytical (www.malvernpanalytical.com). Particle

dispersions were measured in disposable 1.5 mL semi-micro PMMA cuvettes from
Brand (www.brand.de). Measurements were repeated three times, and the size
distribution was calculated by the signal intensity.

MTP-based kinetic and spectral luminescence measurements were performed in a
Biotek Synergy Neo2 MTP reader (www.agilent.com) with 100 uL sample per well
diluted or prepared in Hepes pH 7.4. The assay was performed at 25°C and the kinetic
curve was measured for 15 — 20 min. The luminescence was excited at 405 nm with a
10 nm bandwidth and measured at 615 nm with a 10 nm bandwidth for the EuTc
emission and at 475 nm with a 10 nm bandwidth for the emission of the BPEA
reference. Cuvette-based excitation/emission spectroscopy and lifetime detection was
done in an Edinburgh Instruments FS5 spectrofluorometer.

Any shown standard deviations and variances are reported in accordance with DIN
1333.

Lifetimes were fitted with a three-component tail fit after IRF calibration.

R(t) = Ble(;_f) + Bze(;_zt) + Bge(;_st) 1

Amplitude-weighted average lifetime was calculated with
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4.13.3 Irradiation experiments

Si table 4.1: y — irradiation times. Total dose calculated with 0.553 G-s'.

begin of exposure  set

No. Date /dd.mm.yyyy /hh:mm time/s abortat/s exposed for/s
1 04.02.2022 14:30 999999 999271 728
2 04.02.2022 15:30 999271 984712 14559
3 04.02.2022 19:08 984712 929759 54953
4 05.02.2022 14:40 929759 922738 7021
5 05.02.2022 13:20 922738 909601 13137
6 05.02.2022 17:10 909601 857251 52350
7 06.02.2022 07:45 857251 842388 14863
8 06.02.2022 12:15 842388 837330 5058
9 06.02.2022 14:00 837330 778143 59187
10 07.02.2022 07:00 778143 771106 7037
Total 228893

212660.0 Gy

4.13.4 BPEA COC particles liquid assay

In all cases the particles showed reasonably stable signals for the duration of the
kinetic measurement. With around 3 w% of doping the COC-BPEA particles show the
typical decreased peak at 480 nm and the broad excimer band above 500 nm that
goes well into the Do->"F2 EuTc emission at 615 nm. With the 1:50 dilution (Sl figure
4.1 A) the response of the EuTc is still relatively comparable to the control. The BPEA-
COC NP batch with around 1.5 w% dye content shows the three characteristic
emission peaks at 480, 510 and below 550 nm. There seems to be slight excimer
formation indicated by the extended slope overlapping with the 615 nm EuTc emission.
The reduction of the particle emission with increasing H202 concentration is for the
1:50 predilution (Sl figure 4.1 B). Naturally, 2.5 w% BPEA doping also shows the
excimer formation and the accompanied effects as the other particle batches with
higher dye loads (Sl figure 4.1 C).
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Sl figure 4.1: luminescence spectra of BPEA particles prediluted 1:50 with EuTc in a liquid assay and increasing
concentrations of H202. A 2.9 w% BPEA doping, B 1.5 w%, C 2.5 w%. Biotek MTP reader Aexc = 405-10 nm, 1 nm
resolution, 450-700 nm, gain 100, top optic, 25 °C., N = 3.
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Sl figure 4.2: luminescence interference time-course flow cell measurements of 12 mm D4-EuTc//PVAc/CA-discs
with @ 24 mm D4-GOx-ring with a 10 mm hole in the middle. The luminescence intensity is shown in black the
injected interference concentration is given in blue with the corresponding color-coded y-axis, the injected
concentrations of control glucose (red) and hydrogen peroxide (dark yellow) are also given with the corresponding
color-coded y-axis. AB2 Aex =405-8 nm Aem = 615-8 nm, flow -16, running/injection buffer 0.1 M Hepes pH 7.4
(25 C). Interferents and settings A: Acetylsalicylic acid (ASA, aspirin), PMT voltage: 725 V; interferent injections:
5 min 0.11 mmol-L"" at 0.582 h, 5 min 0.3 mmol-L" at 0.754 h, 5 min 0.92 mmol-L" at 0.925 h; glucose injection:
5 min 5 mmol-L™" at 1.097 h; H202 injections: 5 min 0.1 mmol-L"" at 1.269 h, 5 min 0.5 mmol-L' at 1.440 h. B:
Adrenaline (epinephrin), PMT voltage: 710 V; interferent injections: 5 min 0.38 pmol-L-" at 1.397 h, 5 min
0.71 ymol-L™" at 1.568 h, 5 min 0.96 pmol-L-" at 1.740 h; glucose injection: 5 min 5 mmol-L" at 1.911 h; H20:
injections: 5 min 0.1 mmol-L™" at 2.081 h, 5 min 0.5 mmol-L"! at 2.255 h. C: ATP, PMT voltage: 700 V; interferent
injections: 5 min 1 ymol-L" at 0.485 h, 5 min 1.5 ymol-L-' at 0.656 h, 5 min 2 ymol-L"" at 0.828 h; glucose injection:
5 min 5 mmol-L"! at 0.999 h; H202 injections: 5 min 0.1 mmol-L"" at 1.171 h, 5 min 0.5 mmol-L-" at 1.345 h. D:
Paracetamol, PMT voltage: 690 V; interferent injections: 5 min 0.93 mmol-L™" at 1.338 h, 5 min 1.26 mmol-L"! at
1.514 h, 5 min 2.22 mmol-L" at 1.685 h; glucose injection: 5 min 5 mmol-L™" at 1.857 h; H20: injections: 5 min
0.1 mmol-L-" at 2.807 h, 5 min 0.5 mmol-L"" at 2.831 h. E: CaClz, PMT voltage: 820 V; interferent injections: 5 min
0.48 mmol-L* at 0.506 h, 5 min 2.5 mmol-L-' at 0.68 h, 5 min 5.7 mmol-L"" at 0.854 h; glucose injection: 5 min
5 mmol-L"" at 1.027 h; H202 injections: 5 min 0.1 mmol-L-" at 1.200 h, 5 min 0.5 mmol-L™" at 1.372 h. F: Citrate,
PMT voltage: 710 V; interferent injections: 5 min 80 ymol-L! at 0.566 h, 5 min 120 ymol-L*" at 0.742 h, 5 min
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170 umol-L" at 0.915 h; glucose injection: 5 min 5 mmol-L" at 1.087 h; H202 injections: 5 min 0.1 mmol-L™" at
1.260 h, 5 min 0.5 mmol-L™" at 1.433 h. [*]
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Sl figure 4.3: luminescence interference time-course flow cell measurements of 12 mm D4-EuTc//PVAc/CA-discs
with a 24 mm D4-GOx-ring with a 10 mm hole in the middle. The luminescence intensity is shown in black the
injected interference concentration is given in blue with the corresponding color-coded y-axis, the injected
concentrations of control glucose (red) and hydrogen peroxide (dark yellow) are also given with the corresponding
color-coded y-axis. AB2 Aex =405-8 nm Aem = 615-8 nm, flow -16, running/injection buffer 0.1 M Hepes pH 7.4
(25 C). Interferents and settings A: Propofol PMT voltage: 755 V; interferent injections: 5 min 76 ymol-L"! at
1.094 h, 5min 122 ymol-L"! at 1.337 h, 5min 187 ymol-L"" at 1.552 h; glucose injection: 5 min 5 mmol-L! at
1.777 h; H202 injections: 2 min 0.1 mmol-L™" at 0.966 h, 5min 0.1 mmol-L™" at 1.949 h, 5 min 0.5 mmol-L"' at
2.119 h. B: Dopamine PMT voltage: 705 V; interferent injections: 5 min 0.93 ymol-L-" at 0.677 h, 5 min 6.23 pymol-L-
Tat0.851 h, 5 min 12.04 pmol-L" at 1.023 h; glucose injection: 5 min 5 mmol-L" at 1.194 h; H202 injections: 5 min
0.1 mmol-L-" at 1.340 h, 5 min 0.5 mmol-L" at 1.542 h. C: Heparin PMT voltage: 705 V; interferent injections: 5 min
4 kU-L" at 1.104 h, 5 min 4.09 kU-L"" at 1.276 h, 5 min 4.2 U at 1.447 h; glucose injection: 5 min 5 mmol-L"" at
1.619 h; H202 injections: 5 min 0.1 mmol-L™" at 1.790 h, 5 min 0.5 mmol-L™" at 1.963 h. D: Indocyangreen PMT
voltage700 V; interferent injections: 5 min 2.27 ymol-L"" at 1.337 h, 5 min 84.93 ymol-L"! at 1.510 h, 5min
280.24 ymol-L™" at 1.684 h; glucose injection: 5 min 5 mmol-L™" at 1.857 h; H202 injections: 5 min 0.1 mmol-L™" at
2.028 h, 5 min 0.5 mmol-L-" at 2.201 h. E: KCI PMT voltage: 755 V; interferent injections: 5 min 3.5 mmol-L"! at
0.911 h, 5 min 5 mmol-L" at 1.085 h, 5 min 10 mmol-L-" at 1.258 h; glucose injection: 5 min 5 mmol-L-" at 1.431 h;
H20> injections: 5 min 0.5 mmol-L"! at 1.604 h, 5 min 0.1 mmol-L™" at 1.768 h. F: Lactate PMT voltage: 745 V;
interferent injections: 5 min 1.5 mmol-L" at 1.022 h, 5 min 10 mmol-L"" at 1.198 h, 5 min 25 mmol-L"" at 1.371 h;
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glucose injection: 5 min 5 mmol-L! at 1.543 h; H20: injections: 5 min 0.1 mmol-L-! at 1.716 h, 5 min 0.5 mmol-L"!
at 1.887 h. [*]
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Sl figure 4.4: Luminescence interference time-course flow cell measurements of 12 mm D4-EuTc//PVAc/CA-discs
with a 24 mm D4-GOx-ring with a 10 mm hole in the middle. The luminescence intensity is shown in black the
injected interference concentration is given in blue with the corresponding color-coded y-axis, the injected
concentrations of control glucose (red) and hydrogen peroxide (dark yellow) are also given with the corresponding
color-coded y-axis. AB2 Aex =405-8 nm Aem = 615-8 nm, flow -16, running/injection buffer 0.1 M Hepes pH 7.4
(25 C). Interferents and settings A: MgCl2 PMT voltage: 840 V; interferent injections: 5 min 0.75 mmol-L™" at
1.262 h, 5 min 0.95 mmol-L"" at 1.436 h, 5 min 1.15 mmol-L-" at 1.612 h; glucose injection: 5 min 5 mmol-L" at
1.786 h; H20: injections: 5 min 0.5 mmol-L" at 1.961 h, 5 min 0.1 mmol-L-! at 2.134 h. B: Mannitol PMT voltage:
720 V; interferent injections: 5 min 0.19 mmol-L™" at 0.423 h, 5 min 3.88 mmol-L™" at 0.594 h, 5 min 16 mmol-L"! at
0.765 h; glucose injection: 5 min 5 mmol-L™" at 0.938 h; H202 injections: 5 min 0.1 mmol-L"" at 1.119 h, 5 min
0.5 mmol-L-" at 1.353 h. C: Methylene blue PMT voltage: 705 V; interferent injections: 5 min 44 ymol-L" at 0.297 h,
5 min 60 pmol-L" at 0.471 h, 5 min 73 ymol-L™" at 0.653 h; glucose injection: 5 min 5 mmol-L-! at 0.841 h; H202
injections: 5 min 0.1 mmol-L"" at 1.015 h, 5min 0.5 mmol-L"! at 1.188 h. D: Phosphate PMT voltage: 715 V;
interferent injections: 5 min 0.84 mmol-L-' at 0.510 h, 5 min 1.25 mmol-L-! at 0.683 h, 5 min 1.45 mmol-L"! at
0.855 h; glucose injection: 5 min 5 mmol-L-" at 1.029 h; H202 injections: 5 min 0.1 mmol-L-" at 1.200 h, 5 min
0.5 mmol-L"" at 1.373 h. E: NaCl PMT voltage: 735 V; interferent injections: 5 min 96 mmol-L™" at 0.514 h, 5 min
120 mmol-L™" at 0.687 h, 5 min 145 mmol-L"' at 0.860 h; glucose injection: 5 min 5 mmol-L"" at 1.033 h; H20>
injections: 5 min 0.1 mmol-L" at 1.208 h, 5 min 0.5 mmol-L-" at 1.381 h. [*]
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4.13.6 Bacterial/fungal growth

Sl figure 4.5: Fungal/bacterial growth study of y-treated membrane discs
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5 Conclusion and Outlook

In the last few years, more and more versatile, better, faster, and more sensitive optical
sensors and detection methods for H202 have been developed. The driving force is
obvious: H202 is encountered in an abundance of applications and biochemical
processes. Being the secondary analyte in a variety of enzyme-catalyzed reactions it
also enables detection of important biomarkers and metabolites like glucose and
lactate. However, any system currently available or published is still far from the ideal
sensor. Many recently developed methods and devices strive to increase the enzyme’s
stability or replace the enzyme with more stable synthetic alternatives. In the context
of the latter, the term enzyme mimic is often used. In many such cases, explicit
mechanistic or experimental proof of the existence of a true enzyme-mimicking
characteristic is lacking. In some of those cases, where there is no real mimicking, it is
likely to be new catalysts, which are then inaccurately described as enzyme mimics.
In some other cases it might be questionable whether the novel substances used are
catalysts at all. Looking at the frequent and probably inaccurate use of the buzz phrase
enzyme mimic in literature, a clean and fact-based (re)evaluation and (re)classification
by IUPAC of the term is overdue. The last publication on this subject in pure and applied
chemistry is an article by Ronald Breslow from 1990 [127] on the mimicking of
transaminases and ribonucleases by attaching coenzymes to the binding part of
catalysts. In the meantime, attempts are being made in literature to classify different
types of mimics [128,129], but how that will be used in the future will have to be seen.

Apart from non-catalytic approaches with recognition elements such as boronate
groups attached to a variety of molecules and dyes and some exceptions, the usage
of classical colorimetric, chemiluminescent, and fluorescent dyes such as TMB, ABTS,
Luminol, and Amplex Red™ is widespread. Considering the true plethora of probes
and dyes being developed and published [29,31,32,130,131], which are of course
superior in every way according to the authors, raises the question as to why so few
sensors and detection approaches outside of cuvettes exploit this. What is unsurprising
is the increased use of smartphones for easier, cheaper, and layman-friendlier
detection and data evaluation. But, with the preparative effort and the need for a
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complete calibration and dilution series for many of these applications, the actual
simplification is modest. Furthermore, the use of smartphones is not without problems
[90]. At some point standardized data reporting and benchmark experiments will have
to be included in publications for true comparability and evaluation [92,94].

Semi-reversible and discontinuous approaches are focused mainly on flow injection
analysis (FIA). Here, apart from some instrumental [132] and microfluidic approaches
[108], novel and more efficient chemiluminescent reagents are the main innovations.
The latter is hardly surprising, as the fast reaction kinetics of chemiluminescent
detection [133] allows a lower cycle time. O2-quenching of the Pt porphyrin
phosphorescence following the catalytical splitting of H202 into H20 and Oz is currently
the most advanced reversible detection approach. However, considering the
susceptibility to environmental oxygen, which makes elaborate design, cell
construction, and prior oxygen removal necessary, the technique is far from perfect.

In many cases, however, hydrogen peroxide is not analyzed with the discussed
sensors but with commercially available assay kits. Such assay kits, as the Amplex
Red™ kit, require several preparation and dilution steps. This makes any detection of
H202 with such a kit a time-intensive, and therefore costly task or requires more
sophisticated automation.

An approach to streamline the rapid detection of H202 and increase the sample
throughput was developed and presented within the scope of this thesis in chapter 3.
Here, a ready-to-use (RTU) enzymatic microtiter plate (MTP) assay with 10-acetyl-3,7-
dihydroxyphenoxazine (ADHP)-loaded hydrogel membranes was developed for the
fluorometric detection of H202. After screening a variety of different commercially
available hydrogels and permeable polymers that do not require UV or chemical
crosslinking or polymerization but only solvent evaporation, D640, a polyurethane-
based hydrogel, was identified as an ideal matrix for ADHP. This commercially
available hydrogel could be dissolved in a non-toxic and easy-to-handle solvent
mixture of EtOH and H20. The possibility of storing the right amount of ADHP in such
a knife-coated membrane for an assay at room temperature for at least 22 months is
a true breakthrough here. In this context, the following should be particularly
emphasized: No significant enhancement of the storage stability of ADHP, which is
commonly stored as a stock solution in DMSO, light-protected and at — 20 °C, had
been achieved since its discovery. Furthermore, the fast release mechanism of the
hydrogel allowed the performance of fluorometric assays with a reaction time of only
3 min with an LOD of 0.1 ymol-L-' H20z2. Due to the slow nonspecific oxidation of ADHP
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to resorufin with HRP, previously published sensors, assay or sensing platforms using
ADHP and HRP could not store the dye and the enzyme together [25].

This challenge of having to store the active dye ADHP separately from the enzyme
horseradish peroxidase (HRP) was overcome by efficient separation within the MTP.
To achieve this the dye was integrated in a thin hydrogel film and the enzyme was
applied in small 10 - 50 nL-range drops on top of the hydrogel.

By using glycerol as a cryoprotectant, RTU MTPs were usable up to 13 weeks when
stored at -20 °C without any significant loss of activity and an overall production
coefficient of variance (cv) of = 9 %. Without any or the wrong cryoprotectant, enzyme
degradation caused the complete loss within 4 weeks. Adding nanodroplets of glucose
oxidase (GOx) or lactate oxidase (LOx) enabled detection of glucose and lactate in
clinically relevant ranges, with detection limits of 4 mmol-L™* and 0.04 mmol-L™,
respectively. To compensate for membrane thickness variations, polystyrene
nanoparticles (PSNPs) loaded with Cy5 dye were embedded in the hydrogel. This
integration in the particles protected the reference dye from HRP-catalyzed
degradation with H202 during the assay. Furthermore, with a raw material cost of only
= (.08 € per well or test, the platform is already inexpensive for small-scale production.

However, the current biggest issue is the in-batch and inter-batch reproducibility of the
membranes in the used research-lab-based approach. Here, more sophisticated and
greater-scale industrial knife-coaters would enable both, scalable mass production and
larger batch sizes. With such industrially made hydrogel films, the platform could
present a powerful toolbox that could be interesting for screening and high-throughput
applications in laboratories. Due to the swelling-release mechanism of the membrane,
the platform could also be used to host a variety of other small probes and reagents,
providing a cornerstone technology for rapid assay development based on novel and
previously known probes.

Beyond single-use assays, this work also dealt with the development of continuous
monitoring systems using the photoluminescent probe Europium(lll) tetracycline
(EuTc). In this context a dual-layer sensor membrane was developed, consisting of a
D4 hydrogel layer containing the probe and a protective polyvinyl acetate/cellulose
acetate (PVAc/CA) layer. As with the RTU MTP-membranes, the membranes here
were coated onto a clear, biaxially oriented PET substrate. Although the protective
layer effectively minimized interference from external substances and prevented
leaching of the probe, it also limited diffusion and thus delayed initial equilibration. This

134



Conclusion and Outlook

issue was mitigated by reducing the thickness of the protective layer through dilution
and mechanical thinning, resulting in significantly faster response times. Ratiometric
detection was also implemented in the continuous sensor system using 9,10-
bis(phenylethynyl)anthracene (BPEA) as a reference dye. With the same excitation
wavelength as EuTc, two distinctive emission bands at 475 nm and 505 nm and a
slightly hidden one at approximately 530 nm with no to minimal spectral overlap, and
already good photostability BPEA was chosen as the ideal reference dye candidate. In
order to increase the photostability of the dye even further, BPEA was embedded in a
COC-layer to prevent both photooxidation and oxygen-based fluorescence quenching.
In an industrial setting, the BPEA-COC layer could be produced as thin films in larger
quantities and then used as a clear and fluorescent primary coating substrate instead
of the Mylar. As it stands, the reference layer is already a potent tool for keeping the
reference dye protected, preventing leakage (great for in-vivo applications) and useful
for proof of principle, but the additional coating step (that would not occur with an
industrially made COC-BPEA coating substrate) exacerbates the reproducibility issues
of layer thickness. Alternatively, BPEA-COC nanoparticles could be included directly in
the probe membrane in the future. This would not only reduce the number of coating
steps, but could be used to determine the layer thickness of the probe membrane as
with the RTU-MTP platform. To ensure sterility without compromising enzyme activity,
y-irradiation was used as a non-thermal, non-chemical sterilization method. While
BPEA and GOx in their respective layers retained excellent stability post-irradiation,
EuTc in D4 exhibited a ~50% reduction in luminescence. This suggests that further
optimization of irradiation parameters — such as dose, duration, and temperature —
could mitigate this loss and improve overall sensor performance post sterilization. The
sensor membranes demonstrated minimal interference from several common
biological substances and performed well in diluted human plasma, indicating their
potential for clinical applications. The long luminescence lifetime of EuTc enabled
detection not only in solution but also within the membrane matrix, supporting the
feasibility of continuous, in situ monitoring free from several other interfering and
optical effects.

In conclusion, the thesis presents an overview of the current state of advanced optical
detection possibilities for H202 and adds its own new developed findings and
technologies based on versatile and useful hydrogel-based sensors and platforms. For
the latter, a single-use detection platform and a reversible sensor were developed. The
ratiometric RTU-platform for the rapid detection of H202 can not only be extended to
quantify glucose and lactate in physiologically relevant levels, but might also house
other probes, reagents and dyes in the future. The continuous sensor was optimized
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with focus on the initial equilibration, a ratiometric strategy was developed, and the
performance in a variety of interferents and matrices was tested. Feasibility of y-
radiation as sterilization and the possibility for lifetime-based detection could be shown.

Overall, some questions remain unanswered and will require further investigation.
For the presented MTP platform, future work should focus on:

e Scaling up to industrial-level production

e Exploring alternative cryoprotectants that are easier to dispense
e Testing additional applications and integrating new probes

e Expanding the detection range

For the reversible sensor, the following areas should be addressed:

e Incorporating dye-loaded reference particles into the probe membrane
¢ Reducing background signal
e Integrating the sensor into shunts and optimized flow cell systems

With these improvements the developed technologies have the potential to be very
effective and powerful tools for the single-use and continuous detection of H202 and
other analytes.
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